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Abstract: Acute lymphoblastic leukemia (ALL) represents the most common pediatric cancer. Most
patients (85%) develop B-cell ALL; however, T-cell ALL tends to be more aggressive. We have
previously identified 2B4 (SLAMF4), CS1 (SLAMEF7) and LLT1 (CLEC2D) that can activate or inhibit
NK cells upon the interaction with their ligands. In this study, the expression of 2B4, CS1, LLT1,
NKp30 and NKp46 was determined. The expression profiles of these immune receptors were
analyzed in the peripheral blood mononuclear cells of B-ALL and T-ALL subjects by single-cell RNA
sequencing data obtained from the St. Jude PeCan data portal that showed increased expression of
LLT1 in B-ALL and T-ALL subjects. Whole blood was collected from 42 pediatric ALL subjects at
diagnosis and post-induction chemotherapy and 20 healthy subjects, and expression was determined
at the mRNA and cell surface protein level. A significant increase in cell surface LLT1 expression in
T cells, monocytes and NK cells was observed. Increased expression of CS1 and NKp46 was observed
on monocytes of ALL subjects at diagnosis. A decrease of LLT1, 2B4, CS1 and NKp46 on T cells of
ALL subjects was also observed post-induction chemotherapy. Furthermore, mRNA data showed
altered expression of receptors in ALL subjects pre- and post-induction chemotherapy treatment.
The results indicate that the differential expression of the receptors/ligand may play a role in the
T-cell- and NK-cell-mediated immune surveillance of pediatric ALL.
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1. Introduction

Acute lymphoblastic leukemia (ALL) is an aggressive hematologic malignancy charac-
terized by blood and bone marrow infiltration by malignant lymphoblasts. According to
the NCI, ALL is the most common cancer in the US among children aged 0-14. However,
when it happens to adults, it is more aggressive and will most probably relapse even after
complete remission [1-5]. Since leukemic cells are a defective version of lymphoblasts,
they leave the body anemic and more susceptible to infections that would eventually
cause death if left untreated. The first in line treatments for ALL remain a combination of
several chemotherapy agents, namely vincristine, glucocorticoids and an anthracycline as
doxorubicin followed by allogenic stem cell transplantation for high-risk subjects. Some
chemotherapy regimens involve asparaginase as well [1,6-11].

Children and adolescents with ALL treated with pediatric regimens have a high long-
term remission rate that can reach 85-94% [1,3,6-8,12-14]. However, those of them who
relapse have a much lower survival rate of 30-50% after the first relapse, since most relapses
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occur in the bone marrow with or without the involvement of a secondary site as the CNS
or testes [1,14]. The strategy of immunotherapy has amassed great interest in recent years.
Immunotherapy is specific in the targeting of the disease so that healthy cells are typically
not destroyed. Because of this, the side effects are minimal, and this therapy can be utilized
in conjunction with conventional therapies [6,9,15-18]. Developing an immunotherapy
relies heavily on understanding the mechanism and cellular environment of the disease.

Previous studies have shown that ALL of the B-cell lineage is particularly resistant
to killing by natural killer (NK) cells by impairing their activation and lowering their
immune surveillance potential [19]. NK cells are immune cells of the innate immune
system that target virally infected and cancer cells. NK cells’ activation mechanism works
differently from that of T cells since they directly interact with the target cells without
the need for antigen presentation [20-22]. NK cells are typically classified under innate
immunity, although they do have characteristics of adaptive immunity, such as clonal
expansion of antigen-specific NK cells, longevity and a more vigorous response upon
reinfection, indicating a memory-like response [23-25]. Consequently, NK cells have
garnered significant interest in cancer research.

Currently, NK-cell dysfunction has been linked to many cancers, playing at least
some part in onset or continuance of the cancer [21,26,27]. Specifically, the NK cells do
not appear to achieve the proper activating signals through their receptors. In this study;,
we first explored the expression of immune receptors by analyzing RNA-seq data from
pediatric ALL subjects (B-ALL and T-ALL) from the St. Jude Pediatric Cancer genomic
database. Based on our preliminary analysis, we selected five immune receptors for further
evaluation in a cohort of ALL and healthy subjects. Three of these receptors, 2B4 (CD244),
CS1 (CRACC, CD319) and LLT1 (CLEC2D), were cloned in our laboratory [28-30] and
have been shown to play a role in other cancers and diseases, such as Systemic Lupus
Erythematosus (SLE), prostate cancer and Triple-Negative Breast Cancer (TNBC), as well
as other leukemias [31-36]. The other two receptors, NKp30 and NKp46, are well-known
activating receptors of NK cells against cancer cells and have already been identified
as receptors of interest in ALL [37-39]. Overall, this study provides new insight to the
expression of these receptors and their role in the immune dysregulation in childhood ALL.

2. Results
2.1. RNA Seq Expression Analysis of Immune Receptors in B-ALL and T-ALL Subjects

The expression profiles of immune receptors 2B4 (CD244), CS1 (SLAMF7), LLT1
(CLEC2D), NKp46 (NCR1) and NKp30 (NCR3) were analyzed in the peripheral blood
mononuclear cells of B-ALL and T-ALL subjects by single-cell RNA sequencing data ob-
tained from the St. Jude PeCan data portal. In both B-ALL subjects (1 = 729) and T-ALL
subjects (n = 313), LLT1 was significantly overexpressed with fragments per kilobase of
exon per million mapped fragments (FPKM) values of 32.79 and 8.29, respectively (Figure 1).
When compared with all other pediatric cancers (FPKM = 14.69), LLT1 expression was
significantly overexpressed in B-ALL (FPKM = 32.79) subjects, whereas it was decreased
in T-ALL (FPKM = 8.3) subjects. CS1 (FPKM = 1.9) and NKp30 (FPKM = 1.69) were also
overexpressed in B-ALL as compared to other cancers (FPKM = 1.54) and (FPKM = 1.33),
respectively. Additionally, 2B4 and NKp30 expression was significantly elevated in T-ALL
subjects with FPKM values of 7.54 and 2.34, respectively. It is also worth mentioning
that NKp46 expression was not significantly different in B- (FPKM = 0.69) and T-ALL
(FPKM = 0.61) subjects from other types of cancers (FPKM = 0.71) (Figure 1).

2.2. mRNA Expression of Immune Receptors in Pediatric ALL Subjects

To assess the gene expression in the pediatric ALL subjects recruited in our cohort
study, we isolated mRNA from the PBMC of ALL subjects (n = 42) at diagnosis (day 0) and at
the end of induction chemotherapy treatment (day 29) as well as in healthy subjects (1 = 20).
gRT-PCR analysis was conducted to compare the expression of the immune receptors.
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Figure 1. RNA-seq expression in ALL subtypes and other pediatric cancers. (a—e) Expression
of each of the receptors in B-ALL and T-ALL subjects in comparison with all other pediatric
cancers. (f) Comparison of expression of LLT1, 2B4, CS1, NKp46 and NKp30 in B-ALL subjects.
(g) Comparison of expression of LLT1, 2B4, CS1, NKp46 and NKp30 in in T-ALL subjects.

The qRT-PCR data showed an overexpression of 2B4 (CD244), CS1 (SLAMF7), LLT1
(CLEC2D) and NKp30 (NCR3) in ALL subjects at diagnosis as compared to healthy subjects,
although it was not statistically significant (p > 0.05). There was a statistically significant
decrease in NKp46 (NCR1) expression in ALL subjects at diagnosis (p < 0.005) and at
conclusion of induction chemotherapy (p < 0.05) when compared to the healthy subjects, as
shown in Figure 2. On the other hand, upon the conclusion of the induction chemotherapy
(day 29) for the ALL subjects, there was differential expression of genes for each of the
receptors. 2B4 (CD244) and LLT1 (CLEC2D) were both downregulated as compared to
their expression at diagnosis, but the expression was higher than in healthy subjects.
CS1 expression after induction chemotherapy decreased by three folds compared to its
expression at diagnosis, whereas there was an increase in the expression of NKp30 and
NKp46 after treatment as compared to their expression at diagnosis (Figure 2).

2.3. Differential Cell Surface Expression of Immune Receptors on Monocytes (CD14+ Cells) in
ALL Subjects

To assess the cell surface expression of LLT1, 2B4, CS1, NKp30 and NKp46 on immune
cells, PBMCs were isolated from the whole blood of 42 ALL subjects and 20 healthy subjects
as a control. Flow cytometry was used to detect the cell surface expression (FL) indicating
the percentage of cells positive for the target receptor on each sample as indicated in
Figure 3. Increased cell surface expression of LLT1 (69% positive cells) was observed at
diagnosis (1BD) as compared to 45% positive cells in healthy subjects (p = 0.0025) in CD14+
monocytes (Figure 3a). After induction chemotherapy (2BD), there was a decrease in the
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Relative mRNA expression (Fold change)

LLT1 expression (52.1%), which was comparable to the expression in healthy subjects.
CS1 expression was more than double at diagnosis (37%) than in healthy subjects (14.7%)
(p = 0.0027) in CD14+ monocytes (Figure 3c). NKp46 cell surface expression on monocytes
was also significantly elevated in ALL subjects (17%) as compared to only 3% in healthy
subjects (p = 0.0160) at diagnosis (Figure 3d). NKp30 cell surface expression on monocytes
(Figure 3e) was also elevated but was not statistically significant (p > 0.05), whereas 2B4
expression was downregulated at diagnosis and at the end of induction chemotherapy
(p > 0.05) as compared to healthy subjects (Figure 3b).
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Figure 2. mRNA expression of 2B4, CS1, LLT1, NKp30 and NKp46 in ALL subjects. qRT-PCR data
indicating mRNA expression of immune receptors from PBMC isolated from ALL subjects’ blood
pre- and post—induction chemotherapy compared to healthy subjects. 1BD, first blood draw indicates
sample obtained at diagnosis (day 0). 2BD, second blood draw indicates sample obtained at the end
of induction chemotherapy (day 29). * p < 0.05, *** p < 0.005.

2.4. Downregulation of Cell Surface Expression of Immune Receptors on T Cells (CD3+) of ALL
Subjects after Treatment

An overall decrease in the expression of receptors was observed on CD3+ T cells
at diagnosis (day 0) and post-induction chemotherapy (day 29) as compared to healthy
subjects. LLT1 expression in CD3+ T cells of ALL subjects at diagnosis (day 0) showed a
median fluorescence intensity ratio (MFIR) value of 2.24 as compared to 2.74 in healthy
individuals, which further decreased to 1.68 after induction chemotherapy treatment
(p = 0.0247), as shown in Figure 4a.

A similar trend was observed in 2B4 (MFIR = 2.07), CS1 (MFIR = 2.39) and NKp46
(MFIR = 2.04) expression on T cells of ALL subjects after induction chemotherapy (day 29)
treatment, where expression demonstrated a decrease upon comparison to that of healthy
donors of 3.48 (p = 0.0171), 3.89 (p = 0.0111) and 3.16 (p = 0.0473), respectively (Figure 4b—d).
The expression of NKp30 pre- and post-treatment did not show any significant (p > 0.05)
change (Figure 4e).
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Figure 3. Expression of LLT1, 2B4, CS1, NKp30 and NKp46 on monocytes (CD14+) of ALL subjects
compared to healthy subjects. (a—e) Flow cytometry analysis exhibit percentage of positive cells for
the indicated receptors in CD14+ monocytes in ALL subjects and healthy subjects at diagnosis and
post—induction chemotherapy. 1BD, first blood draw indicates sample obtained at diagnosis (day 0).
2BD, second blood draw indicates sample obtained at the end of induction chemotherapy (day 29).
*p <0.05, *** p < 0.005.

2.5. Cell Surface Expression of Immune Receptors in CD56+ NK Cells and CD19+ B Cells in ALL
Subjects before and after Induction Chemotherapy

LLT1 cell surface expression was significantly higher in CD56+ NK cells isolated from
the blood of ALL subjects at diagnosis and at the end of induction chemotherapy (34.50%
and 36.18%, respectively) as compared to the expression in healthy (12.64%) subjects
(p = 0.0035 and 0.0016, respectively; Figure 5).

The expression of NKp30 (56.57%) and NKp46 (54.2%) on NK cells was elevated in ALL
subjects at diagnosis as compared to healthy subjects (46.1% and 49.9%, respectively), which
further reduced after induction chemotherapy (45.1% and 43.9%, respectively; Figure 5d,e).
There was no significant change in the expression of CS1 on NK cells in ALL subjects
at diagnosis and at the end of induction chemotherapy as compared to healthy subjects
(Figure 5c), whereas 2B4 expression was downregulated in ALL subjects (Figure 5b). No
significant change was observed in the expression of the receptors in CD19+ B cells of ALL
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subjects at diagnosis and at the end of induction chemotherapy as compared to healthy
subjects (Figure 5f).
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Figure 4. Expression of LLT1, 2B4, CS1, NKp30 and NKp46 expression on T cells (CD3+) of ALL
subjects. (a—e) Flow cytometry analysis exhibits the cell surface expression of indicated receptors on
T cells of ALL subjects compared to healthy subjects indicated by the median fluorescence intensity
ratio (MFIR). 1BD, first blood draw indicates sample obtained at diagnosis (day 0). 2BD, second
blood draw indicates sample obtained at the end of induction chemotherapy (day 29). * p < 0.05.

2.6. Demographic Data of ALL Subjects

A total of 46 ALL subjects and 20 healthy subjects were recruited in this study. Four
subjects were excluded from the analysis as they did not fulfill the inclusion criteria or
failed to complete the study. Out of the 42 eligible subjects, 39 of them had the B-cell
subtype of ALL, while only 3 had T-cell ALL, as shown in Figure 6 and Table 1. The subjects
were categorizd into three age goups: 2-5, 6-14 and 15-20 years. In both the first and the
second groups, there were 18 subjects (43%) each, while the third group had only 6 subjects
(14%). The gender was equally distributed: 50% (1 = 21) of subjects were female and 50%
(n =21) were males.
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Figure 5. Expression of LLT1, 2B4, CS1, NKp30 and NKp46 on NK and B cells of ALL subjects
before and after induction chemotherapy. Flow cytometry analysis exhibit cell surface expression of
indicated receptors on (a—e) NK cells and (f-j) CD19+ B cells of ALL subjects compared to healthy
subjects indicated by percentage of positive cells (FL) for the indicated receptors. 1BD, first blood
draw indicates sample obtained at diagnosis (day 0). 2BD, second blood draw indicates sample
obtained at the end of induction chemotherapy (day 29). * p < 0.05, ** p < 0.01.
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Figure 6. Demographics of ALL subjects. WBC: white blood cells. MRD: minimal residual disease.
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Table 1. Demographic and clinicopathological features of ALL subjects.

Clinical Features No. of Patients
Sex
Male 21
Female 21
ALL Subtype
B-ALL 39
T-ALL 3
Age
2-5 18
6-14 18
15-20 6
MRD
Positive 6
Negative 34
Unknown 2
Initial WBC count (Cells/ul)
<5000 12
5000-10,000 9
>20,000 19
Hyperdiploidy
Yes 12
No 19
Unknown 11

In addition, we also collected some clinical data to understand how the disease af-
fected their cellular proliferation and cytogenetics. Our data showed a massive elevation
in white blood cells (WBC) count, where 47% of the ALL subjects’ blood revealed WBC
count more than 20,000 cells/pL and four of those subjects surpassed 100,000 cells/uL. On
the other hand, 30% of the subjects had a low count below 5000 cells/ L, while 23% of the
subjects had a WBC count within the normal range between 5000 and 10,000 cells/uL. Of
the 42 subjects, 26% indicated the presence of hyperploidy, some of which are known as
trisomies of chromosomes 4, 10 or 17, either in one, two or in all of them. A couple of the sub-
jects had the high-risk B-ALL intrachromosomal amplification of chromosome 21 (iAMP21),
while another couple of subjects were Philadelphia chromosome (Ph)/BCR/ABL-positive.
Upon completion of induction chemotherapy, the minimal residual disease (MRD) of the
majority of subjects (81%) came back negative, while in 14%, it remained positive, as shown
in Figure 6 and Table 1. For 5% of the subjects, MRD was unknown.

3. Discussion

Relapse after treatment in ALL remains the greatest impediment to overall survival.
This is due to the fact that relapse lowers the chances of overall survival (OS) from more
than 90% after primary treatment to 50% or less after first relapse, which is reduced even
more with subsequent relapses [40—-42]. It has been shown that certain risk factors accompa-
nying relapse can predict treatment efficiency and contribute to the anticipated prognosis.
These risk factors can be time (the faster the relapse the lower the chances of treatment
effectiveness), immunophenotype (T-cell relapses tend to be more aggressive than B-cell ma-
lignancies and put the patient by default in the high-risk group regardless of the timing) or
the site of relapse (bone marrow relapses are usually worse than extramedullary) [14,43,44].

The demographic data indicate the usual trend of most of ALL subjects being B-ALL
rather than T-ALL. One of the T-ALL subjects’ disease was very aggressive and the subject
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did not survive the completion of the induction chemotherapy. T-cell ALL usually tends to
be more invasive and resistant to treatment than B-cell ALL [45,46].

Despite the diverse repertoire of killing strategies utilized by NK cells, cancer cells
often avoid activating NK cells and spread to other locations—causing disease progression
by direct and indirect mechanisms [47]. The RNA-seq data analysis from the St. Jude PeCan
data portal and our cohort study mRNA expression data (Figures 1 and 2) showed over-
expression of LLT1 in the ALL subject samples. The flow cytometry data confirmed that
there was a significant increase in the surface expression of LLT1 on both monocytes and
NK cells of ALL subjects. Previously, we have shown that prostate cancer cells and triple-
negative breast cancer (TNBC) cells overexpress LLT1 as a mechanism to evade NK-cell
immunosurveillance [32,33,48]. Studies have shown that LLT1 can inhibit the ability of
NK cells to target glioma, prostate cancer, squamous cell carcinoma, B-cell lymphomas, lung
cancer and triple-negative breast cancer cells. LLT1 on tumor cells interact with an NK-cell
inhibitory receptor, NKRP1A (CD161), leading to the inhibition of NK-cell-mediated cyto-
toxicity of tumor cells [32,33,35,49-53]. Targeting LLT1-NKRP1A interaction provides an
attractive alternative for overcoming tumor escape mechanism in different cancers.

In contrast to the inhibitory effect of LLT1-NKRP1A interaction on NK cells, CD161
(NKRP1A) expression on T cells causes T-cell proliferation upon interaction with LLT1. The
interaction of LLT1 with CD161 may, on the one hand, inhibit NK-cell effector functions and,
on the other hand, co-stimulate T cells. This would suggest that LLT1/CD161 interaction
participates in the sequential involvement of NK cells and later T cells in the initiation
of adaptive immune responses, with the LLT1/CD161 interaction shutting down NK-cell
activation while co-stimulating T cells [52-54]. LLT1 expression on NK cells has a synergistic
effect on their cytokine release behavior, indicating the chronic activation of NK cells, which
may be an indicator for NK cells” exhaustion and their inability to recognize malignant cells
during or briefly after treatment, and they would no longer carry out their cytotoxic effects
even upon binding to activating receptors, such as CS1, 2B4 NKp30 and NKp46, which
would drive the surrounding blood cells to elevate their expression of these receptors.
It may also promote the possibility of relapses since NK cells” immunosurveillance is
compromised [26,55,56].

The signaling lymphocyte-activating molecule family (SLAM), which 2B4 (SLAMF4)
and CS1 (SLAMF?) belong to, also plays an important role in NK-cell regulation. 2B4
and CS1 are naturally expressed on monocytes and T cells. Depending on the context
and the presence of aiding proteins, they can act as either activating or inhibitory recep-
tors. CS1 is a homophilic receptor that is self-activating, while 2B4 has a high affinity
to CD48 as its ligand. CS1 and LLT1 were observed to be overexpressed in monocytes
(Figure 3). Overexpression of CS1 in multiple myeloma (MM) led to the approval of
Elotuzumab as the first FDA-approved monoclonal antibody-targeting CS1 for the treat-
ment of MM [57]. Our previous studies have shown that CS1 is expressed on activated
monocytes and plays an inhibitory role by reducing the production of proinflammatory
cytokines by LPS-activated monocytes [58]. Studies have revealed SLAMEF?7 to be a potent
inhibitor of the monocyte-derived proinflammatory chemokine CXCL10 (IP-10) and other
CXCR3 ligands, except in a subset of HIV+ patients termed SLAMEF7 silent (SF7S) [59].
Moreover, SLAMF7hishCD16— monocytes and IL-1ra were correlated with myelofibrosis
(MF) onset in myeloproliferative neoplasm patients who harbor JAK2V617F. Elotuzumab
(anti-CS1 mADb) suppressed fibrocyte differentiation and MF progression in vitro and
in vivo [60]. Overexpression of CS1 on monocytes in ALL subjects may have similar
inhibitory effects. In pathological contexts, LLT1 has been reported to be expressed on
monocytes of synovial fluid and macrophages within synovial tissues of patients with
rheumatoid arthritis [61]. The molecular mechanisms behind the regulation of LLT1 in sev-
eral cell types is still poorly understood. 2B4 expression was downregulated in monocytes
and T cells (Figures 3b and 4b). Previous studies have shown that the lack of or dysfunction
of 2B4 has been linked to immunodeficiency as well as its involvement as a costimulatory
molecule to CD8+ T cells [35,36,62].
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Even though NKp30 and NKp46 are known to be expressed on NK cells’ surface as
part of the natural cytotoxicity-activating receptors (NCRs), they also have been shown
to be expressed on some T-cell subsets [37]. High expression of NKp46 and NKp30 in
the CD56+NK cells of ALL subjects was in contrast to previously reported studies. NK
cells from T-ALL patients had reduced expression of the activating receptors NKp46 and
DNAM-1, but not NKG2D [63]. Studies have also shown that in some cancers, NKp30 and
NKp46 expression is altered or downregulated, which possibly creates an immunocompro-
mised tumor microenvironment, which in turn helps in promoting tumor progression [64].
Interestingly, we did not observe any appreciable changes in the receptor expression in
the CD19+ B-cell subsets of ALL subjects both at diagnosis and at the end of induction
chemotherapy as compared to healthy subjects.

In conclusion, we have shown that LLT1 was overexpressed in PBMCs at the transcript
level and at the cell surface in monocytes, T cells and NK cells. Increased expression of
CS1 and NKp46 was observed on monocytes of ALL subjects at diagnosis. A decrease of
LLT1, 2B4, CS1 and NKp46 on T cells of ALL subjects was also observed post-induction
chemotherapy. The results indicate that the differential expression of the receptors/ligand
may play a role in the T-cell- and NK-cell-mediated immune surveillance of pediatric ALL.
Since 2B4 and NKp46 are already being used as transmembrane domains for CAR-NK
structuring, and CS1 and 2B4 have shown promising results in CAR-T and CAR-NK
immunotherapy, further studies are warranted to assess the functional role of these recep-
tors, especially LLT1 in a larger cohort of ALL subjects to develop an immunotherapeutic
alternative for childhood ALL.

4. Materials and Methods
4.1. RNA Sequencing Data Collection

RNA sequencing data were collected from the St. Jude Children’s Research Hos-
pital Pediatric Cancer Genome project (PeCan data portal: https://pecan.stjude.cloud;
accessed on 24 June 2022) and analyzed for expression of receptors: 2B4, CS1, LLT1, NKp30
and NKp46 in B-ALL and T-ALL subject samples.

4.2. Subjects and Healthy Volunteers

Newly diagnosed ALL subjects, aged between 2 and 21 years old, were enrolled in the
study at the Hematology and Oncology Clinic at Cook Children’s Medical Center (CCMC),
Fort Worth, TX, with informed consent/assent obtained by Dr. Paul Bowman, MD and
nursing staff as per IRB approval from UNTHSC and CCMC (UNTHSC IRB# 2008-094 &
CCMC IRB# 2008-57). Additionally, healthy subjects under the age of 21, who attend regular
medical visits at the pediatric clinic at UNTHSC Health Pavilion, were enrolled.

4.3. Blood Collection

After consent was obtained, the staff collected one blood sample (8 mLs) from the
patient before any treatment. This is referred to as the first blood draw (1BD). Another
blood sample was collected 29 days later, after the initial chemotherapy, which typically
lasts 28 days. This is referred to as the second blood draw (2BD). A total of 42 ALL subjects
were enrolled. Only one blood draw was collected from healthy subjects, and 20 healthy
subjects were enrolled.

4.4. PBMC Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from ethylenediamine
tetra acetic acid (EDTA)-treated whole-blood samples by Histopaque-1077 (Sigma Chemi-
cals, St Louis, MO, USA) density gradient centrifugation using LeucoSep tubes (Greiner,
Monroe, NC, USA). The remaining red blood cells were lysed with ACK lysis buffer. The
PBMCs were then separated into two parts: one part was used for flow cytometric anal-
ysis of immune receptor expression and the second part was used to isolate mRNA for
qRT-PCR analysis.
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4.5. gqRT-PCR Analysis

Five million cells were dissolved with 1 ml of RNA STAT-60. RNA was extracted by
chloroform and precipitated by isopropanol. After resuspension with 0.1% diethylpyro-
carbonate (DEPC) water, RNA purity and concentration was determined by measuring
optical density. Then, 2 ug of RNA was used for cDNA synthesis in the presence of random
primer mix (NEB). After RT reaction, 100 ng of cDNA was used as a template, and Taqgman
mastermix and Tagman primers for 2B4, CS1, LLT1, NKp30 and NKp46 were used on the
Eppendorf Realplex2 to perform the PCR reaction. Fold change of expression between
healthy subjects and patient subjects was calculated using the AACT method, which com-
pares the CT value, defined as the number of cycles required for the fluorescence to reach
threshold, of the target gene and the housekeeping gene (GAPDH) of one sample group to
a control sample group. The efficiency of PCR was 90-100%. The results presented are an
average of three independent experiments.

4.6. Flow Cytometry

A Beckman Coulter FC500 was used, and the populations of immune cells were gated
by forward and side scatter to separate the lymphocytes and monocytes from other cells by
size and granularity. Various fluorochrome markers were used to differentiate the immune
cells: FITC-conjugated anti-human CD3 monoclonal antibody (mAb) for T cells, PE-Texas
red-conjugated anti-human CD19 mAb for B cells, APC-conjugated anti-human CD56 mAb
for NK cells, and APC-Cy7-conjugated CD14 mADb for monocytes. Each immune receptor
of interest and ligands were labeled with PE. Samples were stained with anti-2B4, anti-CS1,
anti LLT1, anti-NKp30 and anti-NKp46 mAb to determine percentage and quantitative cell
surface expression of these receptors. All the antibodies used were from Biolegend, San
Diego, CA, USA.

4.7. Statistical Analysis

To analyze the differences in immune receptor expression between healthy subjects,
ALL subject samples at diagnosis and at the end of induction chemotherapy, a multivariate
analysis of variance (MANOVA) test was performed in SAS version 9.4. MANOVA allows
researchers to account for correlation between multiple measurements obtained from the
same subject. In the presence of statistically significant finding for overall difference using
MANOVA, we evaluated each item individually using the ANOVA approach. Significance
was determined at alpha = 0.05.

Author Contributions: Conceptualization, S.O.M.; Formal analysis, S.B.P,, N.G.A., R.J.,, M.B,, S.A.
and S.0.M.; Funding acquisition, W.P.B., PA.M. and S.0.M.; Investigation, S.B.P.; Methodology, S.B.P.;
Project administration, W.P.B. and S.0.M.; Software, S.A.; Supervision, S.O.M.; Validation, S.B.P.;
Visualization, S.0.M.; Writing—original draft, S.B.P. and S.0.M.; Writing—review and editing, S.B.P,,
N.G.A. and S.O.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Cancer Foundation of North Texas (CRFNT) with number
(97313), Leukemia Texas Inc. (77313b), Institute for Cancer Research, UNTHSC (R16062) and Team
Connor Childhood Cancer Foundation.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of
University of North Texas Health Science Center (UNTHSC IRB# 2008-094) and Cook Children’s
Medical Center (CCMC IRB# 2008-57).

Informed Consent Statement: Informed consent/assent was obtained from all subjects involved in
the study.

Data Availability Statement: The RNA sequencing data presented in this study were obtained from
the publicly available St. Jude Children’s Research Hospital Pediatric Cancer Genome database
(PeCan data portal: https://pecan.stjude.cloud; accessed on 24 June 2022).


https://pecan.stjude.cloud

Int. . Mol. Sci. 2023, 24, 3860 12 of 14

References

1.  Advani, A. Acute lymphoblastic leukemia (ALL). Best Pract. Res. Clin. Haematol. 2017, 30, 173-174. [CrossRef] [PubMed]

2. Aldoss, I; Forman, S.J.; Pullarkat, V. Acute Lymphoblastic Leukemia in the Older Adult. J. Oncol. Pract. 2019, 15, 67-75. [CrossRef]
[PubMed]

3.  Fielding, A.K,; Richards, S.M.; Chopra, R.; Lazarus, HM.; Litzow, M.R.; Buck, G.; Durrant, L.].; Luger, SM.; Marks, D.L;
Franklin, .M.; et al. Outcome of 609 adults after relapse of acute lymphoblastic leukemia (ALL); an MRC UKALL12/ECOG 2993
study. Blood 2007, 109, 944-950. [CrossRef]

4. Larson, R.A. Managing CNS disease in adults with acute lymphoblastic leukemia. Leuk. Lymphoma 2018, 59, 3-13. [CrossRef]

5. Stelljes, M.; Marks, D.I. Acute Lymphoblastic Leukemia in Adults. In The EBMT Handbook: Hematopoietic Stem Cell Transplantation
and Cellular Therapies, 7th ed.; Carreras, E., Dufour, C., Mohty, M., Kroger, N., Eds.; Springer: Cham, Switzerland, 2019;
pp. 531-538.

6. Terwilliger, T.; Abdul-Hay, M. Acute lymphoblastic leukemia: A comprehensive review and 2017 update. Blood Cancer |. 2017,
7,€e577. [CrossRef]

7. Inaba, H.; Greaves, M.; Mullighan, C.G. Acute lymphoblastic leukaemia. Lancet 2013, 381, 1943-1955. [CrossRef]

8. Pui, C.H.; Yang, J.].; Hunger, S.P; Pieters, R.; Schrappe, M.; Biondi, A.; Vora, A.; Baruchel, A.; Silverman, L.B.; Schmiegelow, K; et al.
Childhood Acute Lymphoblastic Leukemia: Progress Through Collaboration. J. Clin. Oncol. 2015, 33, 2938-2948. [CrossRef]

9.  Maloney, KW.; Gore, L. Agents in Development for Childhood Acute Lymphoblastic Leukemia. Paediatr. Drugs 2018, 20, 111-120.
[CrossRef] [PubMed]

10. Velentza, L.; Zaman, F,; Savendahl, L. Bone health in glucocorticoid-treated childhood acute lymphoblastic leukemia. Crit. Rev.
Oncol. Hematol. 2021, 168, 103492. [CrossRef]

11. Stanulla, M.; Schrappe, M. Treatment of childhood acute lymphoblastic leukemia. Semin. Hematol. 2009, 46, 52—63. [CrossRef]

12.  Inaba, H.; Mullighan, C.G. Pediatric acute lymphoblastic leukemia. Haematologica 2020, 105, 2524-2539. [CrossRef] [PubMed]

13. Berkman, A.M.; Andersen, C.R.; Cuglievan, B.; McCall, D.C.; Lupo, PJ.; Parsons, S.K.; DiNardo, C.D.; Short, N.J.; Jain, N.;
Kadia, TM.; et al. Long-Term Outcomes among Adolescent and Young Adult Survivors of Acute Leukemia: A Surveillance,
Epidemiology, and End Results Analysis. Cancer Epidemiol. Biomark. Prev. 2022, 31, 1176-1184. [CrossRef] [PubMed]

14. Hunger, S.P; Raetz, E.A. How I treat relapsed acute lymphoblastic leukemia in the pediatric population. Blood 2020, 136, 1803-1812.
[CrossRef] [PubMed]

15. Carroll, W.L.; Hunger, S.P. Therapies on the horizon for childhood acute lymphoblastic leukemia. Curr. Opin. Pediatr. 2016,
28, 12-18. [CrossRef] [PubMed]

16. DeAngelo, D.J.; Jabbour, E.; Advani, A. Recent Advances in Managing Acute Lymphoblastic Leukemia. Am. Soc. Clin. Oncol.
Educ. Book 2020, 40, 330-342. [CrossRef]

17.  DasGupta, R.K.; Marini, B.L.; Rudoni, J.; Perissinotti, A.J]. A review of CD19-targeted immunotherapies for relapsed or refractory
acute lymphoblastic leukemia. J. Oncol. Pharm. Pract. 2018, 24, 453—467. [CrossRef]

18. Kimble, E.L.; Cassaday, R.D. Antibody and cellular immunotherapies for acute lymphoblastic leukemia in adults. Leuk. Lymphoma
2021, 62, 3333-3347. [CrossRef]

19. Romanski, A.; Bug, G.; Becker, S.; Kampfmann, M.; Seifried, E.; Hoelzer, D.; Ottmann, O.G.; Tonn, T. Mechanisms of resistance to
natural killer cell-mediated cytotoxicity in acute lymphoblastic leukemia. Exp. Hematol. 2005, 33, 344-352. [CrossRef]

20. Liu, S.; Galat, V;; Galat, Y,; Lee, YK.A.; Wainwright, D.; Wu, J. NK cell-based cancer immunotherapy: From basic biology to
clinical development. J. Hematol. Oncol. 2021, 14, 7. [CrossRef] [PubMed]

21. Carlsten, M.; Jaras, M. Natural Killer Cells in Myeloid Malignancies: Immune Surveillance, NK Cell Dysfunction, and Pharmaco-
logical Opportunities to Bolster the Endogenous NK Cells. Front. Immunol. 2019, 10, 2357. [CrossRef]

22.  Oelsner, S.; Waldmann, A.; Billmeier, A.; Roder, J.; Lindner, A.; Ullrich, E.; Marschalek, R.; Dotti, G.; Jung, G.; Grosse-
Hovest, L.; et al. Genetically engineered CAR NK cells display selective cytotoxicity against FLT3-positive B-ALL and inhibit
in vivo leukemia growth. Int. J. Cancer 2019, 145, 1935-1945. [CrossRef] [PubMed]

23. Paust, S.; Blish, C.A.; Reeves, R.K. Redefining Memory: Building the Case for Adaptive NK Cells. J. Virol. 2017, 91, e00169-17.
[CrossRef]

24. Pahl, JH.W.,; Koch, J.; Gotz, ].].; Arnold, A.; Reusch, U.; Gantke, T.; Rajkovic, E.; Treder, M.; Cerwenka, A. CD16A Activation

Acknowledgments: Flow cytometry was performed in the Research Core lab facility at the University
of North Texas Health Science Center, Fort Worth, TX, USA. We sincerely thank Steffi Daniel, Rashmi
Deshmukh for helping with data analysis; Kim Aldy and Charise Tan for the collection of specimens.
Special thanks to all the research subjects and the research staff at Cook Children’s Medical Center,
Fort Worth and UNT Health Science Center, Fort Worth for helping with the recruitment of subjects.

Conflicts of Interest: The authors declare no conflict of interest.

of NK Cells Promotes NK Cell Proliferation and Memory-Like Cytotoxicity against Cancer Cells. Cancer Immunol. Res. 2018,
6, 517-527. [CrossRef]


http://doi.org/10.1016/j.beha.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/29050689
http://doi.org/10.1200/JOP.18.00271
http://www.ncbi.nlm.nih.gov/pubmed/30763199
http://doi.org/10.1182/blood-2006-05-018192
http://doi.org/10.1080/10428194.2017.1326597
http://doi.org/10.1038/bcj.2017.53
http://doi.org/10.1016/S0140-6736(12)62187-4
http://doi.org/10.1200/JCO.2014.59.1636
http://doi.org/10.1007/s40272-017-0268-7
http://www.ncbi.nlm.nih.gov/pubmed/29143289
http://doi.org/10.1016/j.critrevonc.2021.103492
http://doi.org/10.1053/j.seminhematol.2008.09.007
http://doi.org/10.3324/haematol.2020.247031
http://www.ncbi.nlm.nih.gov/pubmed/33054110
http://doi.org/10.1158/1055-9965.EPI-21-1388
http://www.ncbi.nlm.nih.gov/pubmed/35553621
http://doi.org/10.1182/blood.2019004043
http://www.ncbi.nlm.nih.gov/pubmed/32589723
http://doi.org/10.1097/MOP.0000000000000293
http://www.ncbi.nlm.nih.gov/pubmed/26576011
http://doi.org/10.1200/EDBK_280175
http://doi.org/10.1177/1078155217713363
http://doi.org/10.1080/10428194.2021.1964022
http://doi.org/10.1016/j.exphem.2004.11.006
http://doi.org/10.1186/s13045-020-01014-w
http://www.ncbi.nlm.nih.gov/pubmed/33407739
http://doi.org/10.3389/fimmu.2019.02357
http://doi.org/10.1002/ijc.32269
http://www.ncbi.nlm.nih.gov/pubmed/30860598
http://doi.org/10.1128/JVI.00169-17
http://doi.org/10.1158/2326-6066.CIR-17-0550

Int. . Mol. Sci. 2023, 24, 3860 13 of 14

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Becker-Hapak, M.K.; Shrestha, N.; McClain, E.; Dee, M.].; Chaturvedi, P.; Leclerc, G.M.; Marsala, L.I.; Foster, M.; Schappe, T.;
Tran, J.; et al. A Fusion Protein Complex that Combines IL-12, IL-15, and IL-18 Signaling to Induce Memory-Like NK Cells for
Cancer Immunotherapy. Cancer Immunol. Res. 2021, 9, 1071-1087. [CrossRef]

Cozar, B.; Greppi, M.; Carpentier, S.; Narni-Mancinelli, E.; Chiossone, L.; Vivier, E. Tumor-Infiltrating Natural Killer Cells. Cancer
Discov. 2021, 11, 34-44. [CrossRef]

Bi, J.; Tian, Z. NK Cell Dysfunction and Checkpoint Immunotherapy. Front. Immunol. 2019, 10, 1999. [CrossRef]

Boles, K.S.; Barten, R.; Kumaresan, P.R.; Trowsdale, J.; Mathew, P.A. Cloning of a new lectin-like receptor expressed on human NK
cells. Immunogenetics 1999, 50, 1-7. [CrossRef] [PubMed]

Boles, K.S.; Mathew, P.A. Molecular cloning of CS1, a novel human natural killer cell receptor belonging to the CD2 subset of the
immunoglobulin superfamily. Immunogenetics 2001, 52, 302-307. [CrossRef]

Boles, K.S.; Nakajima, H.; Colonna, M.; Chuang, S.S.; Stepp, S.E.; Bennett, M.; Kumar, V.; Mathew, P.A. Molecular characterization
of a novel human natural killer cell receptor homologous to mouse 2B4. Tissue Antigens 1999, 54, 27-34. [CrossRef] [PubMed]
Kim, ].R.; Mathew, S.0.; Patel, R.K,; Pertusi, R.M.; Mathew, P.A. Altered expression of signalling lymphocyte activation molecule
(SLAM) family receptors CS1 (CD319) and 2B4 (CD244) in patients with systemic lupus erythematosus. Clin. Exp. Immunol. 2010,
160, 348-358. [CrossRef]

Mathew, 5.0.; Chaudhary, P.; Powers, S.B.; Vishwanatha, ] K.; Mathew, P.A. Overexpression of LLT1 (OCIL, CLEC2D) on prostate
cancer cells inhibits NK cell-mediated killing through LLT1-NKRP1A (CD161) interaction. Oncotarget 2016, 7, 68650-68661.
[CrossRef] [PubMed]

Marrufo, A.M.; Mathew, S.0.; Chaudhary, P.; Malaer, ].D.; Vishwanatha, ] K.; Mathew, P.A. Blocking LLT1 (CLEC2D, OCIL)-
NKRP1A (CD161) interaction enhances natural killer cell-mediated lysis of triple-negative breast cancer cells. Am. J. Cancer Res.
2018, 8, 1050-1063. [PubMed]

Malaer, J.D.; Mathew, P.A. CS1 (SLAMF7, CD319) is an effective immunotherapeutic target for multiple myeloma. Am. J. Cancer
Res. 2017, 7, 1637-1641. [PubMed]

Buller, C.W.; Mathew, P.A.; Mathew, S.O. Roles of NK Cell Receptors 2B4 (CD244), CS1 (CD319), and LLT1 (CLEC2D) in Cancer.
Cancers 2020, 12, 1755. [CrossRef] [PubMed]

Malaer, J.D.; Marrufo, A.M.; Mathew, P.A. 2B4 (CD244, SLAMF4) and CS1 (CD319, SLAMF?) in systemic lupus erythematosus
and cancer. Clin. Immunol. 2019, 204, 50-56. [CrossRef]

Barrow, A.D.; Martin, C.J.; Colonna, M. The Natural Cytotoxicity Receptors in Health and Disease. Front. Immunol. 2019, 10, 909.
[CrossRef]

Hecht, M.L.; Rosental, B.; Horlacher, T.; Hershkovitz, O.; De Paz, ].L.; Noti, C.; Schauer, S.; Porgador, A.; Seeberger, PH. Natural
cytotoxicity receptors NKp30, NKp44 and NKp46 bind to different heparan sulfate/heparin sequences. J. Proteome Res. 2009,
8, 712-720. [CrossRef]

Campos, C.; Lopez, N.; Pera, A.; Gordillo, ].J.; Hassouneh, E; Tarazona, R.; Solana, R. Expression of NKp30, NKp46 and
DNAM-1 activating receptors on resting and IL-2 activated NK cells from healthy donors according to CMV-serostatus and age.
Biogerontology 2015, 16, 671-683. [CrossRef]

Nguyen, K,; Devidas, M.; Cheng, S.C.; La, M.; Raetz, E.A.; Carroll, W.L.; Winick, N.J.; Hunger, S.P.; Gaynon, P.S.; Loh, M.L,; et al.
Factors influencing survival after relapse from acute lymphoblastic leukemia: A Children’s Oncology Group study. Leukemia
2008, 22, 2142-2150. [CrossRef] [PubMed]

Tallen, G.; Ratei, R.; Mann, G.; Kaspers, G.; Niggli, F.; Karachunsky, A.; Ebell, W.; Escherich, G.; Schrappe, M.; Klingebiel, T.; et al.
Long-term outcome in children with relapsed acute lymphoblastic leukemia after time-point and site-of-relapse stratification
and intensified short-course multidrug chemotherapy: Results of trial ALL-REZ BFM 90. J. Clin. Oncol. 2010, 28, 2339-2347.
[CrossRef]

Oskarsson, T.; Soderhall, S.; Arvidson, ].; Forestier, E.; Montgomery, S.; Bottai, M.; Lausen, B.; Carlsen, N.; Hellebostad, M.;
Lahteenmaki, P; et al. Relapsed childhood acute lymphoblastic leukemia in the Nordic countries: Prognostic factors, treatment
and outcome. Haematologica 2016, 101, 68-76. [CrossRef] [PubMed]

Ceppi, F,; Cazzaniga, G.; Colombini, A.; Biondi, A.; Conter, V. Risk factors for relapse in childhood acute lymphoblastic leukemia:
Prediction and prevention. Expert Rev. Hematol. 2015, 8, 57-70. [CrossRef] [PubMed]

Pui, C.H. Precision medicine in acute lymphoblastic leukemia. Front. Med. 2020, 14, 689-700. [CrossRef] [PubMed]

Maciocia, PM.; Wawrzyniecka, P.A.; Maciocia, N.C.; Burley, A.; Karpanasamy, T.; Devereaux, S.; Hoekx, M.; O’Connor, D.;
Leon, T.; Rapoz-D’Silva, T; et al. Anti-CCR9 chimeric antigen receptor T cells for T-cell acute lymphoblastic leukemia. Blood 2022,
140, 25-37. [CrossRef] [PubMed]

Kadia, T.M.; Gandhi, V. Nelarabine in the treatment of pediatric and adult patients with T-cell acute lymphoblastic leukemia and
lymphoma. Expert Rev. Hematol. 2017, 10, 1-8. [CrossRef]

Chester, C.; Fritsch, K.; Kohrt, H.E. Natural Killer Cell Immunomodulation: Targeting Activating, Inhibitory, and Co-stimulatory
Receptor Signaling for Cancer Immunotherapy. Front. Immunol. 2015, 6, 601. [CrossRef]

Rosen, D.B.; Bettadapura, J.; Alsharifi, M.; Mathew, P.A.; Warren, H.S.; Lanier, L.L. Cutting edge: Lectin-like transcript-1 is a
ligand for the inhibitory human NKR-P1A receptor. J. Immunol. 2005, 175, 7796-7799. [CrossRef]

Roth, P; Mittelbronn, M.; Wick, W.; Meyermann, R.; Tatagiba, M.; Weller, M. Malignant glioma cells counteract antitumor immune
responses through expression of lectin-like transcript-1. Cancer Res. 2007, 67, 3540-3544. [CrossRef]


http://doi.org/10.1158/2326-6066.CIR-20-1002
http://doi.org/10.1158/2159-8290.CD-20-0655
http://doi.org/10.3389/fimmu.2019.01999
http://doi.org/10.1007/s002510050679
http://www.ncbi.nlm.nih.gov/pubmed/10541800
http://doi.org/10.1007/s002510000274
http://doi.org/10.1034/j.1399-0039.1999.540103.x
http://www.ncbi.nlm.nih.gov/pubmed/10458320
http://doi.org/10.1111/j.1365-2249.2010.04116.x
http://doi.org/10.18632/oncotarget.11896
http://www.ncbi.nlm.nih.gov/pubmed/27626681
http://www.ncbi.nlm.nih.gov/pubmed/30034942
http://www.ncbi.nlm.nih.gov/pubmed/28861320
http://doi.org/10.3390/cancers12071755
http://www.ncbi.nlm.nih.gov/pubmed/32630303
http://doi.org/10.1016/j.clim.2018.10.009
http://doi.org/10.3389/fimmu.2019.00909
http://doi.org/10.1021/pr800747c
http://doi.org/10.1007/s10522-015-9581-0
http://doi.org/10.1038/leu.2008.251
http://www.ncbi.nlm.nih.gov/pubmed/18818707
http://doi.org/10.1200/JCO.2009.25.1983
http://doi.org/10.3324/haematol.2015.131680
http://www.ncbi.nlm.nih.gov/pubmed/26494838
http://doi.org/10.1586/17474086.2015.978281
http://www.ncbi.nlm.nih.gov/pubmed/25367188
http://doi.org/10.1007/s11684-020-0759-8
http://www.ncbi.nlm.nih.gov/pubmed/33074527
http://doi.org/10.1182/blood.2021013648
http://www.ncbi.nlm.nih.gov/pubmed/35507686
http://doi.org/10.1080/17474086.2017.1262757
http://doi.org/10.3389/fimmu.2015.00601
http://doi.org/10.4049/jimmunol.175.12.7796
http://doi.org/10.1158/0008-5472.CAN-06-4783

Int. . Mol. Sci. 2023, 24, 3860 14 of 14

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Sanchez-Canteli, M.; Hermida-Prado, F; Sordo-Bahamonde, C.; Montoro-Jimenez, I.; Pozo-Agundo, E.; Allonca, E.; Vallina-
Alvarez, A.; Alvarez-Marcos, C.; Gonzalez, S.; Garcia-Pedrero, ].M.; et al. Lectin-Like Transcript 1 (LLT1) Checkpoint: A Novel
Independent Prognostic Factor in HPV-Negative Oropharyngeal Squamous Cell Carcinoma. Biomedicines 2020, 8, 535. [CrossRef]
Malaer, J.D.; Mathew, P.A. Role of LLT1 and PCNA as Natural Killer Cell Inmune Evasion Strategies of HCT 116 Cells. Anticancer
Res. 2020, 40, 6613-6621. [CrossRef]

Braud, V.M.; Biton, J.; Becht, E.; Knockaert, S.; Mansuet-Lupo, A.; Cosson, E.; Damotte, D.; Alifano, M.; Validire, P;
Anjuere, F; etal. Expression of LLT1 and its receptor CD161 in lung cancer is associated with better clinical outcome.
Oncoimmunology 2018, 7, e1423184. [CrossRef] [PubMed]

Germain, C.; Guillaudeux, T.; Galsgaard, E.D.; Hervouet, C.; Tekaya, N.; Gallouet, A.S.; Fassy, J.; Bihl, F; Poupon, G,;
Lazzari, A.; et al. Lectin-like transcript 1 is a marker of germinal center-derived B-cell non-Hodgkin’s lymphomas dampening
natural killer cell functions. Oncoimmunology 2015, 4, €1026503. [CrossRef] [PubMed]

Braud, V.M.; Meghraoui-Kheddar, A ; Elaldi, R.; Petti, L.; Germain, C.; Anjuere, F. LLT1-CD161 Interaction in Cancer: Promises
and Challenges. Front. Immunol. 2022, 13, 847576. [CrossRef] [PubMed]

Bi, J.; Tian, Z. NK Cell Exhaustion. Front. Immunol. 2017, 8, 760. [CrossRef] [PubMed]

Judge, S.J.; Murphy, W.J.; Canter, R.]. Characterizing the Dysfunctional NK Cell: Assessing the Clinical Relevance of Exhaustion,
Anergy, and Senescence. Front. Cell. Infect. Microbiol. 2020, 10, 49. [CrossRef] [PubMed]

Hsi, E.D; Steinle, R.; Balasa, B.; Szmania, S.; Draksharapu, A.; Shum, B.P.; Huseni, M.; Powers, D.; Nanisetti, A.; Zhang, Y.; et al.
CS1, a potential new therapeutic antibody target for the treatment of multiple myeloma. Clin. Cancer Res. 2008, 14, 2775-2784.
[CrossRef]

Kim, J.R.; Horton, N.C.; Mathew, 5.0.; Mathew, P.A. CS1 (SLAMF?) inhibits production of proinflammatory cytokines by activated
monocytes. Inflamm. Res. 2013, 62, 765-772. [CrossRef]

O’Connell, P; Pepelyayeva, Y.; Blake, M.K.; Hyslop, S.; Crawford, R.B.; Rizzo, M.D.; Pereira-Hicks, C.; Godbehere, S.; Dale, L.;
Gulick, P; et al. SLAMEF7 Is a Critical Negative Regulator of IFN-alpha-Mediated CXCL10 Production in Chronic HIV Infection.
J. Immunol. 2019, 202, 228-238. [CrossRef]

Maekawa, T.; Kato, S.; Kawamura, T.; Takada, K.; Sone, T.; Ogata, H.; Saito, K.; Izumi, T.; Nagao, S.; Takano, K.; et al. Increased
SLAMEF7(high) monocytes in myelofibrosis patients harboring JAK2V617F provide a therapeutic target of elotuzumab. Blood
2019, 134, 814-825. [CrossRef]

Chalan, P; Bijzet, J.; Huitema, M.G.; Kroesen, B.].; Brouwer, E.; Boots, A.M. Expression of Lectin-Like Transcript 1, the Ligand for
CD161, in Rheumatoid Arthritis. PLoS ONE 2015, 10, €0132436. [CrossRef]

Schlaphoff, V.; Lunemann, S.; Suneetha, P.V.; Jaroszewicz, J.; Grabowski, J.; Dietz, ].; Helfritz, F.; Bektas, H.; Sarrazin, C,;
Manns, M.P,; et al. Dual function of the NK cell receptor 2B4 (CD244) in the regulation of HCV-specific CD8+ T cells. PLoS Pathog.
2011, 7, €1002045. [CrossRef]

Boieri, M.; Ulvmoen, A.; Sudworth, A.; Lendrem, C.; Collin, M.; Dickinson, A.M.; Kveberg, L.; Inngjerdingen, M. IL-12, IL-15,
and IL-18 pre-activated NK cells target resistant T cell acute lymphoblastic leukemia and delay leukemia development in vivo.
Oncoimmunology 2017, 6, €1274478. [CrossRef] [PubMed]

Garcia-Iglesias, T.; Del Toro-Arreola, A.; Albarran-Somoza, B.; Del Toro-Arreola, S.; Sanchez-Hernandez, P.E.; Ramirez-
Duenas, M.G.; Balderas-Pena, L.M.; Bravo-Cuellar, A.; Ortiz-Lazareno, P.C.; Daneri-Navarro, A. Low NKp30, NKp46 and
NKG2D expression and reduced cytotoxic activity on NK cells in cervical cancer and precursor lesions. BMC Cancer 2009, 9, 186.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/biomedicines8120535
http://doi.org/10.21873/anticanres.14686
http://doi.org/10.1080/2162402X.2017.1423184
http://www.ncbi.nlm.nih.gov/pubmed/29721382
http://doi.org/10.1080/2162402X.2015.1026503
http://www.ncbi.nlm.nih.gov/pubmed/26405582
http://doi.org/10.3389/fimmu.2022.847576
http://www.ncbi.nlm.nih.gov/pubmed/35185935
http://doi.org/10.3389/fimmu.2017.00760
http://www.ncbi.nlm.nih.gov/pubmed/28702032
http://doi.org/10.3389/fcimb.2020.00049
http://www.ncbi.nlm.nih.gov/pubmed/32117816
http://doi.org/10.1158/1078-0432.CCR-07-4246
http://doi.org/10.1007/s00011-013-0632-1
http://doi.org/10.4049/jimmunol.1800847
http://doi.org/10.1182/blood.2019000051
http://doi.org/10.1371/journal.pone.0132436
http://doi.org/10.1371/journal.ppat.1002045
http://doi.org/10.1080/2162402X.2016.1274478
http://www.ncbi.nlm.nih.gov/pubmed/28405496
http://doi.org/10.1186/1471-2407-9-186

	Introduction 
	Results 
	RNA Seq Expression Analysis of Immune Receptors in B-ALL and T-ALL Subjects 
	mRNA Expression of Immune Receptors in Pediatric ALL Subjects 
	Differential Cell Surface Expression of Immune Receptors on Monocytes (CD14+ Cells) in ALL Subjects 
	Downregulation of Cell Surface Expression of Immune Receptors on T Cells (CD3+) of ALL Subjects after Treatment 
	Cell Surface Expression of Immune Receptors in CD56+ NK Cells and CD19+ B Cells in ALL Subjects before and after Induction Chemotherapy 
	Demographic Data of ALL Subjects 

	Discussion 
	Materials and Methods 
	RNA Sequencing Data Collection 
	Subjects and Healthy Volunteers 
	Blood Collection 
	PBMC Isolation 
	qRT-PCR Analysis 
	Flow Cytometry 
	Statistical Analysis 

	References

