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Abstract: B-cell and T-cell lymphomas and leukemias often have distinct genetic mutations that are
diagnostically defining or prognostically significant. A subset of these mutations consists of specific
point mutations, which can be evaluated using genetic sequencing approaches or point mutation
specific antibodies. Here, we describe genes harboring point mutations relevant to B-cell and T-cell
malignancies and discuss the current availability of these targeted point mutation specific antibodies.
We also evaluate the possibility of generating novel antibodies against known point mutations
by computationally assessing for chemical and structural features as well as epitope antigenicity
of these targets. Our results not only summarize several genetic mutations and identify existing
point mutation specific antibodies relevant to hematologic malignancies, but also reveal potential
underdeveloped targets which merit further study.

Keywords: single nucleotide polymorphisms; hematopathology; cancer; diagnostics; point mutation
specific antibodies; precision medicine

1. Introduction

In 2016, the World Health Organization (WHO) revised the fourth edition of the WHO
Classification of Tumours of Haematopoietic and Lymphoid Tissues based on new molecular and
morphological findings [1]. The revised criteria for numerous hematopoietic malignancies
indicate that genetic mutations play a significant role in the diagnosis of these entities.
Many of these mutations are well-defined recurrent point mutations in specific genes.
While such mutations can be detected using genetic sequencing methodologies, another
strategy for identification is to develop antibodies that specifically target mutated sites in
proteins present within patient tissue samples [2,3]. Monoclonal or polyclonal antibodies
can also be developed against these mutations by conjugating the relevant peptide to a
carrier protein and injecting the peptide-protein complex into a host animal (Figure 1).

Many biotechnology companies produce antibodies that target commonly expressed
proteins but there is a paucity of antibodies available on the market that are designed
to target point mutations related to T-cell and B-cell malignancies. The ability to use
antibodies in hematologic malignancies would provide benefit both in research and clinical
settings. Compared to next-generation sequencing (NGS) assays, in which results and
interpretation can take weeks to finalize, in situ immunohistochemistry (IHC) assays
are a sensitive and often more efficient approach. In order to expedite the diagnosis
and treatment of hematologic malignancies, a tiered system consisting of early IHC and
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follow up NGS is used in many clinical settings and has been proposed in some published
studies [4]. However, a limitation to this rapid protocol, in certain settings, is the availability
of mutation-specific antibodies.
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gated peptides.

In this study, we aim to describe both current and potential biomarker targets in T-cell
and B-cell neoplasms, highlighting several point mutations for their suitability in antibody
development based on their predicted antigenicity in relation to multiple chemical and
structural parameters.

2. Materials and Methods
2.1. Target Selection

For our study, we selected genes with known point mutations that have been described
in hematolymphoid neoplasms that occur at a minimum frequency of 10% within each
diagnostic entity. We also included mutations that influence diagnostic or prognostic
subtyping based on WHO criteria.

Antibodies for point mutations available on market or shared freely from research
groups were identified using Biocompare (https://www.biocompare.com/, accessed on
4 January 2021), web-based search engine queries, and major antibody vendor websites
(i.e., Millipore Sigma, BioLegend, and Abcam).

2.2. Peptide and Antibody Evaluation

The potential for point mutation specific antibody production of the selected genes
was assessed by using peptide sequences from the associated proteins that contained
the mutated amino acids, which were identified using NCBI’s GenBank and UniProt.
The sequences used for analysis consisted of the targeted point mutation site, the 10 amino
acids upstream and the 10 amino acids downstream of the target, resulting in a 21-mer for
analysis. Solubility was determined using the PepCalc calculator (https://pepcalc.com/,
accessed on 28 December 2020) by Innovagen AB [5]. Three crosslinkers were assessed
for each peptide regarding appropriate conjugation chemistry to carrier proteins (KLH
or BSA); (1) m-Maleimidobenzoyl-N-hydroxysuccinimide ester (MBS), (2) 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC), and (3) activated EDC (aEDC).

A main factor considered for crosslinker selection was the ability to bind to residues
without reacting to nearby side chains, which could lead to incorrect conjugation to the
carrier protein. MBS is a crosslinker compound with a maleimide reactive group at one end
and an ester group on the other end. The maleimide group reacts with sulfhydryl groups to
form thioester linkages, therefore the 21-mer should not contain cysteine residues. EDC is a
carbodiimide, and its reactivity to carboxyl groups leads to direct conjugation to a peptide’s
free amine group. As a result, the side chains of aspartic and glutamic acid residues,
both of which contain carboxylate ions, can react with EDC. Finally, aEDC interaction with
carboxylate groups forms N-hydroxysuccinimide (NHS) esters, which conjugate to amine
groups. To avoid errant conjugation, the 21-mer should not have a lysine residue, as its side
chain contains a protonated amine group that will not be sterically hindered from binding.

https://www.biocompare.com/
https://pepcalc.com/
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Sequence complexity was computed using the Simple Modular Architecture Research
Tool (SMART) (http://smart.embl-heidelberg.de/, accessed on 28 December 2020) [6].
The sequence readout identifies evolutionarily conserved protein domains as well as amino
acid sequences with low compositional complexity. SMART uses the SEG algorithm to
determine low sequence complexity based on a measure that accounts for potentially biased
residue compositions [7]. Surface epitope exposure was estimated using the POLYVIEW-
2D structure visualization server (https://polyview.cchmc.org/, accessed on 24 January
2021) [8]. Changes in relative solvent accessibility (RSA) ranging from 0 (completely
buried) to 9 (fully exposed) along with physical and chemical properties (hydrophobicity,
polarity, and charge) identified interaction interfaces along the peptide. These interaction
interfaces are essential for predicting antibody-native protein reactivity. To use the server,
the four-character PDB code was inputted and set to be considered as an asymmetric unit.
The structural data from predictions was queried, and the numerical solvent accessibility
information was selected. All remaining standard criteria were retained, and the first result
was used for generating the predictions. The values for each mutation are recorded in Table 1.

Table 1. Characteristics of genes and proteins with point mutations relevant to B and T cell malignancies.

Protein Mutation Disease Prevalence
Commercial
Antibody
Available

Predicted
Solubility

Conjugation Chemistry
Likelihood AA Sequence

Complexity

Surface Epitope Exposure
0–9; 9 Most Accessible

(PDB File Code)

MBS EDC aEDC Wild-Type Mutant

BRAF V600E ~100% of HCL [9] Yes Likely Yes No No High 8 (3Q4C) 5 (4MNF)

RHOA G17V Up to 70% of AITL [10] No Unlikely No No No High 2 (1FTN) NA

IRF8 K66R ~15% of PTFL [11] No Likely Yes No No High NA ** NA **

MYD88 L265P >90% of LPL [12] No Likely No No No High NA 0 (4EO7)

IDH2 R172K up to 45% of AITL [13] Yes Likely Yes No No High 2 (5SVO) 0 (5SVN)

DNMT3A R882H ~30% of nodal TCL [14] No Likely Yes No Yes High 6 (4U7P) 2 (6W89)

KRAS G12D ~10–15% of B and T ALL [15] Yes Unlikely Yes No No Low 9 (4EPT) 5 (6GJ7)

NRAS Q61K up to 11% of CTCL [16] No Likely Yes * No No High 2 (5UHV) NA

SF3B1 K700E up to 18% of CLL [17] No Likely Yes No Yes High 2 (5IFE) NA

ID3 L64F Up to 58% of BL [18] No Unlikely Yes No Yes High 1 (2LFH) NA

EZH2 Y646H ~9% of FL [19] No Likely No No No High 0 (4MI5) NA

AITL = angioimmunoblastic T-cell lymphoma; HCL = Hairy cell leukemia; PTFL = Pediatric-type Follicular Lymphoma; CTCL = Cutaneous
T-cell lymphoma; ALL = Acute Lymphoblastic Leukemia; CLL = Chronic Lymphocytic Leukemia; BL = Burkitt’s lymphoma; FL = Follicular
lymphoma. * The 21-mer used for the NRAS mutation contains a cysteine residue at the N-terminus, which is predicted to be conju-
gatable with MBS. MBS = m-Maleimidobenzoyl-N-hydroxysuccinimide ester; EDC = 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride; aEDC = activated EDC. ** The surface epitope exposure for IRF8 is unknown due the unavailability of a 3D structure from
RCSB PDB.

3. Results

We identified eleven targets for this study and summarize findings below, detailing
the molecular biology relevant to the target, how the mutation disrupts normal biological
pathways, and the significance of the genetic abnormality in hematopoietic neoplasms
(Table 1).

3.1. BRAF V600E

BRAF is a serine/threonine protein kinase activating the mitogen-activated protein
(MAP) kinase/extracellular signal regulated (ERK) signaling pathway which plays a role
in cellular division, differentiation, and survival. Typically, Raf activations are downstream
targets of the RAS pathway and stimulate a signaling cascade by phosphorylation of
MAPK which successively phosphorylates and activates downstream proteins. Most of the
mutations found in this gene occur in exon 15 which results in a valine to glutamic acid sub-
stitution at codon 600 (i.e., V600E) and is thought to mimic phosphorylation of the activation
site [20]. In turn, this alteration acts as a proto-oncogene causing constitutive activation.

In B-cell neoplasms, BRAF V600E mutations are highly sensitive for hairy cell leukemia
(HCL), seen in essentially 100% of cases. Arcaini et al. demonstrated this by developing an

http://smart.embl-heidelberg.de/
https://polyview.cchmc.org/
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allele-specific PCR assay which demonstrated that all HCL cases in their study carried this
mutation [9]. BRAF V600E mutations have also been identified in a subset of marginal zone
lymphomas as well as some histiocytic neoplasms [21,22]. Currently, targeted antibodies are
commercially available for this mutation [23] and clinically used to support the diagnosis of
HCL (Figure 2). Additionally, computational analysis shows that the surrounding peptide
region is predicted to be soluble and the peptide is projected to be conjugatable to KLH or
BSA. Targeted treatment is available for patients with BRAF mutations and includes drugs
such as vemurafenib [24].
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Figure 2. Examples of BRAF V600E point mutation specific antibody in a case of hairy cell leukemia. (A) Hematoxylin
and eosin (H&E) stain of lymph node demonstrates diffuse monotonous proliferation of atypical lymphocytes with
a characteristic “fried-egg” appearance, representing nodal involvement by hairy cell leukemia (magnification ×20).
(B) BRAF V600E point mutation specific antibody shows diffuse cytoplasmic expression within the lymphomatous infiltrate
(magnification ×20). (C) Atypical lymphomatous infiltrate within the bone marrow space (magnification ×20, H&E
stain). (D) BRAF V600E immunohistochemical stain showing diffuse cytoplasmic expression within the atypical infiltrate
representing hairy cell leukemia (magnification ×20). All images were taken using an Olympus BX50 microscope and a
SPOT Insight 4 camera and SPOT 5.0 advanced software.

3.2. RHOA G17V

The RHOA gene encodes the RhoA GTPase, which operates as a switch in signal
transduction cascades and is primarily involved in actin cytoskeleton organization [25].
The RhoA GTPase is regulated by guanine nucleotide exchange factors (GEFs), which
replaces GDP attached to the RhoA GTPase with GTP, and GAPs, which dephosphorylates
the attached GTP. The GEFs and GAPs work to activate and inactivate the RHOA signal
pathways, respectively [10]. The RhoA GTPase is monomeric in structure with a core G
domain characterized by a set of five conserved sequence motifs [26]. The first motif in this
domain features a glycine at position 17 (G17).

RHOA is mutated in numerous hematopoietic malignancies, but its most significant
point mutation is seen at G17V which is strongly associated with angioimmunoblastic T-cell
lymphoma (AITL), found in approximately 70% of cases and peripheral T-cell lymphomas
with follicular helper phenotype [27]. The valine side chain compromises interaction be-
tween RhoA and the guanine base in GDP and GTP. As a result, the G17V mutation in
RHOA inhibits GDP to GTP exchange, which essentially inactivates the RhoA GTPase in
a dominant-negative manner. WT RhoA acts as a tumor suppressor while the mutated
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G17V RhoA loses this activity [10]. Currently, there are no antibodies available for the
RHOA G17V mutation on the market or from research groups. In our analysis, we found
that RHOA G17V displayed unfavorable solubility and unfavorable conjugation character-
istics of the surrounding peptide region and therefore may not be amenable to antibody
production (Table 1).

3.3. IRF8 K66R

Interferon (IFN) regulatory factor 8 (IRF8) is significantly expressed in plasmacytoid
dendritic cells and B-cells and encodes for a transcription factor belonging to the IRF fam-
ily [28]. Downstream IRF8 activity is induced when type 2 interferon (IFN-γ) binds with its
heterodimeric IFN gamma receptor and activates the Janus kinase (JAK)-signal transducer
and activator of transcription (STAT) pathway [29]. Once active, IRF8 targets multiple
genetic elements including the IFN-stimulated response element (ISRE), the ETs/IRF
composite element and the IFN-γ activation site (GAS) [30]. Generally, IRFs help to
regulate expression of IFN stimulated genes (ISGs) that mainly contribute to anti-viral
defense mechanisms [30]. IRF8 acts both as an activator and repressor and plays a key
role in hematopoietic cell development by regulating expression of target genes relevant
to myeloid and lymphoid cell differentiation [31]. IRF8 murine knockouts have shown
compromised cellular maturation, increased levels of resistance to apoptosis and reduced
immune system activity [32,33]. The N-terminal region contains a conserved DNA-binding
domain, while the C-terminal region is more variable and responsible for IRF function [34].
The point mutation c.197A>G produces the amino acid substitution p.Lys66Arg (K66R)
located in the conserved N-terminal region, specifically impacting loop 2 (C-terminal to
alpha helix-2) and is predicted to impact DNA-protein binding [34]. This specific variant is
found uniquely associated with pediatric-type follicular lymphoma (PTFL), occurring at
relatively high frequencies in two recent studies (15% and 50%, n = 39 and n = 6, respec-
tively) [34]. Antibodies for IRF8 K66R detection are unavailable commercially, although
flanking regions appear to be soluble and the region itself is likely conjugatable to KLH or
BSA (Table 1).

3.4. MYD88 L265P

The myeloid differentiation primary response 88 (MYD88) gene codes for an intra-
cellular adaptor protein that plays a fundamental role in activating the innate immune
response [35]. MYD88-dependent pathways include the Toll-like receptor (TLR) and
interleukin-1 receptor (IL-1R) pathways [35–37]. TLRs are responsible for recognition of
pathogen-associated molecular patterns (PAMPs), while IL-1Rs are responsible for recogni-
tion of the cytokine, Interleukin-1; both lead to downstream activation of the transcription
factors, nuclear factor-kB (NF-kB), a central regulator of the eukaryotic inflammatory and
innate immune responses and mitogen-activated protein (MAP) kinase, responsible for
activation of cell division [35,38]. Following receptor activation, MYD88 directly associates
with the cytoplasmic region of dimerized receptors via its Toll-interleukin-1 receptor (TIR)
domain and recruits downstream IL-1R-associated kinase (IRAK) family kinases to form a
complex called the Myddosome via interaction of its N-terminus death domain (DD) [39,40].
Under normal environmental conditions, NF-kB is inactive, complexed with inhibitory
proteins (IkB) that prevent it from relocating into the nucleus [39]. When released from the
IkB complex following IkB enzymatic degradation, NF-kB rapidly relocates and activates
transcription of hundreds of genes that lead to multiple immune response functions in-
cluding proinflammatory cytokine/chemokine secretion, hematopoiesis, cell proliferation,
adhesion, migration, and apoptosis [39,41–44].

The MYD88 substitution, p.Leu265Pro (L265P), is produced by a single missense
non-synonymous point mutation c.755T>C within the Toll-interleukin-1 receptor (TIR)
domain [45]. The TIR domain is necessary for the proper functioning of MYD88 and is
highly conserved, however, L265P occurs in a mutational hotspot relevant to malignant
diseases [45,46]. L265P has been hypothesized to promote assembly of MYD88 homodimers



Diagnostics 2021, 11, 600 6 of 14

or increased affinity to TLR or IL-1R TIR domains which may impact Myddosome assembly
and/or signal initiation [35]. Complementation experiments concluded that L265P is a
gain-of-function mutation and that mutant isoform NF-kB activation was significantly
stronger compared to the wild type isoform, resulting in significant upregulation of NF-kB
gene targets [45]. NF-kB mis-regulation and/or constitutive expression has been widely
found in human malignancies [47].

MYD88 L265P is pathogenic, occurring at significant frequencies in hematologic
malignancies such as chronic lymphocytic leukemia, marginal zone lymphomas of the
ocular adnexa, primary central nervous system large B-cell lymphomas and multiple
myeloma amongst numerous others [46,48–53]. In three separate studies, L265P was found
in over 90% of patients with lymphoplasmacytic lymphoma (LPL) and from 86–100%
of patients with related Waldenström macroglobulinemia (WM) [54–56]. Additionally,
RNA resequencing of activated B-cell (ABC) diffuse large B-cell lymphoma (DLBCL)
tumors found 29% were positive for the L265P variant and 56% of the ABC DLBCL cases
had an increased copy number of the L265P variant [45]. The strong association of MYD88
L265P with LPL and WM suggests that this substitution would be useful in distinguishing
these diseases from other similar malignancies, however, point mutation specific antibodies
are not yet available. Although the peptide region flanking the variant is soluble, conditions
for chemical conjugation of the local region flanking the mutation to KLH or BSA may
not be favorable (Table 1). In a 3D model of MYD88 the L265P mutation is positioned in a
ß-sheet (specifically a beta-beta loop) in the hydrophobic core of the TIR region and not
surface accessible in the native protein [12,45].

3.5. IDH2 R172K

The IDH2 gene codes for an enzyme that converts isocitrate to 2-oxoglutarate in the
Krebs cycle, but mutations at specific arginine residues at active sites alter the function of
the enzyme. The mutated enzymes convert 2-oxoglutarate to 2-hydroxyglutarate (2-HG),
resulting in 2-HG quantities up to 100-fold higher than in wild type cells. 2-HG acts as a
competitive inhibitor of multiple enzymes that are dependent on 2-oxoglutarate, such as
prolyl hydroxylases, which affect hypoxia signaling. Other enzymes that could be affected
by overproduction of 2-HG include enzymes involved in histone methylation and DNA
methylation. The effects of these mutations in the IDH2 gene are linked to leukemogenesis
and potentially solid cancers [13,57].

The active site arginine at position 172 mutated to a lysine (R172K) leads to excessive
2-HG production. IDH2 R172K appears to be significantly linked to hematopoietic and
lymphoid neoplasms and within that group seen in angioimmunoblastic T-cell lymphoma
(AITL) [58]. The IDH2 R172K mutation is found in up to 45% of AITL patients; it addi-
tionally is seen in acute myeloid leukemia (AML) and tends to confer worse prognoses to
patients with de novo AML [59]. Antibodies for this mutation are available [60], which
supports the findings that the surrounding peptide region is soluble and a 21-mer peptide
consisting of the mutation is conjugatable.

Current therapies targeting IDH2 include the use of the inhibitory compound enasi-
denib, approved for clinical use for the treatment of relapsed or refractory AML, with mul-
tiple additional compounds in development. However, enasidenib was designed for, and is
most effective against, the IDH2 R140Q mutation. One inhibitory compound in develop-
ment, labeled TQ05310, showed significant efficacy in inhibiting IDH2 R172K as well as
IDH2 R140Q [57].

3.6. DNMT3A R882H

As its name implies, DNA (cytosine-5)-methyltransferase 3A (DNMT3A) is a protein
that enzymatically catalyzes DNA methylation by transferring methyl groups to CpG
structures in DNA. While well known to be mutated in myeloid malignancies, DNMT3A
is additionally mutated in roughly 30% of nodal T-cell lymphomas [14]. Mutations in
DNMT3A result in epigenetic abnormalities. It is believed that DNMT3A mutations arise in
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hematopoietic progenitor stem cells, upstream of T-cell lineage commitment based on the
observation of identical DNMT3A and TET2 mutations in tumor and normal cells in T-cell
lymphoma patients [61]. The most common mutation is a point mutation R882H which in-
volves the catalytic and DNA binding site, but mutations can occur across the entire protein.
This change is known to be an inactivating mutation based on in vitro studies [62]. While
methylation therapies targeting DNMT3A-mutated myeloid neoplasms exist, such targeted
therapies are not currently in use for T-cell lymphomas with DNMT3A mutations.

There are no point mutation specific antibodies to DNMT3A R882H readily available
on the market. Computational analysis predicts that a 21-mer peptide region surrounding
the mutation would likely be soluble but not amenable to generation of a point mutation
specific antibody. The peptide region is predicted to be modifiable for chemical conjugation
to BSA or KLH.

3.7. KRAS G12D

KRAS belongs to a group of small GTP-binding proteins known as the RAS superfam-
ily or RAS-like GTPases and acts as a so-called “on-off” switch to promote cellular growth
and division or maturation. The switch from an inactive to an active form is regulated
by intracellular signals. Once the GTP is bound to the KRAS protein, KRAS undergoes
conformational changes that involve two regions of the protein, thus activating it [63].

Changes in the shape of the KRAS protein affect its interactions with multiple down-
stream transducers such as GAPS which amplify the GTPase activity of the RAS protein
100,000-fold [64]. The change also affects interactions with guanine-exchanging/releasing
factors (GEFs/GRFs) promoting the release of GTP. The KRAS protein also has intrinsic GT-
Pase activity, stimulated by GAPs, which acts as a timer associated with direct interactions
with the effectors [65].

The amino acid positions that account for most of these mutations include G12,
G13 and Q61. The different protein isoforms, despite their raw similarity, also behave
very differently when expressed in non-native tissue types, likely due to differences in the
C-terminal hyper-variable regions. Dysregulation of isoform expression has been shown
to be a driver event in carcinogenesis, as well as missense mutations at the three hotspots
previously mentioned [66].

While KRAS is mutated in many tumors including non-hematopoietic malignancies, T-
lymphoblastic lymphoma/leukemia (T-ALL), which accounts for up to 15% of pediatric and
25% of adult ALL cases, may have a KRAS G12D mutation. The mutation has been found
to be an oncogenic driver of T-ALL [67]. Antibodies for this mutation are commercially
available [68]. Computational analysis of the mutational site and flanking regions indicate
poor solubility for a peptide generated from this region, and that the peptide region is of
low complexity. These parameters would suggest production of a point mutation specific
antibody would be difficult.

3.8. NRAS Q61K

NRAS belongs to the same family of GTPases as KRAS. NRAS is an oncogene encoding
a membrane protein that shuttles between the Golgi apparatus and the plasma membrane.
This shuttling is regulated by the ZDHHC9-GOLGA7 complex. The protein that is encoded
has an intrinsic GTPase activity which is activated by a GEF and is inactivated by a GTPase
activating protein.

Variable isoforms, despite having some similarities, also behave differently when
expressed in non-native tissue types, which is thought to be likely due to differences in
the C-terminal hyper-variable regions. Interestingly, dysregulation of isoform expression
has been shown to be oncogenic. In general, Q61K confers a loss of function on the NRAS
protein as indicated by activation of downstream pathway signaling, increased survival,
and transformation of cultured cells [69].

Cutaneous T-cell lymphomas (CTCLs) make up about 4% of non-Hodgkin lymphomas
and the NRAS Q61K mutation in Hut78 cells has been determined as a significant oncogenic
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factor in CTCL development [16]. There are no targeted antibodies for this mutation
currently available, even though the peptide region appears to have favorable solubility
and conjugation properties for antibody production from computational analysis. Finally,
targeted therapies are available and sorafenib is a RAF kinase-targeting drug and has been
shown to block cell growth in CTCL cell lines that harbor this point mutation [16].

3.9. SF3B1 K700E

The splicing factor 3 subunit 1 (SF3B1) gene encodes for the largest subunit of the
splicing factor 3b protein complex. Splicing factor 3b, together with splicing factor 3a and a
12S RNA unit, forms the U2 small nuclear ribonucleoproteins complex [70]. This splicing
complex binds precursor mRNA upstream of the intron’s branch site in an independent
manner and could anchor the U2 snRNP to the pre-mRNA. Splicing factor 3b is also a
component of the minor U12-type spliceosome [70].

Somatic SF3B1 mutations are found in approximately 30% of patients with myelodys-
plastic syndrome (MDS) and as many as 80% of patients with the MDS subtype char-
acterized by ring sideroblasts (MDS-RS) [71]. Interestingly, MDS patients with SF3B1
mutations have been reported to have better overall and event-free survival than their wild
type counterpart. These mutations are also present in upwards of 20% of patients with
myelodysplastic/myeloproliferative neoplasms (MDS/MPN) and in 5–18% of patients
with chronic lymphocytic leukemia (CLL) [17,72].

The mutations affecting SF3B1 are typically heterozygous point mutations suspected to
be functionally deleterious with R625 and K700E described as major mutation hotspots. [73].
Alterations in this gene was found to dysregulate multiple cellular functions, including
heme biosynthesis, immune infiltration, DNA damage response, R-loop formation, telom-
ere maintenance, Notch signaling, as well as NF-kB pathways. Modification of such pro-
cesses suggests that specific point mutations in SF3B1 play a significant role in oncogenesis
within hematolymphoid neoplasms [74].

Currently, there are no antibodies readily available for this mutation, even though the
peptide region surrounding the mutation K700E appears to have favorable solubility and
is conjugatable. Targeted therapy has been evaluated in preclinical models [75].

3.10. ID3 L64F

Inhibitor of DNA binding (ID) proteins have been shown to regulate normal cellular
development since these proteins lack a DNA-binding domain and inhibit transcription
through the formation of nonfunctional heterodimers with other basic helix-loop-helix
(bHLH) proteins [76–78]. The ID3 gene encodes the DNA-binding protein inhibitor ID-3,
which is a helix-loop-helix protein involved in negatively regulating the DNA-binding
transcription factor TCF3 and behaves as a tumor suppressor [79]. ID3 is highly expressed
in embryonic tissue but expression decreases as cells differentiate [80]. In adult tissues, ID3
expression is highest in proliferating and undifferentiated cells. Expression of ID3 is also
inducible in response to various stimuli across multiple cell types [79].

The most common mutation is a point mutation resulting in a substitution of a
phenylalanine for the wild type leucine at the hotspot L64F. This mutation targets the
conserved loop region of ID3, which has been shown to demonstrate loss of the tumor
suppressor function of ID3 in in vitro functional studies [81]. These studies performed on
mice showed selective defects in humoral immunity and that ID3 is required for B-cell
receptor-mediated B-cell proliferation [81].

Genetic alterations of ID3 in cancers are generally rare, and are most frequently
seen in Burkitt lymphoma, and less commonly in various solid tumors as mutations,
amplifications, and deletions. In Burkitt lymphoma, mutations involving ID3 are one of the
more common neoplastic genetic alterations, occurring in 40% to 58% of cases [18]. Burkitt
lymphoma bearing ID3 alteration tends to have at least two ID3 mutations, on separate
alleles, consistent with the tumor suppressor function of ID3. These ID3 mutations include
nonsense, frameshift, splice donor site, and missense mutations. Mutations in ID3 have
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been shown to increase cell cycle progression and the expression of proliferation-associated
genes in Burkitt lymphoma [76].

There are no current point mutation specific antibodies available for the L64F variant
of ID3. Computational modeling and prediction of the probability to generate antibodies
against this region show that the peptide region demonstrates unfavorable solubility
though it is conjugatable.

Currently, there are no targeted therapeutic targets available for the L64F variant of the
ID3 gene. However, the ability of wild type ID3 to decrease cell proliferation in Burkitt lym-
phoma suggests ID3 mimetics may be a potential therapeutic approach in this disease process.

3.11. EZH2 Y646H

The epigenetic regulator EZH2 is a subunit of the polycomb repressive complex 2
(PRC2) which methylates histones resulting chromatin compaction and in transcriptional
silencing [82–85]. While EZH2 is mutated at multiple sites in hematopoietic neoplasms,
the Y646 amino acid is recurrently and significantly mutated in 7–22% of follicular lym-
phoma (FL) cases, with up to 40% of the mutations specifically a Y646H alteration [19].
The mutation is additionally seen in 22% of germinal center DLBCLs [86]. The Y646N
amino acid change has been shown in vitro to confer a gain-of-function of enzymatic
activity resulting in methylation of lysine 27 of histone H3 to favor trimethylation and
suppress expression of polycomb targets [87,88]. Interestingly in mouse models attempting
to recapitulate human disease, EZH2 overexpression in mice leads to myeloproliferative
disorders rather than lymphomas [89].

Currently, targeted therapies for EZH2 in FL exist and on 18 June 2020 the U.S.
Food and Drug Administration (FDA) granted approval to tazemetostat (Tazverik) which
is an EZH2 inhibitor for use in adult patients in selected clinical scenarios of relapsed or
refractory FL [90]. While there are currently no targeting antibodies readily available for
the Y646 EZH2 mutation, it nonetheless is a reasonable target for point mutation specific
antibodies. However, based on computational modeling and data analysis, the peptide
region contains unfavorable conditions for conjugation which may impair production of
any such antibodies.

4. Discussion

Disease defining genetic mutations are currently a hot topic within medicine and a
heavily researched area due to the complimentary role it plays in clinical diagnostics and
prognostic stratification. Current modalities to elucidate these mutations have various
different bottlenecks in regard to turnover time and costliness of a specific targeted test.
Commercially available immunohistochemical antibodies against these mutations have
allowed pathologists to render accurate and expeditious results in order to provide data to
construct treatment plans and define actionable targets for therapy.

In this review, we examined several key mutations relevant to T-cell and B-cell ma-
lignancies that not only are diagnostic but may have prognostic implications. Many of
the identified mutations are located in soluble regions of the protein, allowing conjuga-
tion, a key requirement for targeted antibody development. Furthermore, the identified
mutations have sufficient sequence complexity to permit antibody specificity. While not
commercially available at present, the discussed genes and point mutations have great
potential for antibody development, expediting diagnosis and offering novel treatment
options for hematolymphoid malignancies. Although determining the specificity of an
antibody against a target antigen can be challenging, this process is simplified when assess-
ing the impact of a point mutation on antibody specificity. Antibodies can be tested using
cell lines or cases of lymphoma with known point mutations and compared to non-mutant
negative controls. This technical advantage permits rapid validation of the predicted
antibody specificity in vitro which is directly applicable to the development of diagnostic
assays for hematologic malignancies.
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There are limitations to our interpretation of the predicted possibility of generating
targeted antibodies to these point mutations. Our method focused on 21-mers and assumed
that these peptides would be structurally similar to the full protein and would chemically
permit antibody access to the target residues. Our analysis also weighs the accessibility
of the target amino acid by using software that predicts the accessibility of the residue
present on the surface. This method is not absolute, as evidenced by the IDH2 R172K
and KRAS G12D mutations, which has commercially available point mutation specific
antibodies thought our modelling predicted otherwise. Future studies may benefit from
the use of 3D protein model prediction software, such as DeepMind’s AlphaFold (https:
//deepmind.com/research/case-studies/alphafold, accessed on 4 January 2021), to predict
the impact of a point mutation on overall protein structure. Additionally, it may be relevant
to analyze and predict the dynamic impact of point mutations on a protein structure using
molecular dynamic simulations.

Our findings illustrate the immense opportunity for generating diagnostic antibodies
against point mutations related to hematologic malignancies. In theory, availability of
these antibodies will readily provide a cost-effective and time conserving snapshot assay.
Additionally, current NGS techniques have multiple bottlenecks as certain types of tissues
are suboptimal for processing due to degradation of DNA (i.e., decalcified bone marrow)
or when low volume specimens (fine needle aspirations and core needle biopsies) may
produce false negatives as tumor burden may be focal. The use of these antibodies will
provide pathologists with alternative modalities of attaining diagnostic results in situations
where accessible tissue is suboptimal for genetic studies. Additionally, we believe that these
antibodies will provide spatial information in identifying neoplastic clonal populations (i.e.,
lymphoid versus myeloid, B versus T) that may aid in further delineating morphologically
complex cases.

In summary, further development of this diagnostic strategy has the potential to
accelerate diagnosis, provide spatial information of neoplastic clones and guide treatment
for a diverse range of hematological cancers.
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