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Abstract 

Chronic Lymphocytic Leukemia (CLL) is a clinically and biologically heterogeneous 

disease with a variable clinical course. The induction of a generalized state of immuno-

suppression, leading to susceptibility to infections and the failure of anti-tumor immune 

responses, is a key feature of the clinical course of CLL. In addition to B-cell receptor 

(BCR) signaling in CLL, several receptor tyrosine kinases (RTKs) have been reported 

to be constitutively active in leukemic B cells, resulting in promoted survival and re-

sistance to apoptosis induced by chemotherapy. Several treatment options are available 

for CLL, including a watch-and-wait strategy, chemotherapy, targeted therapies, immu-

notherapies such as adoptive cellular therapy (CAR T-Cell Therapy), stem cell trans-

plantation (allogeneic transplantation), radiation therapy and surgery. The identification 

of Tumor-Associated Antigens (TAAs) is the bottleneck of tumor immunology and im-

munotherapy, serving as promising targets for precise diagnosis, monitoring, or thera-

peutic approaches. Numerous TAAs have been identified, and their application in im-

munotherapy holds promise for the treatment of CLL. Furthermore, extensive ongoing 

research aims to identify new cancer TAAs. In this review, our objective is to provide a 

comprehensive overview of CLL immunology and recent findings regarding advances 

in TAAs with therapeutic applications in CLL. 
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Introduction 
 

Chronic Lymphocytic Leukemia (CLL), a member 

of the Non-Hodgkin Lymphoma (NHL) family, is a 

common lymphoproliferative disorder with high heter-

ogeneity in clinical behavior that accounts for approx-

imately up to 30% of all adult leukemias 1. The median 

age at CLL diagnosis is around 67-72 years 2. Its diag-

nosis is based on absolute number (more than 5000 B-

lymphocytes/µl for the duration of at least 3 months) 

and clonal proliferation of B cells, that represent a spe-

cific immune-phenotype (CD19+, CD20+, and CD23+) 

that is frequently associated with expression of CD5 

antigen (95% of patients) within the peripheral blood, 

bone marrow as well as other lymphoid organs 3,4. 

Clonal proliferation of circulating B cells must be con-

firmed by flow cytometry 2. Marrow aspirate and biop-

sy is not mandatory for diagnosis of CLL, but it is rec- 
 

 

 

 

 
ommended to differentiate between autoimmune cyto-

penias (anemia, and thrombocytopenia), which is not 

associated with leukemia-cell infiltration of the normal 

bone marrow 5. Marrow biopsy is highly recommended 

to start treatment in a clinical trial with potentially 

myelosuppressive agents 5. Lymph node biopsy is not 

necessary for diagnosis of CLL but is only recom-

mended for diagnosis of transformation into a more 

aggressive type of lymphoma (suspected Richter’s 

transformation) 5,6.  

Standard therapies in CLL have emerged from the 

use of alkylating agents and then switched toward more 

aggressive immunotherapy-based regimens in order to 

improve response rates and extended survival 7. For 

several decades, administration of chlorambucil has 

been considered as the "gold standard" first-line thera-
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peutic approach in CLL 7. Over the recent years, signif-

icant progress has been made in the treatment of CLL 

and several new drugs have been approved such as 

cytostatic agents (purine analogs and bendamustine), 

monoclonal Antibodies (mAb) such as rituximab, ofa-

tumumab, obinutuzumab, alemtuzumab, agents target-

ing B-cell receptor signaling (idelalisib, ibrutinib and 

acalabrutinib), BCL-2 inhibitors (venetoclax), BTK 

inhibitor (zanubrutinib and ibrutinib) and immuno-

modulatory drugs 2,8-10. Constitutive activation of sev-

eral tyrosine kinases in the form of receptors and non-

receptors involved in B cell survival and resistance to 

apoptosis have been identified in CLL 11,12. Even with 

introduction of these drugs, identification of new ideal 

Tumor-Associated Antigens (TAAs) is the bottleneck 

of tumor immunotherapy approaches. Numerous TAAs 

have been identified and their application in immuno-

therapy is promising for treatment of CLL. Besides, 

research for identification of new cancer TAAs has 

been ongoing most extensively. In this review, aim is 

to give a comprehensive overview of CLL immunolo-

gy and recent findings regarding the advances in TAAs 

and their therapeutic applications in CLL. 
 

Immunological features of CLL patients 

Alterations of B and T lymphocytes: A key feature of 

the clinical course of CLL is immunosuppression, 

causing augmented susceptibility to infections and fail-

ure of anti-tumor immune responses 13. CLL patients 

show abnormal distribution pattern of circulating T cell 

subpopulations in peripheral blood. A surprising find-

ing related to the immune cells in CLL was the in-

crease in absolute number of circulating CD8+ T cells 
14. These CD8+ T cells secrete high levels of IL-4 15. 

The IL-4 producing CD8+ T cells displayed increased 

expression of CD30. It has been revealed that ligation 

of CD30L on the surface of CLL B-cells stimulates 

their production of TNF-α and enhances their prolifera-

tion 16. Furthermore, IL-4 is able to prevent apoptosis 

of B-CLL cells in a BCL-2 dependent manner and 

therefore plays an important role in pathogenesis of 

CLL disease 17. Leukemic CLL cells induce CD30 and 

downregulate CD40L expression on T cells in OX40L 

and IL-4 dependent as well as in contact-dependent 

manners. Contrary to malignant B cells, upregulated 

CD30+ T cells inhibit CD40L mediated immunoglobu-

lin class switching by engaging CD30L in non-

malignant B cells 18. Leukemic CLL cells are promi-

nent in secreting several cytokines. In this context, 

CLL cells contribute to the T cell defects via secretion 

of IL-6. IL-9 secreted by leukemic cells negatively 

modulates the cytotoxic T cell-mediated killing by in-

ducing PD-1 expression 19. Stimulation of healthy T 

cells in the presence of tumor derived supernatant con-

taining high levels of IL-6 increases their production of 

IL-4, and causes them to show impaired upregulation 

of CD40L expression 20. Furthermore, elevated level of 

IL-6 in CLL patients is correlated with poor survival 

and diverse disease features 21. Additionally, disrupted 

B cell function in CLL patients has been reported 22.  

Global gene expression profiles of peripheral blood 

T cells from CLL patients revealed altered gene ex-

pression profiles compared to healthy donors 23. Gene 

analysis demonstrated expression of genes mostly in-

volved in cell differentiation, proliferation, survival, 

cytoskeleton formation, and vesicle trafficking of 

CD4+ T cells and cytoskeleton formation, intracellular 

transportation, vesicle trafficking, or cellular secretion 

as well as cytotoxicity pathways in CD8+ T cells. Al-

terations in cytoskeletal relevant gene expression re-

sulting in functional defects in actin polymerization, 

and consequently CLL T cells exhibit defects in for-

mation of immunological synapse with antigen present-

ing cells (APCs) 23.  
 

Frequency of regulatory T (Treg) cells  

Abnormally high regulatory T (Treg) cells absolute 

count observed in CLL patients is considered a critical 

mechanism of immunosuppression in these patients. 

CLL patients unusually show increased frequencies of 

CD4+CD25hiFOXP3+ Tregs which may be correlated 

with the disease status such as tumor progression and 

expansion as well as clinically advanced disease 24,25. 

In addition, raised numbers of Tregs in CLL patients is 

correlated with decreased T cell responses against viral 

and tumor antigens. Treg cells from CLL patients dis-

played reduced amounts of CD25 expression intensity 

and may inhibit anti-tumor T cell responses by releas-

ing soluble CD25 resulting in inhibition of Th1 differ-

entiation 26. Besides immunosuppressive effects of 

Tregs, CD4+ T cells may be essential in controlling 

immune related diseases. Both CD4+ FoxP3+ and CD4+ 

FoxP3− T cells have been demonstrated to act as cyto-

toxic populations of CD4+ T cells and express cytolytic 

markers like Fas ligand and CD107a, rendering them to 

kill autologous leukemic B cells in vitro 27. Increased 

frequency of Treg cells in CLL patients may be due to 

significantly elevated levels of anti-apoptotic BCL-2 

resulting in decreased susceptibility to apoptosis and 

induction of Treg formation through CD27-CD70 co-

stimulation in the Lymph Node (LN) follicular prolif-

eration centers 27. TIGIT (T cell immunoreceptor with 

Ig and ITIM domains) expressing CD4+ T cells are 

enriched in CLL and these cells provide a supportive 

microenvironment for CLL cells, representing a poten-

tial therapeutic target for CLL treatment 28. In addition, 

it has been elucidated that CLL T cells show increased 

expression of CD57, CD71, CD69, and HLA-DR and 

decreased expression of CD28 and CD62L, which rep-

resent their systemic and chronically activated pheno-

types 29.  
 

Abnormality in NK cells 

Impaired Natural Killer (NK) cell activity has also 

been reported in CLL patients. NK cells from CLL 

patients showed lack of cytoplasmic azurophilic gran-

ules resulting in reduced ability to lyse leukemia cell 
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lines 30. IL-2 is able to restore the impaired NK cell 

activity and increased granularity of the Large Granu-

lar Lymphocyte (LGL) subset 31. However, based on 

downregulation of NK cell function by CLL cells, it 

has been suggested that malignant CLL cells may be 

capable of secreting immunosuppressive factors that 

down-regulate T cell and NK functions 32. Similar to 

CLL T cells, NK cells from CLL patients show defec-

tive actin polymerization and impaired immunological 

synapse formation which affect the NK-cell mediated 

cytotoxic mechanisms 33. CD3+CD16+CD56+ NKT cell 

frequencies appear to be of clinical significance, as a 

decrease in number of these cells is related to disease 

progression and higher risk of death in CLL patients 34. 

Therefore, development of a chimeric antigen-receptor 

(CAR)-NK therapy strategy against the CLL cells such 

as CD19-specific CAR-NK cells have given great in-

terest for treatment of hematological malignancies, 

particularly CLL 35,36.  

In addition, dysregulation of monocyte and neutro-

phil functions has been reported in CLL. CLL mono-

cytes and neutrophils have been shown to be deficient 

in myeloperoxidase and lysozyme activities. These 

events may affect CLL B-cell survival through changes 

in the secretion of TNF superfamily proteins 37.  
 

Genomic alteration of CLL cells 

Recently, comprehensive description of putative ge-

nomic landscape of CLL by Whole Exome Sequencing 

(WES) in large cohorts revealed that loss or addition of 

large chromosomal material (e.g., 13q, 11q, 17p dele-

tions and trisomy 12) may conceivably be involved in 

disease initiation, aggressiveness and progression 38. 

The most frequent cytogenetic abnormality in the CLL 

leukemic cells is deletion on the long arm of chromo-

some 13q14 [del(13q14) that occurs in more than half 

of all cases (%55)] 2,39. Deletion at 13q14 is also asso-

ciated with most mantle cell lymphomas (%50), multi-

ple myeloma (%16-40) and prostate cancers (%60) and 

is related to their pathogenesis 40. miR15 and miR16 

were recently identified to be exactly located on chro-

mosome 13q14 and both miRNAs are deleted or down-

regulated in most CLL sample cases (≈68%) 39. Genet-

ically modified mice carrying a targeted deletion of the 

DLEU2/miR-15a/16-1 cluster recapitulates many fea-

tures of CLL including development of CLL, mono-

clonal B cell lymphocytosis-like disorder, and lym-

phoma 41. These data have suggested a crucial role for 

DLEU2/miR-15a/16-1 locus in controlling the expan-

sion for the mature B cell pool and may harbor un-

known tumor suppressor genes in B cell lineage and 

indicate that DLEU2/miR-15a/16-1 locus may play a 

critical and direct role in CLL leukemogenesis and 

pathogenesis 41.  

Chromosome region 11q22.3–q23.1 frequently har-

bors the Ataxia Telangiectasia Mutated (ATM) gene 

which activates p53 protein in response to DNA Dou-

ble-Strand Breaks (DSBs) 42. Prevalence of ATM muta-

tions have been reported in 12% of CLL patients and 

approximately in one-third of CLL patients harboring 

11q23 deletion 42. Deletions of ATM (11q22–q23) have 

been found in approximately 25% of patients with 

more advanced clinical stages of CLL and have been 

rarely found in early stage disease (10%) 43. Patients 

harboring mutations in 11q23 exhibit more rapid dis-

ease progression, extensive LN involvement and re-

duced overall survival 44. Trisomy 12 is one of the most 

frequent aberrations (10-20%) with unidentified sus-

ceptibility genes involved in the pathogenesis of CLL 
43. However, in line with these observations, further 

studies remain to be performed to explore the probable 

correlation between the incidence of trisomy 12 and 

relevance of CLL prognosis. 

Another chromosomal aberration is deletion in band 

17p13 (involving the p53 locus) which is found in 5-

8% of CLL patients at diagnosis or in chemotherapy-

naïve CLL patients 45,46. The association between poor 

prognosis, drug resistance and poor survival of CLL 

patients with 17p deletion or p53 mutation has been 

reported in several studies 47-51. In patients diagnosed 

with 17p deletion, most cases have shown mutations in 

the remaining TP53 allele (80%). Furthermore, in cases 

without deletion in 17p, TP53 mutation is rare, but has 

a similar impact on chemotherapy response and overall 

survival 52. 

Using WES to characterize the genetic landscape of 

CLL patients, 44 recurrently mutated genes and 11 

recurrent somatic copy number variations were identi-

fied 53. These mainly include the genes NOTCH1, 

MYD88, KLHL6, TP53, ATM, SF3B1, FBXW7, POT1, 

CHD2, RPS15, IKZF3, ZNF292, PAX5, ZMYM3, AR-

ID1A, XPO1, and PTPN11 53-55. These studies provide 

a comprehensive catalog of somatic mutations of the 

CLL genomic landscape which provides useful results 

in targeting several well-known genetic pathways and 

treatment of CLL and other malignancies.  
 

Signaling pathways in CLL cells involved in pathogenesis 

and disease progression 

Ligand-dependent B-cell receptor signaling pathways in 

B-CLL: Activation via B-Cell Receptor (BCR) signal-

ing can trigger several cascades of signaling events that 

lead to multiple events in normal and malignant B cells 

including B cell selection, proliferation, differentiation, 

antibody production and isotype switching 56. Induction 

of BCR signaling pathway either via antigen (ligand-

dependent) or "tonic signaling" (ligand-independent) 

seems to play an essential pro-survival role for the sur-

vival, growth and pathogenesis of CLL cells and in 

other NHLs 57. Analysis of Gene Expression Profiling 

(GEP) within the tissue microenvironment of lymphat-

ic tissues explored BCR signaling as the most predom-

inant signaling pathway engaged in CLL which pro-

moted maintenance, proliferation and survival of CLL 

cells in vivo 58. Among genes upregulated in LN resi-

dent CLL cells, BCR signaling shows a highly over-

represented profile in cooperation with upregulation of 

c-MYC and NF-κB, suggesting the LN as an important 
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site in CLL pathogenesis 58. Furthermore, genes in-

volved in BCR signaling are stronger in clinically more 

aggressive CLL which supports the notion that inhibi-

tion of BCR signaling is an appropriate therapeutic 

strategy in CLL 58. 

Growing evidence supports the idea that recognition 

of various autoantigens and other environmental or 

microbial antigens by polyreactive/autoreactive BCRs 

from U-CLL patients may lead CLL cells to pro-

grammed secretion of multispecific autoantibodies. It 

has been shown that CLL BCRs could bind to non-

muscle Myosin Heavy chain IIA (MYHIIA) which 

probably stimulates CLL cells toward development, 

survival, and expansion 59. CLL cells have also been 

reported to be autoreactive against Fc domains of IgG, 

histones, cardiolipins, cytoskeletal components 60, 

ssDNA, dsDNA 61, apoptotic cells, oxidized Low-

Density Lipoprotein [oxLDL], 62 and some pathogenic 

bacteria and fungi 62,63. CLL B cells, irrespective of 

their V gene mutational status, represent features of 

activated and of antigen-experienced B cells based on 

the overexpression of the activation markers CD23, 

CD25, CD69, and CD71 61.  
 

Ligand-independent B-cell receptor signaling pathways in 

CLL 

It is well known that tonic signaling of BCR is es-

sential for development, maintenance, and survival of 

normal B cells 64. It has been shown that unmanipulat-

ed primary or freshly isolated CLL cells display elevat-

ed intrinsic tonic signaling activity 65. Src kinase Lyn, 

plays an essential role in transducing survival or apop-

tosis signaling cascade which is triggered following 

BCR engagement 66. Analysis of protein tyrosine phos-

phorylation downstream of BCR in normal and CLL 

cells revealed overexpression and significant constitu-

tive activation of Lyn in freshly isolated leukemic cells 
67. Mice deficient in expression of Src kinases Lyn, 

Fyn, and Blk showed increased levels of apoptosis in 

pre-B cells 68. Syk as a key protein kinase downstream 

of BCR has been shown to be constitutively phosphor-

ylated and active on the activating Y352 residue in 

CLL B cells and Syk inhibitor induced leukemic cell 

apoptosis 69. Constitutive activation of Syk has been 

shown in several common B-cell malignancies indicat-

ing a role for antigen-independent activation of Syk in 

the pathogenesis of these diseases 70,71. Therefore, Syk 

can be a potential target for inducing apoptosis in CLL 

leukemic cells and an appropriate therapeutic target by 

disrupting antigen-dependent and independent signal-

ing pathways in CLL. Furthermore, CLL cells have 

been shown to exhibit constitutive phosphorylation of 

Erk, NFAT and subunits of NF-κB 72,73. This constitu-

tive activation of tonic BCR signaling suggests that 

antigen-independent BCR signaling might be associat-

ed with oncogenic mechanisms and clinical relevance 

in CLL and induces resistance of the leukemic B-cells 

to therapy. In particular, unmanipulated CLL cells 

show different N-glycosylation patterns in the μ-con-

stant region in IgM including glycoform similar to 

normal B cells and immature mannosylation. In con-

trast to IgVH mutated CLL (M-CLL) cells, unmutated 

CLL (U-CLL) cells display elevated levels of manno-

sylated surface μ chains which may increase the ongo-

ing interaction with local lectin-bearing stromal cells 
74. Immunophenotypic analysis of leukemic cells from 

CLL patients have shown characteristics of activated 

and antigen-experienced B cells irrespective of their V 

gene mutational status 61. 

Growing evidence supports the idea that recognition 

of various autoantigens and other environmental or 

microbial antigens by polyreactive/autoreactive BCRs 

from U-CLL patients may lead CLL cells to pro-

grammed secretion of multispecific autoantibodies. It 

has been shown that CLL BCRs could bind to non-

muscle myosin heavy chain IIA (MYHIIA) which 

probably stimulates CLL cells toward development, 

survival, and expansion 59. CLL cells have also been 

reported to be autoreactive against Fc domains of IgG, 

histones, cardiolipins, cytoskeletal components 60, 

ssDNA, dsDNA 61, apoptotic cells, oxLDL, 62 and 

some pathogenic bacteria and fungi 62,63. As mentioned 

above, CLL B cells, irrespective of their V gene muta-

tional status, represent features of activated and of an-

tigen-experienced B cells based on the overexpression 

of the activation markers CD23, CD25, CD69, and 

CD71 61.  
 

Non-receptor tyrosine kinases signaling in CLL B cells  

In addition to BCR signaling in CLL, several Re-

ceptor Tyrosine Kinases (RTKs) have been reported to 

be constitutively active in leukemic cells resulting in 

promoted survival and resistance to apoptosis induced 

by chemotherapeutic drugs. RTKs are cell surface gly-

coproteins and a subclass of tyrosine kinases involved 

in the regulation of various cellular processes, such as 

proliferation, carcinogenesis, growth, differentiation, 

survival, signaling and migration 75. For example, Insu-

lin-like Growth Factor-I (IGF-I) released by stromal 

cell in bone marrow plays an important role in regulat-

ing B lymphopoiesis by enhancing the differentiation 

and development of normal pro-B to pre-B lympho-

cytes as well as stimulating μ-heavy chain gene rear-

rangement and protein expression 76. For the first time, 

IGF-I has been reported to be expressed by 44% of 

CLL patients and its expression has been positively 

correlated with BCL-2 anti-apoptotic protein expres-

sion and CLL cells survival 77, which supports the no-

tion that the paracrine/autocrine control of CLL cells 

occurs through interaction of IGF-1 and IGF-1R. High 

level expression of Insulin Receptor (INSR) has been 

reported in the majority of CLL cases with 11q-del as 

compared to CLL cases with other genomic abnormali-

ties and normal B cells in these patients 78, while nor-

mal B cells from peripheral blood express moderate 

levels of INSR 78. Interestingly, higher expression of 

INSR has been shown to be correlated with shorter 

time to first therapy and shorter overall survival 78. 
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These results highlighted the IGF-1 and INSR as a po-

tential therapeutic target in CLL. 

Receptor tyrosine kinase-like Orphan Receptor 

(ROR) protein is a member of RTKs that play an im-

portant role in developmental processes including skel-

etal and neuronal development, cell movement and cell 

polarity 79. ROR1 has been shown to be highly ex-

pressed in CLL and several other malignancies with 

functional activity and its involvement in tumor cells 

signaling 80-85. Gene expression profiling of CLL B 

cells showed increased expression of ROR1 in leuke-

mic cells 77,86. The majority of CLL cells (70% mean), 

but not normal B cells, and other normal blood cells, 

exhibited ROR1 surface expression and mRNA levels 

uniformly 87,88. No correlation between ROR1 protein 

expression and IgVH mutated and unmutated cases as 

well as progressive and non-progressive CLL patients 

has been reported 87-90. Unique surface expression of 

ROR1 by CLL B cells, but not normal B cells and oth-

er tissues merits further studies of its role in the patho-

biology of CLL and makes it a potential therapeutic 

target for CLL 84. Currently a mAb specific to ROR1 

(cirmtuzumab) has been tested in phase I clinical trial 

(NCT02222688) 91 and a few Small Molecule Inhibi-

tors (SMI) are in preclinical stages for targeting ROR1 
80,92. 

In CLL, Vascular Endothelial Growth Factor A 

(VEGFA) promotes CLL B cell survival and progres-

sion which is most likely to be associated to activating 

the STAT1/STAT3 signaling pathway and upregulat-

ing the critical anti-apoptotic protein Myeloid cell leu-

kemia-1 (Mcl-1) in leukemic B cells 93. Since overex-

pression of VEGF and Mcl-1 are associated with poor 

prognosis of B CLL, inhibition of VEGF and related 

signaling pathways can be therapeutically targeted for 

treatment of CLL. Furthermore, it has been proven that 

leukemic B cells spontaneously secrete both pro- and 

anti-angiogenic molecules, including basic Fibroblast 

Growth Factors (bFGF), VEGF and T thrombospon-

din-1 (TSP-1). Because of the co-expression of angio-

genic molecules and receptors, CLL B cell biology is 

directly affected by autocrine pathways of stimulation 
94. In addition, micro vessel density of bone marrow in 

CLL patients is correlated positively with the clinical 

stage of the disease 95. Some studies have also reported 

increased serum levels of VEGF and bFGF in CLL that 

can be considered useful targets for predicting the risk 

of disease progression 96. 

Axl is another important RTK involved in pro-

survival signaling pathway in CLL. Axl alongside with 

Tyro3 and Mer are members of the TAM receptor tyro-

sine kinase family 97. Axl was primarily identified in 

patients with Chronic Myelogenous Leukemia (CML) 
98. Axl activation and signaling have been involved in 

several cellular responses, including cell survival, pro-

liferation, migration, phagocytosis, adhesion and angi-

ogenesis as well as implication in multiple types of 

human cancer, inflammatory, autoimmune, develop-

ment of atherosclerosis and kidney diseases 99. Analy-

sis of freshly isolated CLL B cells has constitutively 

shown activation of Axl which is correlated with other 

constitutively phosphorylated kinases, including Lyn, 

phosphoinositide-3 kinase, SyK/ζ-associated 70 kDa 

protein, phospholipase Cγ2 in CLL cells 100. Inhibition 

of Src/Abl kinase or specific-inhibition of Axl may 

induce massive CLL B-cell apoptosis 100 which can be 

an attractive target for treatment of CLL. 

c-MET is another member of RTKs that acts as a 

high affinity receptor for Hepatocyte Growth Factor 

(HGF)/scatter factor 101. The HGF/c-MET signaling 

pathway has been reported to be dysregulated in a wide 

range of human malignancies with poor clinical out-

comes and drug resistance 102. Furthermore, it has been 

demonstrated that aberrant expression of c-MET and 

HGF/c-met pathways is in favor of survival and apop-

totic resistance in CLL, but not on normal donor 

CD19+ cells. Increased expression of c-MET has also 

been associated with decreased expression of adhesion 

molecules 103.  

These results suggest that RTKs inhibition can be 

potential pharmacological targets in CLL and recom-

mend that combining anti-RTK agents with more tradi-

tional therapeutic drugs may emerge as new oncologi-

cal targets for antibody-based therapy. 
 

Targeted therapy drugs for chronic lymphocytic leukemia 

There are several treatment options for CLL includ-

ing chemotherapy, radiotherapy, surgery, stem cell 

transplantation (allogeneic transplantation), target 

based therapies such as mAbs 104, SMI (ibrutinib, 

acalabrutinib, and zanubrutinib) 105,106 and immuno-

therapy methods like adoptive cellular therapy (CAR 

T-cell therapy) 107. There are a number of targets to 

specifically target malignant B cells, such as CD20, 

CD19, CD52, CD70, CD74, CD40, and CD37 (Figure 

1, Table 1) 107,108. In addition, there are also numerous 

mAbs in clinical development for CLL therapy (Table 

1) 107,108.  
 

CD20; a pan B cell surface glycoprotein 

CD20 is a potential cell surface target for elimina-

tion of circulating CD20-expressing B cells such as B 

cell malignancies. CD20 is a hydrophobic glycosylated 

transmembrane protein and its expression is relatively 

limited to the cell surface of normal mature B, CLL B 

cells and on >90% of B cell NHL, but not stem cells, 

pro-B cells and plasma cells 109. However, the precise 

function of CD20 remains poorly understood. CD20 

knockout mice have been shown to exhibit normal B 

cell development but are deficient in CD19-induced 

calcium responses and BCR signaling 110. Since inter-

nalization and shedding of specific targets may poten-

tially determine the efficacy of targeted therapy, CD20 

appears neither undergo cell-surface shedding nor in-

ternalization 111. In addition, its specific expression on 

B cells makes it a specific marker for targeted therapy 

in CLL. Rituximab is a chimeric anti-human CD20  
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IgG1 κ murine/human immunoglobulin containing 

both murine light- and heavy-chain variable region 

sequences with human constant region sequences (Fig-

ure 1) 108. It has been demonstrated that rituximab ex-

erts its cytotoxic effect mainly by Antibody Dependent 

Cellular Cytotoxicity (ADCC), Complement Depend-

ent Cytotoxicity (CDC), Antibody Dependent Phago-

cytosis (ADP and direct apoptosis with a cross-linking 

Figure 1. Tumor associate antigens targeted for monoclonal antibody-based immunotherapy of chronic lymphocytic leukemia. 

 

Table 1. Approved monoclonal antibodies targeting tumor antigens in CLL patients 
 

Potential 

target 
Description Function Expression pattern 

Intervention/treatment and therapeutic  

outcome 
Ref 

CD20 

Specific marker for 

targeted therapy in 

CLL 

Unknown 

- Normal mature B cells 

- CLL B cells 

- >90% of B cell NHL 

- Rituximab induction of ADCC, CDC, 

ADP, and direct apoptosis 
- Ofatumumab induction of ADCC, potent CDC 

and apoptosis 

- GA101/Obinutuzumab ADCC with higher 
capacity to deplete CLL B cells 

(108, 
109, 

116, 

117) 

CD52 

A 21-28 kDa  
glycosylphosphatidyl-

inosltol (GPI)-linked 

glycoprotein 

May provide  

costimulatory  

signals for T-cell 
activation and  

proliferation 

- High expression on all B and 
T cells 

- Overexpression on T-PLL and 

CLL cells 
- Soluble CD52 is an indicator of 

disease activity in CLL 

 

- Alemtuzumab (Campath-1H) 

- Induction of CDC, ADCC effective therapy 

for CLL patients with high-risk cytogenetic 
markers including p53 mutations or 17p and 11q 

deletions 

(123, 

124, 
126, 

127, 

234, 
235) 

CD19 

Transmembrane  
glycoprotein of  

immunoglobulin  

superfamily 
 

Acts as a  
co-receptor to  

augment signals 

by the pre-
BCR/BCR 

Highly expressed on most  

malignant B cells, particularly 

B-CLL 

- MDX-1342 and MEDI-551 non-

fucosylated fully human mAbs specifically 

directed against CD19 
- ADCC and ADP 

- XmAb5574 

- Fc-engineered anti CD19 mAb 

(130, 
236) 

CD37 

Heavily glycosylated 

40 to 52 kDa  
glycoprotein 

 

High expression on the surface 
of B cells and transformed  

mature B-cell leukemia and 

lymphoma cells 

- Otlertuzumab (TRU-016) humanized  
anti-CD37 mAb 

- Induction of ADCC and caspase-independent 

cell death against CLL cells 

(131) 

CD40 

A member of the 

tumour necrosis factor 
receptor (TNFR) 

superfamily 

CD40 activation 

is associated with 
enhanced cyto-

kine secretion,  

proliferation and 
survival of  

neoplastic B cells 

Highly expressed by normal and 
neoplastic CLL cells 

- Lucatumumab (HCD122) 
- Humanized anti-CD40 antagonist antibody 

inhibits CD40L-induced activation of signaling 

pathways, survival, cytokine secretion 
- Induction of ADCC 

- Dacetuzumab (SGN40) humanized IgG1  

monoclonal antibody 
- Induction of ADCC and apoptosis 

(133, 

135, 

136) 

 

ADCC: Cytotoxic effect mainly by antibody dependent cellular cytotoxicity, CDC: Complement Dependent Cytotoxicity, ADP: Antibody Dependent Phagocytosis, CLL: Chronic 

Lymphocytic Leukemia, T-PLL: T Cell Prolymphocytic Leukemia. 
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antibody 107,108. Since CLL cells express relatively low 

levels of CD20, these cells show little susceptibility to 

CDC mediated by rituximab 112. However, CLL cells 

have been demonstrated to be susceptible to CD20-

shedding after treatment and reduce the ability of ritux-

imab to induce CDC 113. Monocyte mediated ADP and 

NK cell mediated ADCC have also been reported in 

CLL cells exposed to rituximab in vitro 114. It has been 

shown that Treg cells strikingly diminish NK cell me-

diated ADCC function toward rituximab-labeled tumor 

cells 115. 

A significant number of patients have been observed 

to relapse following treatment with rituximab. There-

fore, development of novel anti-CD20 mAbs with im-

proved therapeutic efficacy is necessary. A second-

generation of fully humanized anti-CD20, ofatumumab 

recognizes a unique and different epitope on CD20 

than rituximab, has been developed. This mAb exerts 

similar ADCC, potent CDC, slower off-rate, more sta-

ble CD20 binding and direct apoptosis after cross-

linking to rituximab 108,116. Type II glycoengineered 

fully humanized high affinity mAb to CD20 epitope, 

GA101/Obinutuzumab showed greater effect to induce 

ADCC and higher capacity to deplete CLL B cells 

from peripheral blood compared to rituximab 117-119. 

Obinutuzumab was approved by the Food and Drug 

Administration (FDA) in November 2013 for use in 

combination with chlorambucil for the treatment of 

patients with previously untreated CLL 120. Clinical 

trial of the triple combination of obinutuzumab, ibru-

tinib, and venetoclax (GIVe regimen) presented a 

promising outcome for this combination regimen and 

thus introduced it as a first-line treatment for patients 

with high-risk CLL 121. 
 

CD52; a small immunomodulator glycoprotein 

Alemtuzumab (Campath-1H) is a fully humanized 

IgG1 κ mAb directed against cell-surface antigen 

CD52 122. CD52 is a 21-28 kDa glycosylphosphatidyl-

inosltol (GPI)-linked glycoprotein expressed at high 

levels on all B and T cells. It is expressed at lower lev-

els on monocytes and macrophages, eosinophils, NK 

cells, and monocyte-derived dendritic cells 123. Over-

expression of CD52 antigen has also been demonstrat-

ed on T cell Prolymphocytic Leukemia (T-PLL) and 

CLL 124. Immunologically, alemtuzumab can mediate 

CDC, ADCC by virtue of its IgG Fc region and can 

induce direct caspase-independent cell death through a 

membrane raft-dependent mechanism (Figure 1) 108,125. 

Clinical studies have shown that alemtuzumab could be 

an effective therapy for CLL patients with high-risk 

cytogenetic markers including p53 mutations or 17p 

and 11q deletions as well as other genomic aberrations 
126,127. Therefore, alemtuzumab might be a reasonable 

treatment for CLL patients with these poor prognostic 

features. Although alemtuzumab has been approved for 

the treatment of CLL, due to the strategic decision of 

Sanofi company, the license of this drug was with-

drawn in August/September 2012 from the clinic and it 

is only available through an international compassion-

ate use program 2. 
 

CD19; a B-cell surface glycoprotein 

Co-stimulatory molecule CD19, is a transmembrane 

glycoprotein of immunoglobulin superfamily and is a 

B cell marker that is highly expressed on most malig-

nant B cells, especially in leukemic CLL cells and is 

considered as a potential target for immunotherapies 
128. Recent advances in engineered antibody technology 

have led to development of a series of modified anti-

bodies for targeting CD19. MDX-1342 (NCT00593944) 

and MEDI-551 (NCT01466153) are non-fucosylated 

fully human mAbs specifically directed against CD19 

that acts predominantly via ADCC and ADP (Figure 

1). Data from a phase 2 clinical trial, has shown that 

MEDI-551 has demonstrated a 30% response rate in 

relapsed/refractory (RR) CLL as a monotherapy and 

further study showed clinical activity and comparable 

safety compared to rituximab and bendamustine (NCT-

01466153) 129. XmAb5574 (MOR00208) is a new Fc-

engineered anti CD19 mAb with an engineered Fc re-

gion to enhance Fcγ receptor binding affinity for im-

proving ADCC and ADP 130. Phase 1 clinical trial as a 

monotherapy (NCT01161511) exhibited safety and 

preliminary efficacy in RR CLL patients 130. Phase 2 

XmAb5574 in combination with lenalidomide for RR 

CLL patients is under investigation (NCT02005289).  
 

CD37; a heavily glycosylated glycoprotein 

Another lineage-specific B cell target, CD37, is a 

heavily glycosylated 40 to 52 kDa glycoprotein mem-

ber of the transmembrane 4 superfamily (TM4SF) of 

tetraspanin family of proteins and is considered to be 

an attractive therapeutic target for CLL targeted thera-

py 131. Otlertuzumab (TRU-016) is a novel humanized 

anti-CD37 mAb that shows potential capacity to induce 

ADCC and caspase-independent cell death against 

CLL cells (Figure 1) 131. Otlertuzumab includes anti-

CD37 antibody variable regions linked to immuno-

globulin constant domains and is categorized as a small 

modular immunopharmaceutical (SMIP). Phase 1 esca-

lation evaluation of otlertuzumab in RR CLL patients 

has demonstrated 23% response rate with acceptable 

toxicity 132. 
 

CD40; a TNF receptor superfamily member 

A member of the Tumour Necrosis Factor Receptor 

(TNFR) superfamily, CD40, is highly expressed by 

normal and neoplastic CLL cells 133. CD40 activation 

has been found to be involved in enhanced cytokine 

secretion, proliferation and survival of neoplastic B 

cells, triggering phosphorylation of downstream signal-

ing molecules associated to oncogenic mechanisms and 

clinical relevance in CLL. It induces resistance of the 

leukemic B cells to therapy such as ERK 1/2 and up-

regulates Mcl-1 and Bcl-xl 134. Humanized anti-CD40 

antagonist antibody, lucatumumab (HCD122), blocks 

the interaction of CD40 with CD40L and inhibits 

CD40L-induced activation of signaling pathways, sur-

https://clinicaltrials.gov/ct2/show/NCT00593944
https://clinicaltrials.gov/ct2/show/NCT01466153
https://clinicaltrials.gov/ct2/show/NCT01161511
https://clinicaltrials.gov/ct2/show/NCT02005289
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vival, cytokine secretion as well as mediating ADCC 

(Figure 1) 135. Data from a phase I study of lucatu-

mumab has shown that 17 out of 27 CLL patients have 

stable disease and acceptable toxicity 136. Another anti-

CD40 mAb, dacetuzumab (SGN40) mediates ADCC 

against CLL cells and its effect is further enhanced in 

combination with lenalidomide 136. However, phase I 

dose escalation study as a single agent demonstrated 

minimal clinical activity (NCT00283101) 137. Further 

studies are proposed to be performed on dacetuzumab 

in combination with other chronic lymphocytic leuke-

mia therapies. 
 

Tumor associated antigens: potential targets for CLL im-

munotherapy 

Identification of human Tumor associated antigens 

(TAAs) is one of the main goals of targeted therapy 

and tumor immunology that serve as promising targets 

for diagnosis, disease monitoring and therapeutic ap-

proaches. Several investigations have been performed 

to detect new TAAs (Table 2). TAAs mostly are the 

mutational status of normal proteins expressed by nor-

mal tissues, aberrantly expressed normal genes, or 

genes encoding viral proteins which make them poten-

tial targets for immunotherapeutic vaccines 138. These 

antigens should contain peptide sequences that are rec-

ognized by MHC molecules. Recently, several TAAs 

with the potential to be specifically recognized by T 

cells and induce a specific Cytotoxic T Cell (CTL) 

response and specific CTL-mediated antitumor im-

mune response have been characterized in CLL 139,140.  
 

CD23; a low-affinity receptor for IgE (Fc3RII)  

CD23 that is expressed on the surface of B cells, be-

longs to type II integral membrane proteins (C-type 

lectin family) 141. CD23 is constitutively and strongly 

overexpressed by leukemic B cells with significant 

prognostic importance in CLL 142. Serum CD23 level 

has been shown to be selectively elevated in CLL pa-

tients and significantly contributes to significantly 

worsening the prognosis and overall survival 143. Eval-

uation of serum level of CD23 in the early stage (stage 

A) of the disease can provide significant prognos-

tic information, but during the course of the disease it  
 

is presumed to help to the early detection of patients 

who will rapidly progress to upper stages 143. Moreo-

ver, analysis of GEF has revealed 5.9-fold increase in 

expression of CD23 in leukemic B cells compared to 

normal B cells 144. Previous studies have demonstrated 

that CD23 could be naturally processed and presented 

in the context of MHC molecules. They showed that 

HLA-A2-restricted specific CTLs for CD23-derived  
 

peptides from CLL patients efficiently recognized na-

ive and CD40L-activated autologous malignant CLL 

cells 145. These findings strongly support the notion that 

CD23 can potentially serve as a specific TAA in CLL 

and may also be employed as an attractive therapeutic 

target for the development of T cell–based immuno-

therapeutic approaches such as clinical vaccination 

trials or adoptive T cell transfer of B-CLL and other 

CD23+ B-cell malignancies. phase 1, dose escalation 

and schedule optimization study of the macaque-

human primatized mAb (lumiliximab), directed against 

CD23 in RR CLL patients has shown minimal activity, 

acceptable toxicity and well-tolerated profile (NCT-

00046488) 146. Although, phase 1/2 study of lumilixi-

mab combined with fludarabine, cyclophosphamide, 

and rituximab (FCR) in patients with RR CLL shows 

potential benefit (NCT00103558) 147, phase 3 did not 

confirm the ability of lumiliximab to improve response 

to treatment and Progression-Free Survival (PFS) when 

FCR plus lumiliximab was compared with FCR alone 
108. 

 

MDM2; the human homolog of murine double-minute 2 

oncoprotein 

MDM2, also known as MDM2 E3 ubiquitin ligase, 

is typically expressed in the nucleus, which translo-

cates to the nucleus following its activation and acts as 

an effective tumor suppressor protein p53 negative re-

gulator 148. Upon activation, MDM2 binds to the ami-

no-terminus of P53 and targets it for ubiquitinylation 

and subsequent proteasomal degradation and therefore 

exerts its oncogenic affect by inhibiting its transcrip-

tional activity 148. MDM2 protein overexpression has 

been reported in multiple types of human cancers, es-

pecially in tumors with a wild-type p53, such as breast 

cancer, colorectal cancer, glioblastoma, cutaneous mel-

anoma, differentiated liposarcoma, CLL, NHL, Hodg-

kin lymphomas, and osteosarcoma 149-152. Northern blot 

analysis showed 10-fold higher expression of MDM2 

RNA levels in neoplastic B cells from B-CLL or NHL 

patients than in normal B cells 152. In addition, MDM2 

gene overexpression has been reported to be more fre-

quent in patients at advanced clinical stages (stage IV) 

than in those at lower clinical stages (stage II or III) 152. 

These results may suggest an important role for MDM2 

in tumorigenicity and/or disease progression of CLL. 

Mayr et al. defined MDM2 as a novel TAA recognized 

by CD8+ autologous T cells in B-CLL and also showed 

that MDM2 expression was detectable in 85% of CLL 

patients. They identified MDM2 HLA-A2-restricted 

specific CTLs that recognized T2 target cells loaded 

with MDM2 peptides and autologous MDM2 overex-

pressing CLL cells which naturally processed and pre-

sented it in the context of MHC-I molecules 153. Inhibi-

tion of the MDM2-p53 protein-protein interaction or 

MDM2 E3 ligase function promotes steady state p53 

levels, inhibits its p53-degradation activity and in some 

cancer cells stimulates apoptosis 154,155. Investigation of 

apoptosis induction after treatment of highly pure CLL 

tumor cells ex vivo with 2 MDM2 inhibitors, Nutlin-3 

and MI-63 showed that p53 status potentially deter-

mines the CLL cells response to MDM2 inhibitors 155. 

These results indicated that MDM2 could be an inter-

esting TAA target in therapeutic approaches in CLL 

patients. Furthermore, in the setting of CLL, utilizing 

MDM2 inhibitors in combination with drugs less sensi- 
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tive to p53 mutation status, like alemtuzumab or flavo-

piridol (a potent CDK4-blocking activity), might be 

more effective immunotherapeutic strategies in treat-

ment of CLL. The results of phase I clinical study of 

RG7112 (NCT00623870), a small-molecule MDM2 

antagonist showed its clinical activity in RR AML and 

CLL patients 156. 
 

Survivin 

Survivin, a member of inhibitor of apoptosis protein 

family (IAPs) seems to play a key role in suppression 

of apoptosis and regulation of cell division 157. Overex-

pression of survivin has been reported in several cancer 

types, including bladder, lung, breast, stomach, oe-

sophagus, liver, and ovarian cancers, ALL and AML 
158. The overexpression of survivin in most human can-

cers suggests its important role in tumor progression. 

Aberrant expression of survivin is a biomarker of poor 

prognosis and in drug/radiation resistance 159. Survivin 

overexpression has been found to happen in Bone Mar-

row (BM) and LNs, especially in pseudofollicles from 

patients with B-CLL, as well as CD40 stimulated B-

CLL cells 160. Survivin expressing cells actively prolif-

Table 2. Tumor antigens with potential treatment utility in CLL patients 
 

TAA 
Treatment 

approach 
Clinical significance Comments Ref 

CD23 

(Fc3RII) 

Primatized 
Phase I clinical trial with minimal activity, acceptable 

toxicity and well-tolerated profile (NCT00046488) 
Strongly overexpressed by leukemic B-cell with 

significant prognostic importance in CLL 
(142, 
146) 

Lumiliximab 

Phase 1/2 study of lumiliximab combined with fludarabine, 

cyclophosphamide, and rituximab (FCR) showed potential 

benefit (NCT00103558) 

Elevated level of serum CD23 has shown to be 

selectively elevated in CLL patients and 
contributed to significantly worse prognosis and 

overall survival 
(108, 
143, 

147) 
Phase 3 didn’t confirmed the ability of lumiliximab to im-

prove response to treatment and PFS 

Evaluation of serum level of CD23 in the early stage 

(stage A) of disease can provides significant prog-
nostic information 

MDM2 SPC2996 

Molecular variability in p53 might influence strong  

quantitative influence on MDM2 inhibitor-mediated cell kill 

in CLL 

Targets P53 for ubiquitylation and subsequent  
proteasomal degradation 

(148-
152, 

155, 

189) 

Acquired p53 mutations is of significant concern 
MDM2 protein overexpression has been reported in 

multiple types of human cancers 

Great importance to monitor p53 mutation status serially in 
patients treated with MDM2 inhibitor 

- 

Using MDM2 inhibitors in combination with drugs less 

sensitive to p53 mutation status, like alemtuzumab or 
flavipiridol might be more effective immunotherapeutic 

strategies in treatment of CLL 

- - 

Survivin  

YM155 treatment supressed proliferation and effectively 

induce apoptosis in the proliferative subset of CLL might 

pave the way for novel therapeutic applications  of TM155in 

treatment of CLL 

A critical protein associated with apoptosis and 

regulation of cell division (157, 

159, 

167, 
237) Phase I/II clinical trial of terameprocol (NCT00664677) in 

different hematological malignancies showed that the drug 

was safe, the maximum tolerated dose was established. 

Its upregulation is related to poor prognosis and 
drug/radiation resistance 

Bax and 
Bcl-2 

 

Selective pharmacological inhibition of BCL-2 by ABT-199 

highlighted the potential role of bcl-2 family proteins in the 
context of target therapies 

Proteasomal-mediated degradation of Bax has been 

reported in advanced CLL and was associated with 
poor prognosis and chemoresistance 

(181, 

188, 
238, 

239) 
Administration of SPC2996, a novel Bcl-2 mRNA  

antagonist, resulted in rapid leukemic cell clearance and 
immune activation in CLL patients 

Increase in the BCL2/BAX ratio was associated with 

resistant to apoptosis, and the clinical significance of 
CLL 

LY9 

(CD229) 
 

CD229-specific T cells represented specific and strong  

killing activity against primary unmodified HLA-
A0201+/CD229+ B-CLL 

Overexpression of CD229 has been clarified in all 

naïve C-CLL patients with stable expression  
during the course of disease 

(192) 

hTERT  

DCs pulsed with hTERT derived peptide were able to  

stimulate autologous T cells in hTERT-negative B-CLL 
patients 

High telomerase activity that is correlate with ex-

pression of hTERT has been demonstrated in more 
than 90% of all human tumors, particulary in CLL 

(201, 

202) 

 

TAA: Tumor associated antigen, PFS: Progression-Free Survival, MDM2: Mouse Double Minute 2 homolog, hTERT: human Telomerase Reverse Transcriptase, PFS: Progres-

sion-free survival, CLL: Chronic Lymphocytic Leukemia. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4877901/
https://clinicaltrials.gov/ct2/show/NCT00046488
https://clinicaltrials.gov/ct2/show/NCT00103558
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erated and uniformly and intensely expressed BCL-2, 

indicating a remarkable resistance to apoptosis 160. A 

vaccine targeting survivin could potentially target a 

proliferation compartment of B-CLL. The immune 

reaction takes place in pseudofollicles of LNs and pro-

vides a new way of eliminating B-CLL by promoting 

the eradication of the proliferating tumor cell pool 160. 

Nonetheless, survivin-reactive T cells have been de-

tected in the peripheral blood of patients with CLL. 

Specific CTL responses against two survivin-derived 

peptide epitopes were also identified in CLL patients, 

but not in healthy controls 161. Effective and specific 

in-vitro CTL responses against survivin have also been 

induced by autologous Dendritic Cells (DCs) pulsed 

with soluble recombinant survivin protein. These sur-

vivin-specific CTLs were capable of recognizing Ep-

stein-Barr virus (EBV) B lymphocytes transfected with 

survivin cDNA or allogeneic lung tumor cells 162. In 

other studies, induced survivin-specific CTLs from 

Peripheral Blood Mononuclear Cells (PBMCs) effi-

ciently recognized and lysed autologous mature DCs 

pulsed with the antigenic peptide or transfected with 

whole tumor RNA purified from a survivin-expressing 

cell line derived from primary autologous malignant 

CLL cells. In addition, survivin-specific CTLs were 

not able to lyse mature DCs or activate B and T cells 
163. Specific T-cell reactivity against survivin-derived 

HLA-B35 restricted epitopes was also detected in the 

peripheral blood from patients with different malignan-

cies, especially B-CLL, multiple myeloma and mela-

noma. Spontaneous T cell responses against survivin-

derived peptides were found in 6 of 10 B-CLL patients 
164. These findings raise the possibility that targeting 

survivin can be an innovative and efficient approach 

for designing potential protein- and peptide-based anti-

cancer vaccines. Moreover, S12, a small molecule in-

hibitor of survivin, remarkably inhibited the growth of 

representative B lymphoma lines in vitro 165. Another 

small molecule inhibitor of survivin YM155 potentially 

suppressed proliferation and effectively induced apop-

tosis in the proliferative subset of CLL cells. Interest-

ingly, YM155 treatment diminished anti-apoptotic pro-

teins Mcl-1 and BCL-2 expression levels independent-

ly of the level of survivin expression which might pave 

the way for novel therapeutic applications of YM155 in 

treatment of CLL 166. A phase I/II clinical trial of ter-

ameprocol (NCT00664677), a novel survivin and cdc2/ 

CDK1 Inhibitor, in patients with various advanced 

leukemias and hematological malignancies, including 

CLL showed that the drug was safe with a potential 

clinical activity 167. 
 

FCRL; Fc receptor-like molecules 

Fc Receptor-Like (FCRL) molecules, as novel 

members of the Immunoglobulin Superfamily (IgSF), 

are preferentially expressed by B-cells with potential 

activating and inhibitory roles 168. FCRL1-5 are domi-

nantly expressed on developing B cells at different 

stages of development. But, FCRL3 and FCRL6 are 

especially expressed in different subsets of T and NK 

cells 168. Expression profiles of different FCRL family 

members have been investigated in autoimmune dis-

eases, infectious diseases and B-cell malignancies 
168,169. Interestingly, FCRL2 has shown 94% concord-

ance with IgHV mutational status suggesting the im-

portance of FCRL2 as a novel and potential prognostic 

biomarker in CLL. In addition, FCRL2 expression was 

also inversely associated with clinical progression in 

B-CLL 170. We showed elevated expression levels of 

CD305/LAIR-1 (leukocyte associated Ig like receptor 

1) and FCRL2 in mutated compared to unmutated B-

CLLs 171. High and exclusive expression levels of 

FCRL2 in CLL hold enormous potential to bring it as a 

novel diagnostic marker and therapeutic target in CLL 

patients. 
 

Fibromodulin 

Fibromodulin (FMOD) belongs to small leucine rich 

repeat (LRR) protein family, first identified as a 59 

kDa collagen-binding protein with a broad range of 

tissue distribution 172. FMOD involved in regulation of 

collagen organization and assembly of matrix compo-

nents by interaction with type I and type II collagen 

fibrils 173. Several independent GEF analyses have re-

vealed aberrant expression of FMOD (287-fold) in 

leukemic B cells compared to normal B cells 144, 174, 175. 

Overexpression of FMOD in CLL B cells samples has 

also been confirmed at mRNA and protein levels 176,177. 

Analysis of FMOD revealed widespread cell surface 

expression of GPI-anchored FMOD in CLL patients 

compared to healthy individuals 178. Specific CTL re-

sponses have been identified against four different 

HLA-A2 binding FMOD derived peptides 176. A recent 

study demonstrated that T cells from CLL patients 

were able to precisely recognize FMOD overexpress-

ing leukemic B cells and responded to naturally pro-

cessed and presented HLA-A0201 binding peptides 

derived from FMOD. They also showed that FMOD 

specific CD8+ T cells derived from CLL patients could 

be expanded 176. Besides the possible role of FMOD in 

the pathophysiology of CLL, it could be a beneficial 

TAA candidate for immunotherapeutic intervention of 

CLL. 
 

Bax and BCL-2 

The ability of tumor cells to evade apoptosis is one 

of the hallmarks of human cancers. Evasion of apopto-

sis is often mediated by pro- and anti-apoptotic BCL-2 

family proteins that are frequently highly expressed in 

cancers 179. Expression of Bax or Bak plays a critical 

role in suppressing cancer development and their re-

duced expression has been reported in several malig-

nancies 180. Furthermore, proteasome-mediated degra-

dation of Bax has been reported in advanced CLL that 

is associated with poor prognosis and chemoresistance 

of the disease 181. Generation of immunogenic peptides 

following proteasomal degradation of Bax might be 

related to immunologic consequences via presentation 

by MHC class I molecules. To address this hypothesis, 
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Nunes et al showed that Bax peptide–specific T cells 

had been able to recognize and kill primary malignant 

cells from CLL patients 182. This finding suggests that 

generating Bax specific T cells for adoptive cell thera-

py protocols can be a promising therapeutic approach 

for treatment of CLL and other malignancies. It has 

been demonstrated that BCL-2 is an important protein 

in predicting survival in CLL. Increase in the BCL-

2/BAX ratio in CD38 and CD49d positive patients was 

associated with resistance to apoptosis, and the clinical 

significance of this change was contributed to patho-

genesis, chemorefractoriness and clinical outcome of 

CLL 183. Selective inhibition of BCL-2 by ABT-199 

highlighted the potential role of BCL-2 family proteins 

in the context of targeted therapies 184. CD38 and 

CD49d overexpression are well known to be potential 

adverse prognostic markers in CLL 185-187. Administra-

tion of SPC2996, a novel BCL-2 mRNA antagonist, 

resulted in rapid leukemic cell clearance and immune 

activation in CLL patients 188. Phase I/II dose-

escalating study of SPC2996 in 25 patients with re-

lapsed CLL showed all six CLL patients in the treat-

ment group with maximum drug concentration (4 

mg/kg/dose) had a significant reduction in lymphocyte 

count with shrinkage of nodes at the higher tolerated 

doses 189. Currently, a large number of clinical trials 

assessing monotherapy and combination therapies, 

which are typically based on BCL-2 targeting, are un-

derway. Venetoclax is first and only BCL-2 inhibitor 

approved for CLL as monotherapy or in combination 

with obinutuzumab or rituximab. A 4-year follow-up 

from a multicentre, open-label, randomised, phase 3 

trial demonstrated that CLL patients treated with ve-

netoclax–obinutuzumab or venetoclax–obinutuzumab– 

ibrutinib versus the chemoimmunotherapy, improved 

undetectable Measurable Residual Disease (MRD) 

rates and progression free survival 190. 
 

CD229 (Ly9); a homophilic receptor 

subset of the immunoglobulin superfamily 180. 

CD229 is expressed on thymocytes and mature T and 

B lymphocytes 191. Overexpression of CD229 has been 

clarified in all naïve CLL patients with stable expres-

sions during the course of the disease 181. CD229-

specific T cells presented a specific and strong killing 

activity against primary unmodified HLA-A0201+/ 

CD229+ B-CLL cells and T2 cells pulsed with synthet-

ic peptides derived from CD229 protein in vitro 192. In 

addition, CD40L-stimulated B-CLL cells and native 

unmodified B-CLL cells as APCs were able to specifi-

cally expand antigen-specific autologous T cells from 

B-CLL patients 192. These results showed that CD229 

is a naturally processed and presented antigen in B-

CLL which can be considered a TAA in this disease. 

Thus, these findings provide strong evidence that 

CD229 can be an attractive target for the design and 

implementation of T-cell–based adoptive immunother-

apeutic approaches for CD229-expressing malignan-

cies including B-CLL. 

FMNL1; a formin like protein 1 

Formins are cytoskeleton-organizing proteins that 

play essential roles in cytokinesis and driving altera-

tions in cell polarity, vesicular trafficking, signaling to 

the nucleus and embryonic development 193. Recently, 

a novel human gene, related to the formin family has 

been described. mRNA expression analysis demon-

strated restricted expression of a formin like protein 

(FMNL1) in peripheral blood leukocytes, spleen, and 

thymus. However, at the protein level, low expression 

of FMNL1 was found to be restricted to lymph nodes 

and peripheral blood leukocytes. Interestingly, overex-

pression of FMNL1 was observed in Jurkat and Molt-4 

cell lines and CLL tumor cells 194. This study also 

showed interaction between FMNL1 and Akt, suggest-

ing a possible role for this protein in Akt signaling 

pathway 194. Another human leukocyte formin gene, 

termed KW-13, has been defined as a novel TAA over-

expressed in CLL 195. Further research should clarify 

the exact role of formin protein family in CLL and also 

in immunotherapeutic based strategies. 
 

RHAMM/CD168; the receptor for hyaluronan-mediated 

motility 

Differential mRNA expression of TAAs in B-CLL 

patients has identified tumor-restricted antigen expres-

sion of RHAMM/CD168, fibromodulin, PRAME and 

MPP11 in CLL samples, but not in healthy donors. 

Higher expression levels of HSJ2 (100%), MAZ (93%) 

and OFAiLRP (100%) have also been detected in CLL 

patients. Analysis by conventional RT-PCR showed a 

more frequent expression of RHAMM/CD168 in ad-

vanced stages of CLL 196. RHAMM/CD168 expression 

was detected in both ZAP-70-positive and negative B-

CLL patients. In addition, IFN-γ and granzyme-B se-

creting CD8+ T cells showed specific response against 

T2 cells pulsed with RHAMM/CD168 derived peptides 
196. In another study, significantly increased specific 

CTLs against RHAMM/CD168 derived R3 peptide 

was detected after vaccination with DCs pulsed with 

CLL cell lysates 197. CD8+ T-cell responses against 

RHAMM/CD168 have also been described in AML 

patients 198. These results showed that targeting 

RHAMM/CD168 as a TAA may serve as an effective 

cell-based immunotherapeutic strategy for RHAMM/ 

CD168 overexpressing CLL patients. 
 

hTERT; human telomerase reverse transcriptase  

A functional catalytic protein subunit of a RNA-

dependent DNA-polymerase, named human telomerase 

reverse transcriptase (hTERT), adds repeat sequences 

of DNA (TTAGGG) to the 3` end of chromosomes 199. 

Telomere length maintained by telomerase and ectopic 

telomerase expression leads to survival and unlimited 

proliferative capacity of malignant cells 200. High te-

lomerase activity that is correlated with expression of 

hTERT has been demonstrated in more than 90% of all 

human tumors 200. High telomerase activity has also 

been reported in the majority of acute and chronic leu-

kemias. Significantly higher levels of telomerase activ-
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ity in various B-cell malignancies including CLL, 

Hairy Cell Leukemia (HCL) and Mantle Cell Lym-

phoma (MCL) have been detected in late stages than in 

early stages 201. In addition, the activity and therefore 

length of telomere might be associated with disease 

prognosis in B-CLL 201. hTERT overexpression was 

found in about 75% of CLL patients 202. DCs pulsed 

with a hTERT derived peptide (hTERT 611–626 pep-

tide) were able to stimulate autologous T cells in 

hTERT expressing but not in hTERT-negative B-CLL 

patients and healthy control donors. Expanded autolo-

gous hTERT-specific cytotoxic T cells showed cyto-

toxic activities against hTERT overexpressing B-CLL 

cells in MHC class I-restricted manner 202. These find-

ings suggest targeting hTERT as a suitable vaccine in 

B-CLL patients. 
 

OFA-iLRP; oncofetal antigen immature laminin receptor 

protein  

As a highly conserved protein, oncofetal antigen im-

mature laminin receptor protein (OFA-iLRP) is prefer-

entially expressed in fetal tissues and has been identi-

fied in many types of tumors 203, 204. Siegel et al 

demonstrated that OFA-iLRP could act as a potential 

target for T-cell-based immunotherapeutic approaches 

against hematologic malignancies such as lymphomas, 

AML and CLL 205. They primarily showed significant 

overexpression of OFA-iLRP in all hematologic tumor 

cell lines and all B-CLL and AML samples. OFA-iLRP 

was neither detectable in early stages of cancer nor in 

healthy donors. OFA-iLRP-specific CTLs were able to 

kill primary AML blasts, malignant B-CLL cells and 

OFA-iLRP-loaded T cells 205. Furthermore, it was also 

shown that mice treated with DCs transfected with 

OFA-iLRP-coding RNA, fully rejected the tumor and 

improved overall survival 205. Since OFA-iLRP mRNA 

was strongly expressed in PBMCs from healthy donors 

and B-CLL patients 196 as well as renal patients 206, it 

could not serve as a suitable target target for B-CLL 

immunotherapy.  
 

SLLP1; sperm lysozyme-like protein 1  

SLLP1 is a unique c-lysozyme-like protein predom-

inantly expressed in the acrosome of human sperm 207. 

A study by Wang et al. showed that SLLP1 could serve 

as a novel cancer–testis antigen in some hematologic 

malignancies including AML, CLL, CML and multiple 

myeloma 208. In contrast to healthy donors, tumor cells 

of hematologic malignancies including AML, CML, 

CLL and multiple myeloma, showed aberrant expres-

sion of SLLP1. High titer IgG antibodies against 

SLLP1 were thus detected in the sera of malignant pa-

tients 208.  
 

TCL1; T-cell leukemia/lymphoma 1  

TCL1 onco-protein overexpression has been detect-

ed in many B-cell malignancies, including follicular 

lymphoma, CLL, MCL, diffuse large B-cell lympho-

ma, and splenic marginal zone B-cell lymphoma 209-212. 

TCL1-specific T cells were detectable in the peripheral 

blood and tumor-infiltrating lymphocytes of lymphoma 

patients. TCL1-specific T cells could also be expanded 

in an autologous setting and were able to recognize and 

lyse TCL165-79 peptide-pulsed T2 cells in MHC-I re-

stricted manner 211. Therefore, TCL1 was demonstrated 

to be naturally processed and presented on the surface 

of primary human lymphoma cells to be recognized by 

CTLs and seems to be an ideal TAA that can act as a 

therapeutic target for development of new immuno-

therapeutic strategies against B-cell lymphomas espe-

cially for CLL patients 211. 
 

Adipophilin 

Adipophilin as a marker of lipid accumulation ini-

tially is involved in lipid storage and is considered to 

be expressed only in adipocytes 213, but it has been 

found to be expressed by a variety of cells including 

macrophages and tumor cells 214,215. Adipophilin de-

rived peptides are capable of inducing effective adipo-

philin-specific CTLs in a wide variety of malignancies 

including renal cell carcinoma, breast cancer, melano-

ma, multiple myeloma, and primary autologous CLL 

cells or cells from plasma cell leukemia 216. Generated 

adipophilin-specific CTLs from PBMCs of CLL pa-

tients are able to recognize and lyse autologous RNA 

transfected DCs purified from adipophilin-positive 

tumor cell lines and autologous primary CLL cells, 

while nonmalignant B cells, T cells, monocytes, and 

DCs were unharmed 216. It may thus be suggested that 

adipophilin can act as an ideal candidate TAA candi-

date for development of CLL specific T-cell-based 

immunotherapy. 
 

APRIL; a proliferation-inducing ligand and BAFF; B-cell 

activating factor  
A proliferation-inducing ligand (APRIL) and B-cell 

Activating Factor (BAFF) belong to the Tumor Necro-

sis Factor (TNF) ligand family and are critical for the 

maturation, survival, and differentiation of normal and 

malignant B cells 217-219. BAFF and APRIL have been 

shown to play a crucial role in the pathogenesis and 

maintenance of B CLL tumor cells 220. Additionally, 

APRIL enhances tumor growth in human and murine 

tumor cell lines in vitro and in vivo 221. Interestingly, B 

CLL malignant cells express BAFF and APRIL and 

stimulation of these receptors promote CLL cell prolif-

eration and survival in vitro 222,223. Additionally, BAFF 

and Aprill protected B-CLL cells against spontaneous 

and drug-induced apoptosis 220. Elevated BAFF levels 

are observed in patients with CLL, particularly those 

with unmutated IgHV and Higher BAFF expression is 

linked to unfavorable outcomes in these patients 224. 

Increased serum levels of BAFF (sBAFF) and APRIL 

(sAPRIL) are considered as potential predictive factors 

in B-CLL patients 225. Enhanced intracellular APRIL 

and BAFF levels within CLL cells correlate with ele-

vated expression of unfavorable prognostic markers 

CD38 and ZAP70, and poorer clinical outcomes 224. 

BAFF, APRIL, and their receptors have therefore at-
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tracted great attention as potential targets for B-CLL 

therapy. BAFF-neutralizing antibody belimumab re-

markably increased the sensitivity of the leukemic cells 

to all three small molecule inhibitors including B cell 

receptor inhibitors ibrutinib and idelalisib as well as the 

BCL-2 antagonist venetoclax 226. These findings show 

that BAFF neutralization using belimumab in combina-

tion with small molecule inhibitors can serve as a 

promising therapeutic strategy for patients with CLL. 

Belimumab is currently undergoing phase II clinical 

trials (NCT05069051) for the treatment of relapsed 

and/or refractory CLL 219. Patients who undergo treat-

ment with CD19-targeting chimeric antigen receptor 

(CAR)-T cells for B-cell lymphoid leukemias and lym-

phomas experience relapsed and/or refractory (R/R) 

disease. CAR)-T cells targeting BAFF-R (BAFF-R 

CAR, also known as MC10029 CAR) showed signifi-

cant in vitro and in vivo antigen-specific cytotoxicity 

against CLL cell lines and against CLL patients’ tu-

mors, respectively 227.  
 

Pim-1; provirus integration site for Moloney murine leu-

kemia virus 

Pim-1 is a highly conserved serine/threonine kinase 

that fine-tunes several cellular functions such as cell 

cycle, cell survival, drug resistance 228. Upregulation of 

Pin-1 expression has been reported in CLL compared 

with normal lymphocytes and PIM kinase inhibitors 

showed an effective therapeutic efficacy for CLL pa-

tients 229. HLA Ligandome Analysis showed the highly 

expression of SET nuclear proto-oncogene (SET), Pim-

1 oncogene and Mucin 1 as new TAA in CLL cells 230. 

The SET oncoprotein is overexpressed in CLL cells, 

and SET levels are predictive of Overall Survival (OS) 

and the Time To Treatment (TTT) 231. Inhibition of 

SET protein leads to the enhance apoptosis, decrease 

Mcl-1 levels, and also is highly cytotoxic to malignant 

B cells in vitro and in vivo 231. These data show that 

targeting SET and Pim-1 could be a promising strategy 

to the treatment of CLL. 
 

IGLV3-21; immunoglobulin lambda variable 3-21 

The CLL B CLL subsets bearing IGLV3-21R110 

BCR light chain represents an aggressive clinical 

course and serves as a poor prognostic factor in CLL 

patients 232. Surface expression IGLV3-21R110 neoanti-

gen with oncogenic activity may be considered a po-

tential target for CAR T cell therapy in CLL patients. 

New types of CAR-T cells with CAR construct of BCR 

light chain neoepitope composed of point mutation 

IGLV3-21R110 are able to selectively eradicate poor-

risk subset of IGLV3-21R110 expressing cell lines and 

primary CLL cells 233. 

 

Conclusion 
 

Tumor cells express a variety of poorly immunogen-

ic antigens at different stages of cancer. However, 

identification of novel immunogenic CLL associated 

antigens that are generally expressed is essential to 

overcome the barriers of patient-specific idiotype vac-

cines. Furthermore, identification of human TAAs in 

cancer is developing as a critical part of clinical trials 

at this time (Table 2). mAbs exhibit an exciting addi-

tion to the growing list of agents that are used to treat 

CLL. Molecules that are tumor-specific or overex-

pressed in cancers may play fundamental roles to con-

tribute to tumor cell development, cellular transfor-

mation, and migration. Today, new promising mole-

cules for CLL are being tested in clinical trials. Target-

ing of such molecules can promote the anti-tumor ef-

fect and therefore might be valuable approaches for 

cancer therapy. Application of specific mAbs to target 

certain antigens have shown great potentials as valua-

ble approaches in preclinical and clinical investigations 

and will thereby continue to revolutionize the treatment 

of CLL as we know it today. Malignant CLL cells ex-

hibit features of activated and antigen-experienced B 

cells. Constitutive and stable expression of specific 

targets on malignant B cells and natural processing and 

presentation of these molecules on the surface of lym-

phoma cells for recognition by cytotoxic T cells as 

TAA in primary B-CLL, enabling the expansion of 

autologous tumor-specific T cells, can serve as novel 

targets for development of immunotherapeutic strate-

gies against common B-cell malignancies. Recently 

there has been significant interest in multiple TAA as 

therapeutic targets in CLL patients as evidenced by 

several studies that have demonstrated the existence of 

autologous T cells against TAAs which functionally 

respond with IFN-γ secretion after recognition of these 

antigens. These findings are promising in the identifi-

cation of specific target-derived peptides as TAAs in 

B-CLL that open numerous pathways to consider these 

molecules for therapeutic interventions in this disease. 

However, preclinical studies are essential to achieve 

the optimal vaccine formulation and identify the safety 

and efficacy of TAA-derived vaccines before evalua-

tion in clinical trials. 
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Potocki de Montalk G, Davi F, et al. The resistance of 

B-CLL cells to DNA damage–induced apoptosis defined 

by DNA microarrays. Blood 2003;101(11):4598-606.  
 

176. Mayr C, Bund D, Schlee M, Moosmann A, Kofler DM, 

Hallek M, et al. Fibromodulin as a novel tumor-associat-

ed antigen (TAA) in chronic lymphocytic leukemia 

(CLL), which allows expansion of specific CD8+ 

autologous T lymphocytes. Blood 2005;105(4):1566-73.  
 

177. Mikaelsson E, Jeddi-Tehrani M, Osterborg A, Shokri F, 

Mellstedt H, Rabbani H. Fibromodulin—a novel tumor 

associated antigen exclusively expressed in tumor B-

cells from patients with chronic lymphocytic leukemia 

and mantle cell lymphoma. Leuk Lymphoma 2003; 

44(suppl 2):21. 
 

178. Farahi L, Ghaemimanesh F, Milani S, Razavi SM, 

Hadavi R, Bayat AA, et al. GPI-anchored fibromodulin 

as a novel target in chronic lymphocytic leukemia: diag-

nostic and therapeutic implications. Iran J Immunol 

2019;16(2):127-41.  
 

179. Yip K, Reed J. Bcl-2 family proteins and cancer. 

Oncogene 2008;27(50):6398-406.  
 

180. Fecker LF, Geilen CC, Tchernev G, Trefzer U, Assaf C, 

Kurbanov BM, et al. Loss of proapoptotic Bcl-2-related 

multidomain proteins in primary melanomas is associat-

ed with poor prognosis. J Invest Dermatol 2006;126(6): 

1366-71.  
 

181. Agrawal SG, Liu F-T, Wiseman C, Shirali S, Liu H, 

Lillington D, et al. Increased proteasomal degradation of 

Bax is a common feature of poor prognosis chronic 

lymphocytic leukemia. Blood 2008;111(5):2790-6.  
 

182. Nunes CT, Miners KL, Dolton G, Pepper C, Fegan C, 

Mason MD, et al. A novel tumor antigen derived from 

enhanced degradation of bax protein in human cancers. 

Cancer research. 2011;71(16):5435-44.  
 

183. Del Principe MI, Dal Bo M, Bittolo T, Buccisano F, 

Rossi FM, Zucchetto A, et al. Clinical significance of 

bax/bcl-2 ratio in chronic lymphocytic leukemia. 

Haematologica 2016;101(1):77.  
 

184. Souers AJ, Leverson JD, Boghaert ER, Ackler SL, 

Catron ND, Chen J, et al. ABT-199, a potent and 

selective BCL-2 inhibitor, achieves antitumor activity 

while sparing platelets. Nat Med 2013;19(2):202-8.  
 

185. Damle RN, Wasil T, Fais F, Ghiotto F, Valetto A, Allen 

SL, et al. Ig V Gene Mutation Status and CD38 

Expression As Novel Prognostic Indicators in Chronic 

Lymphocytic Leukemia: Presented in part at the 40th 

Annual Meeting of The American Society of 

Hematology, held in Miami Beach, FL, December 4-8, 

1998. Blood 1999;94(6):1840-7.  
 

186. Del Poeta G, Del Principe MI, Maurillo L, Rossi FM, 

Buccisano F, Ammatuna E, et al. Spontaneous apoptosis 

and proliferation detected by BCL-2 and CD71 proteins 

are important progression indicators within ZAP-70 

negative chronic lymphocytic leukemia. Leuk Lym-

phoma 2010;51(1):95-106.  
 

187. Gattei V, Bulian P, Del Principe MI, Zucchetto A, 

Maurillo L, Buccisano F, et al. Relevance of CD49d 

protein expression as overall survival and progressive 

disease prognosticator in chronic lymphocytic leukemia. 

Blood 2008;111(2):865-73.  
 



Shabani M, et al 

 Avicenna Journal of Medical Biotechnology, Vol. 16, No. 4, October-December 2024  221 

188. Dürig J, Dührsen U, Klein-Hitpass L, Worm J, Hansen 

JR, Ørum H, et al. The novel antisense Bcl-2 inhibitor 

SPC2996 causes rapid leukemic cell clearance and 

immune activation in chronic lymphocytic leukemia. 

Leukemia 2011;25(4):638-47.  
 

189. Tilly H, Coiffier B, Michallet A, Radford J, Geisler C, 

Gadeberg O, et al. Phase I/II study of SPC2996, an RNA 

antagonist of Bcl-2, in patients with advanced chronic 

lymphocytic leukemia (CLL). Journal of Clinical 

Oncology. 2007;25(18_suppl):7036. 
 

190. Furstenau M, Kater AP, Robrecht S, von Tresckow J, 

Zhang C, Gregor M, et al. First-line venetoclax com-

binations versus chemoimmunotherapy in fit patients 

with chronic lymphocytic leukaemia (GAIA/CLL13): 4-

year follow-up from a multicentre, open-label, rando-

mised, phase 3 trial. Lancet Oncol 2024;25(6):744-59.  
 

191. de la Fuente MA, Tovar V, Villamor N, Zapater N, 

Pizcueta P, Campo E, et al. Molecular characterization 

and expression of a novel human leukocyte cell-surface 

marker homologous to mouse Ly-9. Blood 2001;97 

(11):3513-20.  
 

192. Bund D, Mayr C, Kofler DM, Hallek M, Wendtner C-

M. Human Ly9 (CD229) as novel tumor-associated 

antigen (TAA) in chronic lymphocytic leukemia (B-

CLL) recognized by autologous CD8+ T cells. Exp 

Hematol 2006;34(7):860-9.  
 

193. Wallar BJ, Alberts AS. The formins: active scaffolds 

that remodel the cytoskeleton. Trends Cell Biol 2003; 

13(8):435-46.  
 

194. Favaro PMB, de Souza Medina S, Traina Fo, Bassères 

DS, Costa FF, Saad STO. Human leukocyte formin: a 

novel protein expressed in lymphoid malignancies and 

associated with Akt. Biochem Biophys Res Commun 

2003;311(2):365-71.  
 

195. Krackhardt AM, Witzens M, Harig S, Hodi FS, Zauls 

AJ, Chessia M, et al. Identification of tumor-associated 

antigens in chronic lymphocytic leukemia by SEREX. 

Blood 2002;100(6):2123-31.  
 

196. Giannopoulos K, Li L, Bojarska-Junak A, Rolinski J, 

Dmoszynska A, Hus I, et al. Expression of RHAMM/ 

CD168 and other tumor-associated antigens in patients 

with B-cell chronic lymphocytic leukemia. Int J Oncol 

2006;29(1):95-103.  
 

197. Hus I, Roliński J, Tabarkiewicz J, Wojas K, Bojarska-

Junak A, Greiner J, et al. Allogeneic dendritic cells 

pulsed with tumor lysates or apoptotic bodies as im-

munotherapy for patients with early-stage B-cell chronic 

lymphocytic leukemia. Leukemia 2005;19(9):1621-7.  
 

198. Greiner J, Li L, Ringhoffer M, Barth TF, Giannopoulos 

K, Guillaume P, et al. Identification and characterization 

of epitopes of the receptor for hyaluronic acid–mediated 

motility (RHAMM/CD168) recognized by CD8+ T cells 

of HLA-A2–positive patients with acute myeloid 

leukemia. Blood 2005;106(3):938-45.  
 

199. Nugent CI, Lundblad V. The telomerase reverse trans-

criptase: components and regulation. Genes Dev 1998; 

12(8):1073-85.  
 

200. Jafri MA, Ansari SA, Alqahtani MH, Shay JW. Roles of 

telomeres and telomerase in cancer, and advances in 

telomerase-targeted therapies. Genome Med 2016;8(1): 

69.  
 

201. Trentin L, Ballon G, Ometto L, Perin A, Basso U, 

Chieco‐Bianchi L, et al. Telomerase activity in chronic 

lymphoproliferative disorders of B‐cell lineage. Br J 

Haematol 1999;106(3):662-8.  
 

202. Kokhaei P, Palma M, Hansson L, Österborg A, Mel-

lstedt H, Choudhury A. Telomerase (hTERT 611–626) 

serves as a tumor antigen in B-cell chronic lymphocytic 

leukemia and generates spontaneously antileukemic, 

cytotoxic T cells. Exp Hematol 2007;35(2):297-304.  
 

203. Rohrer J, Barsoum A, Coggin Jr J. The development of 

a new universal tumor rejection antigen expressed on 

human and rodent cancers for vaccination, prevention of 

cancer, and anti-tumor therapy. Mod Asp Immunobiol 

2001;5:191-5. 
 

204. Barsoum A, Rohrer J, Coggin J. 37kDa oncofetal 

antigen is an autoimmunogenic homologue of the 37kDa 

laminin receptor precursor. Cellular and Molecular 

Biology Letters 2000;2(05). 
 

205. Siegel S, Wagner A, Kabelitz D, Marget M, Coggin Jr J, 

Barsoum A, et al. Induction of cytotoxic T-cell re-

sponses against the oncofetal antigen-immature laminin 

receptor for the treatment of hematologic malignancies. 

Blood 2003;102(13):4416-23.  
 

206. Su Z, Dannull J, Heiser A, Yancey D, Pruitt S, Madden 

J, et al. Immunological and clinical responses in 

metastatic renal cancer patients vaccinated with tumor 

RNA-transfected dendritic cells. Cancer Res 2003;63(9): 

2127-33.  
 

207. Mandal A, Klotz KL, Shetty J, Jayes FL, Wolkowicz 

MJ, Bolling LC, et al. SLLP1, a unique, intra-acrosomal, 

non-bacteriolytic, c lysozyme-like protein of human 

spermatozoa. Biol Reprod 2003;68(5):1525-37.  
 

208. Wang Z, Zhang Y, Mandal A, Zhang J, Giles FJ, Herr 

JC, et al. The spermatozoa protein, SLLP1, is a novel 

cancer-testis antigen in hematologic malignancies. Clin 

Cancer Res 2004;10(19):6544-50.  
 

209. Said JW, Hoyer KK, French SW, Rosenfelt L, Garcia-

Lloret M, Koh PJ, et al. TCL1 oncogene expression in B 

cell subsets from lymphoid hyperplasia and distinct 

classes of B cell lymphoma. Lab Invest 2001;81(4):555-

64.  
 

210. Narducci MG, Pescarmona E, Lazzeri C, Signoretti S, 

Lavinia AM, Remotti D, et al. Regulation of TCL1 

expression in B-and T-cell lymphomas and reactive 

lymphoid tissues. Cancer Res 2000;60(8):2095-100.  
 

211. Weng J, Rawal S, Chu F, Park HJ, Sharma R, Delgado 

DA, et al. TCL1: a shared tumor-associated antigen for 

immunotherapy against B-cell lymphomas. Blood 2012; 

120(8):1613-23.  
 

212. Sahasrabuddhe AA, Elenitoba-Johnson KS. TCL1A ex-

pression promotes aggressive biology in CLL. Blood 

2023;141(12):1371-3.  
 

213. Heid HW, Moll R, Schwetlick I, Rackwitz H-R, Keenan 

TW. Adipophilin is a specific marker of lipid ac-

cumulation in diverse cell types and diseases. Cell 

Tissue Res 1998;294(2):309-21.  
 



222 

Update on Tumor-Associated Antigens in Chronic Lymphocytic Leukemia 

Avicenna Journal of Medical Biotechnology, Vol. 16, No. 4, October-December 2024     222 

214. Buechler C, Ritter M, Duong CQ, Orso E, Kapinsky M, 

Schmitz G. Adipophilin is a sensitive marker for lipid 

loading in human blood monocytes. Biochim Biophys 

Acta 2001;1532(1-2):97-104. 
 

215. Rae FK, Stephenson SA, Nicol DL, Clements JA. Novel 

association of a diverse range of genes with renal cell 

carcinoma as identified by differential display. Int J 

Cancer 2000;88(5):726-32.  
 

216. Schmidt SM, Schag K, Müller MR, Weinschenk T, 

Appel S, Schoor O, et al. Induction of adipophilin-

specific cytotoxic T lymphocytes using a novel HLA-

A2-binding peptide that mediates tumor cell lysis. 

Cancer Res 2004;64(3):1164-70.  
 

217. Bolkun L, Tynecka M, Wasiluk T, Piszcz J, Starosz A, 

Grubczak K, et al. A Proliferation-Inducing Ligand and 

B-Cell Activating Factor Are Upregulated in Patients 

with Essential Thrombocythemia. J Clin Med 2022;11 

(16):4663.  
 

218. O’Donnell A, Pepper C, Mitchell S, Pepper A. NF-kB 

and the CLL microenvironment. Front Oncol 2023;13: 

1169397.  
 

219. Ullah MA, Mackay F. The BAFF-APRIL System in 

Cancer. Cancers (Basel) 2023;15(6):1791.  
 

220. Kern C, Cornuel J-F, Billard C, Tang R, Rouillard D, 

Stenou V, et al. Involvement of BAFF and APRIL in the 

resistance to apoptosis of B-CLL through an autocrine 

pathway. Blood 2004;103(2):679-88.  
 

221. Hahne M, Kataoka T, Schröter M, Hofmann K, Irmler 

M, Bodmer J-L, et al. APRIL, a new ligand of the tumor 

necrosis factor family, stimulates tumor cell growth. J 

Exp Med 1998;188(6):1185-90.  
 

222. He B, Chadburn A, Jou E, Schattner EJ, Knowles DM, 

Cerutti A. Lymphoma B cells evade apoptosis through 

the TNF family members BAFF/BLyS and APRIL. J 

Immunol 2004;172(5):3268-79.  
 

223. Endo T, Nishio M, Enzler T, Cottam HB, Fukuda T, 

James DF, et al. BAFF and APRIL support chronic 

lymphocytic leukemia B-cell survival through activation 

of the canonical NF-κB pathway. Blood 2007;109(2): 

703-10.  
 

224. Bojarska-Junak A, Hus I, Chocholska S, Wąsik-Szcze-

panek E, Sieklucka M, Dmoszyńska A, et al. BAFF and 

APRIL expression in B-cell chronic lymphocytic leu-

kemia: correlation with biological and clinical features. 

Leuk Res 2009;33(10):1319-27.  
 

225. Haiat S, Billard C, Quiney C, Ajchenbaum‐Cymbalista 

F, Kolb JP. Role of BAFF and APRIL in human B‐cell 

chronic lymphocytic leukaemia. Immunology 2006;118 

(3):281-92.  
 

226. Tandler C, Schmidt M, Heitmann JS, Hierold J, Schmidt 

J, Schneider P, et al. Neutralization of B-cell activating 

factor (BAFF) by belimumab reinforces small molecule 

inhibitor treatment in chronic lymphocytic leukemia. 

Cancers (Basel) 2020;12(10):2725.  
 

227. Luo Y, Qie Y, Gadd ME, Manna A, To T, Li S, et al. 

Translational development of BAFF-R-specific chimeric  

 

 

antigen receptor T-cell therapy targeting B-cell lym-

phoid malignancies. American Society of Clinical Onco-

logy 2023. 
 

228. Chen L, Mao W, Ren C, Li J, Zhang J. Comprehensive 

Insights that Targeting PIM for Cancer Therapy: Pro-

spects and Obstacles. J Med Chem 2024;67(1):38-64.  
 

229. Decker S, Finter J, Forde AJ, Kissel S, Schwaller J, 

Mack TS, et al. PIM kinases are essential for chronic 

lymphocytic leukemia cell survival (PIM2/3) and 

CXCR4-mediated microenvironmental interactions 

(PIM1). Mol Cancer Ther 2014;13(5):1231-45.  
 

230. Kowalewski DJ, Schuster H, Berlin C, Kanz L, Salih 

HR, Rammensee H-G, et al. Identification of Novel 

Tumor-Associated Antigens for Chronic Lymphocytic 

Leukemia (CLL) Based On HLA Ligandome Analysis–

New Targets for Peptide Based Immunotherapy. Blood 

2012;120(21):4119. 
 

231. Christensen DJ, Chen Y, Oddo J, Matta KM, Neil J, 

Davis ED, et al. SET oncoprotein overexpression in B-

cell chronic lymphocytic leukemia and non-Hodgkin 

lymphoma: a predictor of aggressive disease and a new 

treatment target. Blood 2011;118(15):4150-8.  
 

232. Nadeu F, Royo R, Clot G, Duran-Ferrer M, Navarro A, 

Martín S, et al. IGLV3-21R110 identifies an aggressive 

biological subtype of chronic lymphocytic leukemia 

with intermediate epigenetics. Blood 2021;137(21): 

2935-46.  
 

233. Märkl F, Schultheiß C, Ali M, Chen S-S, Zintchenko M, 

Egli L, et al. Mutation-specific CAR T cells as precision 

therapy for IGLV3-21R110 expressing high-risk chronic 

lymphocytic leukemia. Nat Commun 2024;15(1):993.  
 

234. Zhao Y, Su H, Shen X, Du J, Zhang X, Zhao Y. The 

immunological function of CD52 and its targeting in 

organ transplantation. Inflamm Res 2017;66(7):571-8.  
 

235. Vojdeman FJ, Herman SEM, Kirkby N, Wiestner A, van 

T' Veer MB, Tjonnfjord GE, et al. Soluble CD52 is an 

indicator of disease activity in chronic lymphocytic 

leukemia. Leuk Lymphoma 2017;58(10):2356-62.  
 

236. Czuczman MS, Kahanic S, Forero A, Davis G, 

Munteanu M, Van Den Neste E, et al. Results of a phase 

II study of bendamustine and ofatumumab in untreated 

indolent B cell non-Hodgkin's lymphoma. Ann Hematol 

2015;94(4):633-41.  
 

237. Purroy N, Abrisqueta P, Carabia J, Carpio C, Calpe E, 

Palacio C, et al. Targeting the proliferative and chemo-

resistant compartment in chronic lymphocytic leukemia 

by inhibiting survivin protein. Leukemia 2014;28(10): 

1993-2004.  
 

238. Souers AJ, Leverson JD, Boghaert ER, Ackler SL, 

Catron ND, Chen J, et al. ABT-199, a potent and 

selective BCL-2 inhibitor, achieves antitumor activity 

while sparing platelets. Nat Med 2013;19(2):202-8.  
 

239. Del Principe MI, Dal Bo M, Bittolo T, Buccisano F, 

Rossi FM, Zucchetto A, et al. Clinical significance of 

bax/bcl-2 ratio in chronic lymphocytic leukemia. Hae-

matologica 2016;101(1):77-85.  


