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Abstract: Chronic lymphocytic leukaemia (CLL) is characterised by the expansion of a neoplastic
mature B cell clone. CLL clinical outcome is very heterogeneous, with some subjects never requiring
therapy and some showing an aggressive disease. Genetic and epigenetic alterations and pro-
inflammatory microenvironment influence CLL progression and prognosis. The involvement of
immune-mediated mechanisms in CLL control needs to be investigated. We analyse the activation
profile of innate and adaptive cytotoxic immune effectors in a cohort of 26 CLL patients with stable
disease, as key elements for immune-mediated control of cancer progression. We observed an
increase in CD54 expression and interferon (IFN)-γ production by cytotoxic T cells (CTL). CTL ability
to recognise tumour-targets depends on human leukocyte antigens (HLA)-class I expression. We
observed a decreased expression of HLA-A and HLA-BC on B cells of CLL subjects, associated with a
significant reduction in intracellular calnexin that is relevant for HLA surface expression. Natural
killer (NK) cells and CTL from CLL subjects show an increased expression of the activating receptor
KIR2DS2 and a reduction of 3DL1 and NKG2A inhibiting molecules. Therefore, an activation profile
characterises CTL and NK cells of CLL subjects with stable disease. This profile is conceivable with
the functional involvement of cytotoxic effectors in CLL control.

Keywords: chronic lymphocytic leukaemia; HLA class I molecules; cytotoxic T cells; NK cells;
immune activation profile

1. Introduction

Chronic lymphocytic leukaemia (CLL), the most common leukaemia in adulthood, is
characterised by the expansion of mature B cells expressing CD5, CD19 and CD23 [1–3]. The
clinical outcome of CLL is very heterogeneous. In this context, early stage asymptomatic
patients show partial long-term benefits or no therapeutic effect from early drug treatment,
while patients with advanced disease necessarily require first-line therapy to limit disease
progression [1–3]. Several alterations, such as p53 mutation, immunoglobulin heavy-chain
variable gene (IGHV) mutational status, cytogenetic and epigenetic modification [4–6], as
well as micro-environmental stimulation [7], have been proposed as predictive and/or diagnostic
biomarkers of the disease. However, the need for additional disease markers is recognised as
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essential to improve the diagnostic and predictive criteria of CLL disease. Regarding therapies,
the recent success of immunotherapy in refractory/relapsed CLL [8] highlights the possibility
of effectively manipulating immune effectors to target leukaemia clones.

In this context, the study of the immune profile of subjects characterised by clin-
ically stable CLL could provide interesting data on the possible balance between the
immune response and disease progression. Although the mechanisms underlying the
immune-mediated control of tumour cells in human models are still largely undefined,
the involvement of natural killer cells (NK), cytotoxic CD8+ T lymphocytes (CTL) and
Interferon (IFN)-γ dependent pathways in the control of tumour progression have been
widely recognised [9–18].

The presence of a functional T-cell compartment and the occurrence of multiple defects,
such as impaired proliferation, cytotoxicity and inability to form effective immune-synapses,
have been reported in subjects with CLL [19–22]. Moreover, the analysis of NK cell activity
revealed defects in lysis, including antibody-dependent cellular cytotoxicity (ADCC), but
also unaffected NK functions in CLL [23–27]. Therefore, the role of these innate cytotoxic
effectors and the involvement of their receptor repertoire need to be further characterised
in CLL.

In this respect, the ability of NK effectors to recognise and kill susceptible cell targets
depends on a complex signalling network involving a recognition repertoire, which physio-
logically includes both activating and inhibiting of NK receptors [28–30]. T-cell activation
requires the recognition of antigenic peptides within human leukocyte antigen (HLA)-I
molecules expressed on the membrane of target cells [31,32]. The existence of an association
between the tumour progression and the selection of HLA-I molecules defective clones
has been described in several cancers [33–35]. In this context, the possibility that altered
HLA-I expression might affect single allele/loci of the HLA complex has been largely
proposed [33–36]. Antigen presentation via HLA-I molecules depends on a complex intra-
cellular molecular network of the antigen processing machinery (APM), physiologically
involved in the correct assembly of the HLA-I molecular complex and in the loading of
the peptide into the HLA-I groove [36–38]. The involvement of HLA-I molecules in the
immune escape mechanisms of CLL appears to correlate with a prevalent downregulation
of HLA-C molecules, as well as a defective expression of HLA-A and HLA-B antigens [39].
Furthermore, in very advanced CLL requiring transplantation, individuals homozygous for
one or more HLA-I loci have a worse prognosis than heterozygotes [40]. Therefore, a more
complete evaluation of both the expression of HLA-I molecules and the correct functional
architecture of the APM need to be further investigated in the CCL, as key elements for
immune-mediated control of leukaemia progression.

Immune response is a complex phenomenon aimed to ensure protection against
pathogens, also maintaining tissue homeostasis [41,42]. Cell-mediated control of immune
effectors are usually dependent on a heterogeneous group of differentiated cell subsets
including the FoxP3+ CD4+ CD25+ regulatory T cells (Treg) [43–46]), the interleukin (IL)-10
producing TR1 [47,48], the transforming growth factor (TGF)-β producing TH3 [49] lymphocytes.

We recently described that TR3-56, co-expressing CD3 and CD56 molecules, represents
a peculiar human regulatory T-cell subset, phenotypically, metabolically and genetically
distinct from NKT subset [50,51]. TR3-56 subset is preferentially involved in the control of
cytotoxic activity and in the production of IFN-γ by cytotoxic T cells [5,51]. TR3-56 cells
are significantly reduced in type 1 diabetes (T1D) at disease onset [51] and are inversely
correlated with the presence of activated cytotoxic T lymphocytes with a skewed Vβ T-cell
repertoire in the bone marrow (BM) of myelodysplastic subjects [52].
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Here, we address the analysis of cytotoxic effectors, belonging to both innate and
adaptive compartment, as well as of HLA-I expression by B cell clones, in CLL subjects
with stable disease.

2. Results
2.1. Circulating T Cells, NK, Treg and TR3-56 in CLL Patients

We analysed the number and percentage of circulating T and NK lymphocytes in CLL
subjects showing stable disease, as compared with the sex-age matched healthy subject group.

According to the literature [19–27], we observed that the reduction in T (18.54 ± 2.45
vs. 74.64 ± 0.67 in controls; p < 0.0001) and NK (3.90 ± 0.58 vs. 9.48 ± 0.45 in controls;
p < 0.0001) lymphocyte percentages (Figure 1A,C, respectively) is accompanied by an in-
crease in the absolute number of T (2268 ± 225.4 vs. 1456 ± 38.58 in controls;
p < 0.0001) and NK cells (379.7 ± 44.94 vs. 197.5 ± 5.23 in controls; p < 0.0001) in CLL
subjects (Figure 1B,D, respectively). Furthermore, we observed a significant decrease in the
CD4/CD8 T-cell ratio in CLL patients when compared to healthy subjects (2.21 ± 0.42 vs.
2.53 ± 0.09 in controls; p < 0.001) (Figure 1E).
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Figure 1. Significant decrease in the percentage, associated with increased number characterises
circulating T and natural killer (NK) cells of chronic lymphocytic leukaemia (CLL) subjects with
stable disease. Panels (A,C) indicate the percentage of circulating T and NK lymphocytes; panels
(B,D) indicate the number of T and NK cells in peripheral blood; panel (E) shows the CD4/CD8
T-cell ratio of circulating lymphocytes. Comparative analysis of LLC and healthy controls shows
decreased percentage of circulating T and NK effectors associated with a significant increase in their
number. Grey and white columns indicate data obtained in healthy controls (CTR in x axis) and CLL
individuals (CLL in x axis), respectively. Statistical evaluation of data has been performed by means
of the Mann–Whitney test. Statistical significance values are indicated. The applied flow cytometry
gating strategy is reported in Section 4.2.
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In addition, we evaluated the presence of both Treg [43–45] and TR3-56 [51,52] in the
cohort of CCL subjects. As shown, Treg percentage is reduced in CLL subjects when
compared to healthy controls (1.31 ± 0.17 vs. 2.43 ± 0.18 in healthy controls; p < 0.0001)
(Figure 2A,B), while the Treg absolute number (Figure 2B) is increased (177.2 ± 25.8 vs.
21.17 ± 1.01 in healthy controls; p < 0.0001). In contrast, the percentage of the TR3-56
population shows no significant difference in the two groups (3.11 ± 0.47 vs. 3.91 ± 0.39
in healthy controls) (Figure 2C). In addition, a greater number of circulating TR3-56 cells
was observed in subjects with CLL (341.5 ± 61.99 vs. 91.31 ± 11.58 in healthy controls;
p < 0.001) (Figure 2D). Moreover, the level of circulating Treg and TR3-56 cells directly
correlates to the CLL cohort (Spearman r = 0.625; p < 0.005) (Figure 2E).
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Figure 2. Analysis of circulating CD4+CD25+ (Treg) and CD3+CD56+ (TR3-56) regulatory T-cell subsets
in CLL subjects with stable disease. Panel A to D show comparative analysis of the percentage and
the number of circulating Treg and TR3-56, in CLL subjects and healthy controls. Decreased percentage
(A) and increased number (B) of the Treg cells has been shown to be associated with not significant
difference in percentage of circulating TR3-56 lymphocytes (C) and increased number of this T-cell
subset (D) in the CLL cohort. Grey and white columns indicate data obtained in healthy controls
(CTR in x axis) and CLL individuals (CLL in x axis), respectively. Statistical evaluation of data has
been performed by means of the Mann–Whitney test. Panel (E) shows the significant correlation, as
evaluated by Spearman’s test, between percentage of circulating Treg and TR3-56 lymphocytes in CLL
subjects. Statistical significance values are indicated. NS indicates the not statistically significant
value. The applied flow cytometry gating strategy is reported in in Section 4.2.
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To describe the T-cell profile of our CLL cohort, we analysed the percentage of Treg
and TR3-56 subset in the T-cell population. In this regard, an increased percentage of Tregs
(13.81 ± 1.07 vs. 7.68 ± 0.53 in healthy controls; p < 0.0001) and TR3-56 (15.48 ± 2.34 vs.
6.01 ± 0.63 in healthy controls; p < 0.0001) was observed in the T-cell subset from CLL
subjects (Figure 3A,B, respectively).
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Figure 3. Percentage of Treg and TR3-56 lymphocytes are significantly increased in the T-cell compart-
ment of CLL subjects. Panel (A) shows comparative analysis of the percentage of the Treg subset in the
CD4+ T-cell population in the CLL subjects, as compared with controls. As shown, significant increase
in Treg cells has been revealed in the CLL cohort; panel (B) shows percentage of TR3-56 lymphocytes
in the T cells of CLL subjects, as compared with healthy individuals. As shown, significant increase
in TR3-56 cells has been revealed in the CLL cohort. Grey and white columns indicate data obtained
in healthy controls (CTR in x axis) and CLL individuals (CLL in x axis), respectively. Statistical
evaluation of data has been performed by means of the Mann–Whitney test. Statistical significance
values are reported. The applied flow cytometry gating strategy is reported in Section 4.2.

Therefore, an increase in regulatory T-cell subsets appears to characterise the T-cell
compartment in CLL patients, as already highlighted [53,54]. This evidence suggests that an
increased rate of Treg and TR3-56 differentiation within the T-cell compartment characterises
the CLL individuals with stable disease.

2.2. Circulating Cytotoxic T Cells Are Characterised by an Increased Expression of CD54 and High
Production of Interferon-γ in CLL Subjects with Stable Disease

We analysed the CD54 expression, as a marker of antigen-dependent CTL activa-
tion [52,55–57], and the production of IFN-γ by T cells and NK effectors in CLL subjects.

An increased expression of CD54 (13.26 ± 0.80 vs. 6.72 ± 1.39 in healthy controls;
p < 0.0001) and a higher IFN-γ production (62.94 ± 5.97 vs. 34.84± 4.81 in healthy controls;
p < 0.005) by CTL characterise CLL subjects (Figure 4A,C, respectively).

Furthermore, CD3+ CD4+ T lymphocytes present a higher CD54 expression
(7.04 ± 0.25 vs. 2.51 ± 0.5 in controls; p < 0.0001) (Figure 4B,D), while the IFN-γ produc-
tion by CD3+ CD4+ cells are substantially comparable between CLL and healthy controls
(26.06 ± 4.50 vs. 20.65 ± 2.97, respectively). Similar results were observed when IFN-γ
was analysed in the NK population (19.95 ± 4.21 vs. 24.02 ± 4.34 in healthy controls)
(Figure 4E).

Taken in all, CLL subjects with stable disease appear to be characterised by an activa-
tion profile of circulating CTL.
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Figure 4. Significant increase in surface CD54 expression and higher interferon (IFN)-γ production
characterises cytotoxic T cells of CLL subjects with stable disease. Panel (A,B) refer CD54 expression
level on CD8 and CD4 T cells, respectively. As detailed in the Materials and Methods Section,
immune-fluorescence data were expressed as ratio of the mean intensity fluorescence (MIF) value for
the CD4 and CD8 cells and the control MIF value obtained after staining the same cell population
with the isotype control mAb. As shown, CD4 and CD8 T-cell effectors are characterised by significant
increase in surface CD54 molecule expression in the CLL cohort. Panels (C–E) show IFN-γ production
by CD8, CD4 T lymphocytes and NK cells, respectively. Cytokine production analysis of has been
performed by immune-fluorescence and flow cytometry detection after an over-night (ON) culture
in the presence of PMA and ionomycin (see Materials and Methods Section for details). Grey and
white columns indicate data obtained in healthy controls (CTR in x axis) and CLL individuals (CLL
in x axis), respectively. For the comparative analysis of CD54 expression on T-cell effectors, immune-
fluorescence data were expressed as ratio of mean intensity fluorescence (MIF) value for the CD4
and CD8 T-cell subset and the control MIF value obtained after staining the same cell population
with the isotype control mAb. Statistical evaluation of data has been performed by means of the
Mann–Whitney test. Statistical significance values are indicated. NS indicates the not statistically
significant value. The applied flow cytometry gating strategy is reported in Section 4.2.

2.3. A Lower Expression of HLA-A and HLA-BC Molecules and a Reduction of Intracellular Calnexin
Characterise Circulating B Cells, but Not T Lymphocytes from CLL Subjects with Stable Disease

To evaluate the expression of HLA-I molecules, we used specific monoclonal antibodies
(mAbs) able to recognise specific HLA-I molecular structures [58–62] (see Materials and
Methods section). Analysis of HLA-I expression on circulating B lymphocytes of CLL
subjects with stable disease revealed a significant reduction in HLA-A (37.49 ± 5.77 vs.
104.9 ± 27.81 in healthy controls; p < 0.005), HLA-BC (47.58 ± 7.25 vs. 128.4 ± 38.57 in
controls; p < 0.05) and β2-microglobulin surface level (54.29 ± 8.96 vs. 156.81 ± 41.91
in healthy controls; p < 0.005) (Figure 5A). The expression of the HLA-ABC molecules,
evaluated as a whole, on the membrane of the leukaemia B-cell clones was not significantly
different from the B lymphocytes of the control population (61.32 ± 9.31 vs. 110.7 ± 32.78



Int. J. Mol. Sci. 2023, 24, 9596 7 of 22

in healthy controls) (Figure 5A). At variance, HLA-I expression on T lymphocytes showed
no significant difference between CLL subjects and healthy controls (Figure 5B).
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Figure 5. Significant decrease in human leukocyte antigen (HLA)-A and HLA-BC expression level
characterises B lymphocytes of CLL subjects with stable disease. Panel (A,B) show HLA-ABC, HLA-A
and HLA-BC surface expression level on B and T lymphocytes, as indicated. As shown, significant
decrease in surface expression of HLA-A and HLA-BC molecules level has been observed in the B-cell
compartment of the CLL subjects, as compared with healthy controls. No significant changes were
revealed, for all the HLA-I molecules analysed, in the T lymphocytes of the CLL cohort. As detailed
in the Materials and Methods Section, immune-fluorescence data were expressed as ratio of the mean
intensity fluorescence (MIF) value for B and T cells and the control MIF value obtained after staining
the same cell populations with the isotype control mAb, as described [52,55]. Grey and white columns
indicate data obtained in healthy controls (CTR caption of (A,B) Panels) and CLL individuals (CLL
caption of (A,B) Panels), respectively. Statistical evaluation of data has been performed by means of
the Mann–Whitney test. Statistical significance values are indicated NS indicates the not statistically
significant value. The applied flow cytometry gating strategy is reported in Section 4.2.

To investigate the molecular basis of the observed altered expression of HLA-I on
leukaemia clones, we analysed the expression of the APM molecules in circulating B
and T lymphocytes from CLL subjects. A reduced level of calnexin (10.25 ± 1.63 vs.
20.42 ± 3.97 in healthy controls) was found to characterise the B cell compartment from
CLL subjects (Figure 6A). In addition, TAP-1 [36–38,61] (2.47 ± 0.32 vs. 0.71 ± 0.29 in
controls), Tapasin [36–38,59] (2.27 ± 0.25 vs. 0.99 ± 0.32 in healthy controls), LPM7 (3.81 ±
0.72 vs. 1.5 ± 0.44 in healthy controls) and LMP10 (2.4 ± 0.27 vs. 0.73 ± 0.31 in healthy
controls) molecules increased in the T-cell compartment (Figure 6B).
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0.35 in healthy controls) of the CLL subjects (Figure 7). 

Figure 6. Significant decrease in intracellular calnexin expression in B lymphocytes, associated with
up-regulation of TAP-1, Tapasin, LMP7 and LMP10 in the T-cell compartment, characterises CLL
subjects with stable disease. Panel (A,B) show TAP-1, TAP-2, calnexin, tapasin, calreticulin, LMP10
and LMP7 intracellular expression in B- and T-cell compartment, as indicated. As shown, significant
decrease in intracellular calnexin has been observed in the B cells of the CLL subjects, as compared
with controls; at variance significant increase in TAP-1, Tapasin, LMP10 and LMP7 was revealed in
the T lymphocytes of the CLL cohort. As detailed in the Materials and Methods Section, intracellular
immune-fluorescence data were expressed as ratio of the mean intensity fluorescence (MIF) value
for B and T cells and the control MIF value obtained after staining the same cell populations with
the isotype control mAb. Grey and white columns indicate data obtained in healthy controls (CTR
caption of (A,B) Panels) and CLL individuals (CLL caption of (A,B) Panels), respectively. Statistical
evaluation of data has been performed by means of the Mann–Whitney test. Statistical significance
values are indicated. NS indicates the not statistically significant value. The applied flow cytometry
gating strategy is reported in Section 4.2.

Extracellular expression of calreticulin represents a marker of endoplasmic reticulum
(ER) stress, usually associated with intracellular protein misfolding and immunogenic cell
death processes [63]. The extracellular calreticulin expression increased in both circulating
B (30.67 ± 4.40 vs. 13.74 ± 3.76 in healthy controls) and T lymphocytes (1.5 ± 0.22 vs.
0.71 ± 0.35 in healthy controls) of the CLL subjects (Figure 7).
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Figure 7. Higher surface calreticulin expression, as a measure of the overloading of the intracellular
protein folding capacity, characterises circulating B and T lymphocytes of CLL subjects, as compared
with healthy controls. Panel (A,B) show evaluation of surface calreticulin expression on circulating
B and T lymphocytes of CLL individuals and healthy controls, as indicated. As shown, significant
increase in the surface calreticulin expression has been revealed in both B and T cells from the CLL
subjects. As detailed in the Materials and Methods Section, immune-fluorescence data were expressed
as ratio of the mean intensity fluorescence (MIF) value for B and T cells and the control MIF value
obtained after staining the same cell populations with the isotype control mAb. Grey and white
columns indicate data obtained in healthy controls (CTR in x axis) and CLL individuals (CLL in x
axis), respectively. Statistical evaluation of data has been performed by means of the Mann–Whitney
test. Statistical significance values are indicated. The applied flow cytometry gating strategy is
reported in in Section 4.2.

In addition, the binding of the specific anti HLA-ABC mAb revealed an increase in
HLA-I surface expression when B cells and T cells from CLL subjects were cultured with IFN
α-2b (Figure 8A,B). This finding suggests that the defective expression of HLA-I molecules
in CLL B cell clones might be susceptible to cytokine-mediated in vitro restoration.
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Figure 8. In vitro treatment with interferon (IFN) α-2b significantly increases HLA-I expression on B
and T lymphocytes of CLL subjects with stable disease. Panel (A,B) indicate % increase in HLA-I
surface expression level on B and T cells of CLL subjects after an overnight culture in the presence of
medium alone or saturating concentration of IFN α-2b, as indicated in x axis. Statistical evaluation of
data has been performed by means of the Wilcoxon matched-pairs signed rank test. Statistical significance
values are indicated. The applied flow cytometry gating strategy is reported in Section 4.2.
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2.4. Circulating NK Lymphocytes from CLL Subjects with Stable Disease Show Higher Expression of
KIR2DS2 Activating Receptor and Significant Reduction of 3DL1 and NKG2A Inhibiting Molecules

We analysed the expression of both activating and inhibiting receptors on NK effectors
of CLL subjects with stable disease. Increased expression of the activating receptor KIR2S2
(CD158j) [64] in CLL patients compared to healthy donors was observed (6.10 ± 2.01
vs. 0.10 ± 0.12, respectively; p < 0.001) (Figure 9A). No differences were found in the
expression of the activating molecules Nkp46 (CD335), Nkp30 (CD337), Nkp44 (CD336) and
NKG2D [27,29,30] (Figure 9A).The expression of the activating receptor 2B4 (CD244) [65,66]
is decreased in CLL subjects (86.63 ± 4.82 vs. 99.77 ± 0.11 in healthy controls; p < 0.0005)
(Figure 9A).
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Figure 9. Analysis of activating and inhibiting receptor repertoire profile of circulating NK effectors of
CLL subjects with stable disease, as compared with healthy controls. Panel (A) shows the expression
of KIR2DS2, CD335, CD336, CD337, NKG2D, CD244, 3DL1 and CD85k on the surface of circulating
NK effectors of CLL subjects, as compared with controls. As shown, significant increase in the
activating KIR2DS2 receptor, associated with reduced level of the inhibiting structure 3DL1 has been
observed together with a decrease in the activating CD244 molecule and an increase in the inhibiting
CD85k receptor, able to bind the HLA-G molecule. Panel (B,C) show HLA-G expression level on the
surface of B and T lymphocytes of the CLL cohort, as compared with controls. Significant increase
of HLA-G expression has been revealed on both cell subsets in the CLL subjects. Grey and white
columns indicate data obtained in healthy controls (CTR caption of Panel A and in x-axis of (B,C)
Panels) and CLL individuals (CLL caption of Panel (A) and in x-axis of (B,C) Panels), respectively.
Statistical evaluation of data has been performed by means of the Mann–Whitney test. Panel (D) shows
the correlation analysis, as evaluated by the Spearman’s test, between the percentage of circulating
NK cells expressing CD85k receptor and the HLA-G level on the B lymphocytes of the CLL subjects.
Statistical significance values are indicated. NS indicates the not statistically significant value. The
applied flow cytometry gating strategy is reported in Section 4.2.
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Analysis of the inhibitory receptors 3DL1 (CD158e1/e2) and CD85k (ILT3), which
binding to HLA-G molecules mediates NK inhibition [67–69], revealed reduced levels of the
3DL1 (12.63 ± 3.05 vs. 21.12 ± 4.10 in healthy controls; p < 0.05) associated with increased
expression of CD85k (1.60 ± 0.29 vs. 0.41 ± 0.09 in healthy controls; p < 0.01) (Figure 9A).

Intriguingly, an increase in HLA-G was detected in circulating B cells (26.07 ± 3.78 vs
10.03 ± 0.99 in healthy controls; p < 0.005) and T cells (1.41 ± 0.2 vs. 0.8 ± 0.09 in healthy
controls; p < 0.05) from subjects with CLL (Figure 9B,C).

An inverse correlation was observed between the expression of HLA-G on B lym-
phocytes and the level of CD85k, the specific HLA-G receptor, on NK effectors of CLL
individuals (Spearman r = 0.522; p < 0.05) (Figure 9D).

Expression of the NK receptors on the CTL has been extensively described [70–72]. In
CLL subjects, analysis of the CTL receptor repertoire revealed an increased KIR2S2 (CD158j)
expression (3.66 ± 1.12 vs. 0.65 ± 0.29 in healthy controls), while no difference was
observed for the other receptors (CD335, CD336, CD337, NKG2D, CD244, CD158e1/e2 and
CD85k) (Figure 10A). No significant correlation was revealed between HLA-G expression
on circulating B cells from the CLL subjects and CD85k expression on peripheral CTL,
although a negative correlation trend has been observed (Spearman r= −0.265) (Figure 10B).
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Figure 10. Analysis of receptor repertoire profile of circulating CTL effectors of CLL subjects with
stable disease, as compared with healthy controls. Panel (A) shows the expression of KIR2DS2, CD335,
CD336, CD337, NKG2D, CD244, 3DL1 and CD85k on the surface of circulating CD8+ T-cell effectors
of CLL subjects, as compared with controls. As shown, significant increase in the activating KIR2DS2
receptor has been observed. Grey and white columns indicate data obtained in healthy controls
(CTR caption of Panel (A)) and CLL individuals (CLL caption of Panel (A)), respectively. Statistical
evaluation of data has been performed by means of the Mann–Whitney test. Panels (B) shows the
correlation analysis, as evaluated by the Spearman’s test, between the percentage of circulating CD8+

T cells expressing CD85k receptor and the HLA-G level on the B lymphocytes of the CLL subjects
with stable disease. Statistical significance values are indicated. NS indicates the not statistically
significant value. The applied flow cytometry gating strategy is reported in Section 4.2.
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Altered HLA-E molecule expression by B lymphocytes has been described in CLL [73,74].
Our data confirm such observation in CLL circulating B cells (15.24 ± 1.80 vs. 3.31 ± 1.27
in healthy controls), while no significant difference was revealed in the HLA-E expression
by T cells of the CLL subjects with respect to controls (1.36 ± 0.19 vs. 0.79 ± 0.18 in healthy
controls) (Figure 11A,B, respectively).
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Figure 11. Analysis of HLA-E on B and T lymphocytes, and of NKG2A and NKG2C expression on
circulating NK effectors of CLL subjects with stable disease. Panel (A,B) show the expression level
of the HLA-E molecule on the surface of B and T lymphocytes, respectively. Significant increase in
the HLA-E molecule on the surface of CLL B lymphocytes has been observed. Panel C shows the
percentage of the HLA-E binding receptors NKG2A and NKG2C on circulating NK lymphocytes of
the CLL cohort, as compared with controls. As shown, significant reduction of the inhibiting NKG2A
receptor has been observed in the LLC cohort. Grey and white columns indicate data obtained in
healthy controls (CTR in x-axis of A and B Panels and CTR caption in (C) Panel) and CLL individuals
(CLL in x-axis of (A,B) Panels and CLL caption of C Panel) respectively. Statistical evaluation of data
has been performed by means of the Mann–Whitney test. Panels (D,E) show the correlation analysis,
as evaluated by the Spearman’s test, between the percentage of circulating NK cells expressing NKG2A
or NKG2C receptors and the HLA-E expression level on the B lymphocytes of the CLL subjects with
stable disease. Statistical significance values are indicated. NS indicates the not statistically significant
value. The applied flow cytometry gating strategy is reported in Section 4.2.

HLA-E molecule binding with NK effectors has been described to generate key in-
hibitory signals, mediated by the NKG2A receptor as well as activation of the NK cells
after binding with the NKG2C molecule [75–77]. We observed a reduced NKG2A ex-
pression on NK cells of CLL subjects (36.63 ± 3.41 vs. 54.12 ± 3.45 in healthy controls;
p < 0.01), while no difference was revealed in the level of NKG2C expression between
CLL subjects and healthy individuals (Figure 11C). No correlation was observed between
NKG2A and NKG2C expression on NK cells and HLA-E expression on CLL B lympho-
cytes (Figure 11D,E, respectively). In this context, a trend of negative association was re-
vealed (Spearman r = 0.187 for NKG2A/HLA-E; Spearman r = −0.254 for NKG2C/HLA-E)
(Figure 11D,E, respectively).
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A decrease in NKG2A was observed in the CTL from CLL subjects (2.42 ± 0.35 vs.
7.63 ± 2.11 in healthy controls; p < 0.005), while no difference was revealed in NKG2C
expression (Figure 12A).
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Figure 12. Comparative analysis of NKG2A and NKG2C receptor expression on circulating CTL
effectors of CLL subjects with stable disease, as compared with healthy controls. Panel (A) shows the
percentage of the HLA-E binding receptors NKG2A and NKG2C on circulating CD8+ T lymphocytes
of the CLL subjects, as compared with controls. As shown, significant reduction in the inhibiting
NKG2A receptor has been observed in the LLC cohort. Grey and white columns indicate data
obtained in healthy controls (CTR caption of Panel (A)) and CLL individuals (CLL caption of Panel
(A)), respectively. Statistical evaluation of data has been performed by means of the Mann–Whitney
test. Panels (B,C) show the correlation analysis, as evaluated by the Spearman’s test, between the
percentage of circulating CTL expressing NKG2A or NKG2C receptors and the HLA-E expression
level on the B lymphocytes of the CLL subjects. Statistical significance values are indicated. NS
indicates the not statistically significant value. The applied flow cytometry gating strategy is reported
in Section 4.2. No differences were revealed between the level of NKG2A/NKG2C on CTL and the
expression of HLA-E on B lymphocytes of CLL subjects (Panel (B,C), respectively). Taken together,
these data indicate that an activation profile appears to characterise the NK effector recognition
repertoire of CLL subjects with stable disease.

3. Discussion

Here, we describe that the reduced expression of HLA-A and HLA-BC Class-I molecules
on B lymphocytes is accompanied by the expression of an activation profile by both adap-
tive and innate cytotoxic effectors in CLL subjects with stable disease. Indeed, we observed
an increased CD54 expression, a greater IFN-γ production by CTL and the presence of a
NK receptor repertoire with preferential expression of activating molecules in our cohort of
CLL patients.

To investigate on the role of immune-mediated pathways in the control of CLL progres-
sion, we analysed the immune profile of the CLL subjects with stable disease, as compared
with a cohort of 20 sex/age matched healthy controls. In this model, we focused on cyto-
toxic effectors as well as IFN-γ dependent pathways, largely described to play a key role in
the control of cancer progression [9–18].
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We confirmed the already described reduction of T and NK percentage, with numerical
increase in both cell types in patients affected by CLL [19–24,78–80]. In addition, we also
observed the decreased CD4/CD8 T-cell ratio [19–22,78–80] in our CLL cohort. These data
suggest that a higher proportion of circulating CTL characterises the T-cell compartment in
CLL subjects with stable disease. The functions of immune effectors have been described to
depend on cell-mediated regulatory networks involving Treg [41–45] and TR3-56-cell subset
that we recently described to preferentially modulate CTL effectiveness in autoimmune [51]
and in tumour disease [52,81,82].

Our data indicate that the Treg and TR3-56 percentages decreased when evaluated
on total lymphocytes, but increased when they are specifically analysed in the T-cells
compartment alone. Furthermore, the absolute number of circulating Treg and TR3-56 is
significantly higher in CLL patients when compared to healthy controls. Since lymphocytes
are mainly composed of B cells in CLL patients, the small percentage of T cells within the
lymphocyte compartment appears to exhibit a preferential expansion of Treg and TR3-56
regulatory cell subsets, as a possible immune escape mechanism. Our data confirm the Treg
expansion in CLL [78–80] and highlight an expansion also of the recently characterised
regulatory TR3-56 population [51,52,81,82].

In our CLL cohort, we observed the increased CD54 expression, largely associated with
antigen-dependent T-cell activation [52,55–57], together with increased IFN-γ production
by CTL. Such a profile is conceivable with the involvement of adaptive cytotoxic effectors
in the control of leukemic B cells, potentially fostering the establishment of a stable CLL
disease [16,17,19,20,78–80].

The expression of HLA-I, required for CTL-dependent recognition of antigens, has
been extensively related to the immune-mediated control of cancer initiation/progression,
as well as to the efficacy of immunotherapy in mouse and human models [32–38]. In
this regard, the altered expression of HLA-I has been described to have a relevant role in
the immuno-editing processes of the tumour context [34–38]. Modulation of the expres-
sion of individual HLA-I loci/alleles has been implicated in determining defective CTL
activation [34–39].

In this article, we describe a reduced expression of HLA-A and HLA-BC molecules on
B cells from CLL subjects with stable disease, without changes in the T-cell compartment.
To investigate the mechanisms underlying HLA-I altered expression, we analysed the APM
molecules [36–38], essential for the correct assembly of the HLA-I. We observed a reduced
surface expression of HLA-A and -BC molecules, associated with defective intracellular
calnexin levels in B lymphocytes from CLL individuals. Conversely, we found that the
unaffected surface HLA-I expression is accompanied by an increase in intracellular TAP-1,
Tapasin, LMP7 and LMP10 APM molecules in the T-cell compartment. Such features are
conceivable with the hypothesis of an ongoing selection process mediated by activated
CTL, able to preferentially target tumoral B-cell compartment, as largely proposed [37,38].
Based on our data, we can speculate that the increased IFN-γ production by CTL may
induce APM molecules in circulating T lymphocytes of CLL individuals, also affecting
surface calreticulin expression, usually associated with the occurrence of an overloading of
the intracellular protein folding by B and T cells, as well as with immunogenic cell death
processes [63]. The lack of HLA-I expression by cancer cells has been associated with the
inability to respond to the immune therapeutic approaches [36–38]. In this context, multiple
attempts to restore HLA-I expression in clinical settings have been proposed [36–38]. Here, we
demonstrated that in vitro IFN α-2b treatment of B and T cells, obtained from individuals
with stable CLL, increased their HLA-I surface expression. Therefore, it is conceivable that
leukemic B cells in our cohort of CLL subjects with stable disease are potentially susceptible
to cytokine-mediated HLA-I upregulation, as described [83].
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Overall, our data suggest that the presence of activated CTL might be involved in
the control of the expansion of transformed B-cell clones, as well as in the modulation
of HLA-I expression on B lymphocytes in CLL subjects with stable disease. However,
in order to demonstrate the relevance of this hypothesis in CLL subjects, further studies
evidencing similarities and/or differences between subjects with stable and advanced-stage
CLL regarding the functional role of both the CD8 or CD4 expressing TR5-56 lymphocytes
will be needed [50,51] (see also Study Limitations).

Moreover, we analysed the NK receptor repertoire expressed by circulating NK lym-
phocytes [27–30] and by CTL of CLL subjects [70–72]. In this regard, we observed a signifi-
cant up-regulation of the activating receptor KIR2S2 [64] in NK cells from CLL subjects,
without significant changes in the expression of other activating molecules CD335, CD336,
CD337, NKG2D and NKG2C [27–30,77]. We highlighted a reduced expression of CD244,
already demonstrated to participate in activation processes in human NK models [65,66].
Concerning the inhibitory receptor repertoire of NK effectors in the CLL cohort, a significant
down-modulation of 3DL1 and NKG2A [75–77] inhibitory molecules was revealed, while
an increased level of the HLA-G binding CD85k receptor was observed [67,68]. Further-
more, we described that NK-dependent IFN-γ production was not significantly different
from healthy controls. In addition, we found an increase in the activating KIR2S2 [64],
accompanied by a reduction of the inhibitory NKG2A molecule [75–77] on CTL, in our
cohort of CLL patients.

The role of altered HLA-G [78,80,81] expression in CLL is still controversial and of
unclear prognostic significance [81]. Here, we demonstrated a preferentially increased
expression of HLA-G on B cells, but not on T cells, from CLL patients with stable disease.
Furthermore, we described a correlation between HLA-G expression by B cells and the
percentage of the HLA-G binding inhibitory receptor CD85k on NK effectors in CLL
subjects, while no significant correlation between HLA-G on B cells and CD85k expression
by T lymphocytes was observed. The ability of HLA-G to induce CD85k expression on
lymphoid human cell lines has been also observed [69]. Altered HLA-E molecule expression
by B lymphocytes has been described in CLL [26] and is confirmed in our cohort. In this
regard, no significant correlation was observed between B lymphocyte HLA-E expression
and the HLA-E binding molecules NKG2A and NKG2C in the NK compartment or CTL
compartment of subjects with CLL.

Taken together, our data suggest that circulating CTLs exhibit a potential activation
profile involving TCR and NK-receptor-dependent pathways in CLL individuals with
stable disease. In this regard, a more complex profile was observed in NK cells. Indeed, a
significant up-regulation of the activating receptor KIRDS2, with a decrease in the level of
the 3DL1 and NKG2A inhibitory molecules, is accompanied by both a reduced expression
of the activating molecule CD244 and an increasing amount of the inhibitory receptor
CD85k. Alterations of HLA class I molecules, as well as HLA-G and HLA-E, on B cells are
of potential interest, as they could represent a putative escape mechanism of neoplastic
clone B from CTL and NK recognition in CLL patients with stable disease. However,
since the balance between the control of CTL and NK effectors may be crucial for disease
determinism and outcomes, further studies of the functional mechanisms of the immune
response and its regulation in CLL disease are needed (see Study Limitations).

4. Materials and Methods
4.1. Patients and Controls

Twenty-six patients, diagnosed as stage 0–1 LLC, according to Rai system, and as stage
A, according to Binet system [84], all belonging to the Low Risk category, according to the
CLL-IPI score [85], were enrolled in the study. Detailed description of clinical characteristic
of our cohort is reported in Table 1.
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Table 1. Patient clinical and haematological characteristics.

Parameters Mean ± SD Range

Male/Female ratio 15:11
Age (years) 68 ± 7.23 45–74

Duration of illness (years) 8.91 ± 4.46 3–18
Haemoglobin (g/dL) 13.79 ± 1.26 11.9–16.5

Platelet count (×109/L) 188.2 ± 65.85 107–384
White blood cell count (×109/L) 24.82 ± 22.92 5.86–109.2

Neutrophil count (×109/L) 9.97 ± 8.59 0.61–34.94
Lymphocyte count (×109/L) 15.97 ± 15.59 3.96–74.26

Patients did not show lymphadenopathy greater than 2 cm in all the superficial lymph-node stations; the splenic
dimensions are stable over time, with a splenic volume ranging between 250 and 400 mL.

Twenthy healthy donors, sex/age matched with CLL subjects, were also enrolled in
the study.

Informed consent was obtained from each individual before each sample collection.
Study was approved by the local Ethical Committee (protocol n. 347/19). None of the
patients recruited was receiving immune-modifying medical treatments. Enrolled patients
were not affected by immune-mediated diseases and acute or chronic viral infections.

4.2. Immune-Fluorescence and Flow Cytometry

FITC, PE, PEcy5, PEcy7 and APC labelled anti-CD3, -CD4, -CD8, -CD56, -CD25, -CD45,
-CD54, -NKG2D, -HLA-E, -HLA-G and control isotype-matched monoclonal antibodies
(mAbs) were purchased from BD PharMingen (San Jose, CA). FITC and PE-labelled anti-
CD158j, -CD158e1/e2, -CD85, -nkp44, -CD244, -CD335, -CD337 mAbs were purchased
from Beckman-Coulter, Paris, France. PE-labelled anti-NKG2A, -NKG2C mAbs were from
R&D Systems, Inc. (Minneapolis, MN, USA). The TP 25.99.8.4 (anti-HLA-A, -HLA-B and
-HLA-C associated with β2m) [58], LGIII-147.4.1 (anti-HLA-A associated with β2m) [59],
B1.23.1 (anti-HLA-B and -C associated with β2m) [60], L368 (anti- β2m) [61], NOB-1 (anti-
TAP1) [58] NOB-2 (anti- TAP2) [61], TO-5 (anti-calnexin) [62], TO-11 (anti-calreticulin) [62],
TO-3 (anti-tapasin) [62], TO-7 (anti-LMP10) [61], Sy-3 (anti-LMP7) [63] mAbs were donated
by Prof. Soldano Ferrone from Massachusetts General Hospital USA, and have been largely
described for the characterisation of HLA and APM molecules in human tumours [36–38].
To analyse Foxp3 expression, intracellular staining was performed by using the anti-human
Foxp3 kit (eBioscience, San Diego, CA, USA), following the manufacturer’s instructions.
Anti-human interferon (IFN)-γ and isotype-matched mAbs were purchased from Becton
Dickinson PharMingen, San Jose, CA, USA. The production of IFN-γ has been analysed by
culturing purified peripheral blood mononuclear cells (PBMC) overnight in the presence of
PMA and Ionomycin (Sigma-Aldrich, St. Louis, MO, USA). To avoid extracellular cytokine
export, the cultures were incubated in the presence of 5 µg/mL of Brefeldin-A (Sigma-
Aldrich), as described [86]. Intracellular staining with the specific mAbs was performed by
a fixing/permeabilisation kit (Caltag, Burlingame, CA, USA), following the manufacturer’s
instructions. INF α-2b was from Sigma-Aldrich.

TR3-56 lymphocytes have been identified by the co-staining with anti-human CD3 and
anti-human CD56 mAb, as described [51,52]. All phenotypes referred to flow cytometry
analysis of the lymphocyte population gated by using Forward Scatter (FSC) and Side Scatter
(SSC) parameters, as well as CD45 labelling.

Flow cytometry and data analysis were performed by a two-laser equipped FACScal-
ibur apparatus and the CellQuest analysis software (Becton Dickinson). Flow cytometry
gating strategy is reported in Figure 13.
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Figure 13. Flow cytometry gating strategy for analysis of CLL subjects with stable disease. Panel (A)
shows the R1 gating on circulating CD45+ cells of the CLL subjects. From R1 region, we identified
CD3+ T cells (R2, Panel (B)). From R2, we gated the CD3+ CD8- (R3, Panel (C)) and CD3+ CD8+ T
cells (R4, Panel (C)). From R3 region, we observed CD4+ Foxp3+ Treg (R5, Panel (E)). From R1 region
(Panel (A)), we identified CD3+ CD56+ TR3-56 cells (R6, Panel (D)) and CD3- CD56+ NK lymphocytes
(R7, Panel (D)). From R1 gate, the B cells were identified by the CD19 expression (R8, Panel (B)). The
figure reports one representative experiment performed in CCL subjects.

For the comparative analysis of CD54 expression on T lymphocytes as well as of HLA-I
and APM molecule expression in B and T cells, immune-fluorescence data were expressed
as ratio of mean intensity fluorescence (MIF) value for each lymphocyte subset and the
control MIF value obtained after staining the same cell population with the isotype control
mAb, as described [5,52].

4.3. Statistical Analysis

Statistical evaluation of data, by InStat 3.0 software (GraphPad Software Inc., San
Diego, CA, USA), was performed by Mann–Whitney, Wilcoxon matched-pairs signed rank test
or Spearman’s correlation test, as indicated. Two-sided p values less than 0.05 were considered
significant.

5. Conclusions

Our observations are conceivable with the hypothesis that the functional efficacy of
innate and adaptive cytotoxic immune effectors may participate in the immunological
scenario underlying disease stability in chronic lymphocytic leukaemia (CLL). Indeed, we
described an overactivated profile of adaptive cytotoxic T lymphocytes (CTL), while the
receptor-activating natural killer (NK) lymphocyte repertoire was substantially maintained
in a cohort of CLL subjects with stable disease.

Stable CLL could be considered as a peculiar case of a long-term equilibrium between
the clonally transformed B-cell population and immune-mediated antineoplastic activity.
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Our data suggest the potential role of some of the immune mechanisms underlying this
unique condition. However, further functional studies are needed to understand whether
these mechanisms are actually present in CLL and to explore on the complex scenario
underlying CLL pathogenesis/progression (see Study Limitations). Characterisation of
the complex interaction between CLL leukaemia cells and immune effectors is extremely
useful not only for a better understanding of CLL pathophysiology, but could add key
information for designing innovative immunotherapeutic strategies.

Study Limitations

This research is based on the immunophenotypic characterisation of immune effectors
and molecules involved in antigen recognition and not on functional analysis. The present
study only includes observations on patients with stable CLL and not patients with unstable
and/or advanced CLL, as the latter enrolled cohorts that were too small and did not
allow for robust statistical analysis. Therefore, future studies are needed to demonstrate
functional correlates between immune response regulation and its impact on CLL disease
determinism, including stable and unstable CLL patients.
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46. Tomaszewicz, M.; Ronowska, A.; Zieliński, M.; Jankowska-Kulawy, A.; Trzonkowski, P. T regulatory cells metabolism: The

influence on functional properties and treatment potential. Front. Immunol. 2023, 14, 1122063. [CrossRef] [PubMed]
47. Roncarolo, M.G.; Gregori, S.; Bacchetta, R.; Battaglia, M.; Gagliani, N. The Biology of T Regulatory Type 1 Cells and Their

Therapeutic Application in Immune-Mediated Diseases. Immunity 2018, 49, 1004–1019. [CrossRef]
48. Jia, X.; Zhai, T.; Wang, B.; Yao, Q.; Li, Q.; Mu, K.; Zhang, J.A. Decreased number and impaired function of type 1 regulatory T cells

in autoimmune diseases. J. Cell. Physiol. 2019, 234, 12442–12450. [CrossRef]
49. Carrier, Y.; Yuan, J.; Kuchroo, V.K.; Weiner, H.L. Th3 cells in peripheral tolerance. I. Induction of Foxp3-positive regulatory T cells

by Th3 cells derived from TGF-beta T cell-transgenic mice. J. Immunol. 2007, 178, 179–185. [CrossRef]
50. Mori, L.; Lepore, M.; De Libero, G. The Immunology of CD1- and MR1-Restricted T Cells. Annu. Rev. Immunol. 2016, 34, 479–510.

[CrossRef]
51. Terrazzano, G.; Bruzzaniti, S.; Rubino, V.; Santopaolo, M.; Palatucci, A.T.; Giovazzino, A.; La Rocca, C.; de Candia, P.; Puca,

A.; Perna, F.; et al. T1D progression is associated with loss of CD3+CD56+ regulatory T cells that control CD8+ T cell effector
functions. Nat. Metab. 2020, 2, 142–152. [CrossRef]

52. Leone, S.; Rubino, V.; Palatucci, A.T.; Giovazzino, A.; Carriero, F.; Cerciello, G.; Pane, F.; Ruggiero, G.; Terrazzano, G. Bone
marrow CD3+ CD56+ regulatory T lymphocytes (TR3-56 cells) are inversely associated with activation and expansion of bone
marrow cytotoxic T cells in IPSS-R very-low/low risk MDS patients. Eur. J. Haematol. 2022, 109, 398–405. [CrossRef] [PubMed]

53. Piper, K.P.; Karanth, M.; McLarnon, A.; Kalk, E.; Khan, N.; Murray, J.; Pratt, G.; Moss, P.A. Chronic lymphocytic leukaemia cells
drive the global CD4+ T cell repertoire towards a regulatory phenotype and leads to the accumulation of CD4+ forkhead box P3+
T cells. Clin. Exp. Immunol. 2011, 166, 154–163. [CrossRef]

54. Jak, M.; Mous, R.; Remmerswaal, E.B.; Spijker, R.; Jaspers, A.; Yagüe, A.; Eldering, E.; Van Lier, R.A.; Van Oers, M.H. Enhanced
formation and survival of CD4+ CD25hi Foxp3+ T-cells in chronic lymphocytic leukemia. Leuk. Lymphoma 2009, 50, 788–801.
[CrossRef] [PubMed]

55. Zuckerman, I.A.; Pullen, I.; Miller, J. Functional consequences of costimulation by ICAM-1 on T cell activation. J. Immunol. 1998,
160, 3259–3268. [CrossRef]

56. Hodge, J.W.; Chakraborty, M.; Kudo-Saito, C.; Garnett, C.T.; Jeffrey Schlom, J. Multiple costimulatory modalities enhance CTL
avidity. J. Immunol. 2005, 174, 5994–6004. [CrossRef]

57. Giovazzino, A.; Leone, S.; Rubino, V.; Palatucci, A.T.; Cerciello, G.; Alfinito, F.; Pane, F.; Ruggiero, G.; Terrazzano, G. Reduced
regulatory T cells (Treg) in bone marrow preferentially associate with the expansion of cytotoxic T lymphocytes in low risk MDS
patients. Br. J. Haematol. 2019, 185, 357–360. [CrossRef]

https://doi.org/10.1089/vim.2019.0195
https://www.ncbi.nlm.nih.gov/pubmed/32286180
https://doi.org/10.1158/1078-0432.CCR-21-3501
https://www.ncbi.nlm.nih.gov/pubmed/35861868
https://doi.org/10.1111/imm.13114
https://doi.org/10.1007/978-3-030-17864-2_2
https://doi.org/10.1111/tan.12898
https://www.ncbi.nlm.nih.gov/pubmed/27659281
https://doi.org/10.1007/978-1-4939-9773-2_15
https://doi.org/10.1016/j.trecan.2021.07.006
https://doi.org/10.1007/s00262-008-0601-7
https://doi.org/10.1038/leu.2011.30
https://doi.org/10.1038/nrg2703
https://doi.org/10.1038/s41577-020-0391-5
https://www.ncbi.nlm.nih.gov/pubmed/32782357
https://doi.org/10.1126/science.1079490
https://www.ncbi.nlm.nih.gov/pubmed/12522256
https://doi.org/10.1038/emm.2017.313
https://doi.org/10.1016/j.immuni.2022.10.006
https://doi.org/10.3389/fimmu.2023.1122063
https://www.ncbi.nlm.nih.gov/pubmed/37033990
https://doi.org/10.1016/j.immuni.2018.12.001
https://doi.org/10.1002/jcp.28092
https://doi.org/10.4049/jimmunol.178.1.179
https://doi.org/10.1146/annurev-immunol-032414-112008
https://doi.org/10.1038/s42255-020-0173-1
https://doi.org/10.1111/ejh.13822
https://www.ncbi.nlm.nih.gov/pubmed/35775392
https://doi.org/10.1111/j.1365-2249.2011.04466.x
https://doi.org/10.1080/10428190902803677
https://www.ncbi.nlm.nih.gov/pubmed/19452318
https://doi.org/10.4049/jimmunol.160.7.3259
https://doi.org/10.4049/jimmunol.174.10.5994
https://doi.org/10.1111/bjh.15496


Int. J. Mol. Sci. 2023, 24, 9596 21 of 22

58. Gattoni-Celli, S.; Calorini, L.; Byers, H.R.; Etoh, T.; Wang, Z.; Ferrone, S. Abnormalities in HLA class I antigen expression by
melanoma cells: Structural characterization and functional implications. J. Invest. Dermatol. 1993, 100 (Suppl. S2), 226S–230S.
[CrossRef] [PubMed]

59. Wang, X.; Liang, B.; Rebmann, V.; Lu, J.; Celis, E.; Kageshita, T.; Grosse-Wilde, H.; Ferrone, S. Specificity and functional
characteristics of anti-HLA-A mAbs LGIII-147.4.1 and LGIII-220.6.2. Tissue Antigens 2003, 62, 139–148. [CrossRef]

60. Rebaï, N.; Malissen, B. Structural and genetic analyses of HLA class I molecules using monoclonal xenoantibodies. Tissue Antigens
1983, 22, 107–117. [CrossRef]

61. Bandoh, N.; Ogino, T.; Cho, H.S.; Hur, S.Y.; Shen, J.; Wang, X.; Kato, S.; Miyokawa, N.; Harabuchi, Y.; Ferrone, S. Development
and characterization of human constitutive proteasome and immunoproteasome subunit-specific monoclonal antibodies. Tissue
Antigens 2005, 66, 185–194. [CrossRef] [PubMed]

62. Ogino, T.; Wang, X.; Kato, S.; Miyokawa, N.; Harabuchi, Y.; Ferrone, S. Endoplasmic reticulum chaperone-specific monoclonal
antibodies for flow cytometry and immunohistochemical staining. Tissue Antigens 2003, 62, 385–393. [CrossRef]

63. Kepp, O.; Menger, L.; Vacchelli, E.; Locher, C.; Adjemian, S.; Yamazaki, T.; Martins, I.; Sukkurwala, A.Q.; Michaud, M.; Senovilla,
L.; et al. Crosstalk between ER stress and immunogenic cell death. Cytokine Growth Factor. Rev. 2013, 24, 311–318. [CrossRef]

64. Saulquin, X.; Gastinel, L.N.; Vivier, E. Crystal structure of the human natural killer cell activating receptor KIR2DS2 (CD158j). J.
Exp. Med. 2003, 197, 933–938. [CrossRef]

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

66. Sivori, S.; Falco, M.; Marcenaro, E.; Parolini, S.; Biassoni, R.; Bottino, C.; Moretta, L.; Moretta, A. Early expression of triggering
receptors and regulatory role of 2B4 in human natural killer cell precursors undergoing in vitro differentiation. Proc. Natl. Acad.
Sci. USA 2002, 99, 4526–4531. [CrossRef]

67. Brull, A.E.; Rost, F.; Oderbolz, J.; Kirchner, F.R.; Leibundgut-Landmann, S.; Oxenius, A.; Joller, N. CD85k Contributes to Regulatory
T Cell Function in Chronic Viral Infections. Int. J. Mol. Sci. 2020, 22, 31. [CrossRef] [PubMed]

68. Attia, J.V.D.; Dessens, C.E.; van de Water, R.; Houvast, R.D.; Kuppen, P.J.K.; Krijgsman, D. The Molecular and Functional
Characteristics of HLA-G and the Interaction with Its Receptors: Where to Intervene for Cancer Immunotherapy? Int. J. Mol. Sci.
2020, 21, 8678. [CrossRef]

69. LeMaoult, J.; Zafaranloo, K.; Le Danff, C.; Carosella, E.D. HLA-G up-regulates ILT2, ILT3, ILT4, and KIR2DL4 in antigen
presenting cells, NK cells, and T cells. FASEB J. 2005, 19, 662–664. [CrossRef]

70. Koh, J.Y.; Kim, D.U.; Moon, B.H.; Shin, E.C. Human CD8+ T-Cell Populations That Express Natural Killer Receptors. Immune
Netw. 2023, 23, e8. [CrossRef]

71. Meresse, B.; Curran, S.A.; Ciszewski, C.; Orbelyan, G.; Setty, M.; Bhagat, G.; Lee, L.; Tretiakova, M.; Semrad, C.; Kistner, E.; et al.
Reprogramming of CTLs into natural killer-like cells in celiac disease. J. Exp. Med. 2006, 203, 1343–1355. [CrossRef] [PubMed]

72. Correia, M.P.; Stojanovic, A.; Bauer, K.; Juraeva, D.; Tykocinski, L.O.; Lorenz, H.M.; Brors, B.; Cerwenka, A. Distinct human
circulating NKp30+FcεRIγ+CD8+ T cell population exhibiting high natural killer-like antitumor potential. Proc. Natl. Acad. Sci.
USA 2018, 115, E5980–E5989. [CrossRef] [PubMed]

73. Braud, V.M.; Allan, D.S.; O’Callaghan, C.A.; Söderström, K.; D’Andrea, A.; Ogg, G.S.; Lazetic, S.; Young, N.T.; Bell, J.I.; Phillips,
J.H.; et al. HLA-E binds to natural killer cell receptors CD94/NKG2A, B and C. Nature 1998, 391, 795–799. [CrossRef]

74. Wagner, B.; da Silva Nardi, F.; Schramm, S.; Kraemer, T.; Celik, A.A.; Dürig, J.; Horn, P.A.; Dührsen, U.; Nückel, H.; Rebmann, V.
HLA-E allelic genotype correlates with HLA-E plasma levels and predicts early progression in chronic lymphocytic leukemia.
Cancer 2017, 123, 814–823. [CrossRef] [PubMed]

75. Wada, H.; Matsumoto, N.; Maenaka, K.; Suzuki, K.; Yamamoto, K. The inhibitory NK cell receptor CD94/NKG2A and the
activating receptor CD94/NKG2C bind the top of HLA-E through mostly shared but partly distinct sets of HLA-E residues. Eur.
J. Immunol. 2004, 34, 81–90. [CrossRef]

76. Lee, N.; Llano, M.; Carretero, M.; Ishitani, A.; Navarro, F.; López-Botet, M.; Geraghty, D.E. HLA-E is a major ligand for the natural
killer inhibitory receptor CD94/NKG2A. Proc. Natl. Acad. Sci. USA 1998, 95, 5199–5204. [CrossRef]

77. Pende, D.; Falco, M.; Vitale, M.; Cantoni, C.; Vitale, C.; Munari, E.; Bertaina, A.; Moretta, F.; Del Zotto, G.; Pietra, G.; et al. Killer
Ig-Like Receptors (KIRs): Their Role in NK Cell Modulation and Developments Leading to Their Clinical Exploitation. Front.
Immunol. 2019, 10, 1179. [CrossRef] [PubMed]

78. Roessner, P.M.; Seiffert, M. T-cells in chronic lymphocytic leukemia: Guardians or drivers of disease? Leukemia 2020, 34, 2012–2024.
[CrossRef]

79. Vlachonikola, E.; Stamatopoulos, K.; Chatzidimitriou, A. T Cells in Chronic Lymphocytic Leukemia: A Two-Edged Sword. Front.
Immunol. 2021, 11, 612244. [CrossRef]

80. Man, S.; Henley, P. Chronic lymphocytic leukaemia: The role of T cells in a B cell disease. Br. J. Haematol. 2019, 186, 220–233.
[CrossRef]

81. Serio, B.; Bertolini, A.; Gorrese, M.; Ferrara, I.; Campana, A.; Morini, D.; Picone, F.; Manzo, P.; Selleri, C.; Giudice, V. Persistent
decreased bone marrow CD3+ CD56+ T lymphocytes are inversely associated with mature granulocytes in myelodysplastic
syndromes. Eur. J. Haematol. 2023, 110, 575–577. [CrossRef] [PubMed]

82. Rubino, V.; Leone, S.; Carriero, F.; Pane, F.; Ruggiero, G.; Terrazzano, G. The potential etiopathogenetic role and diagnostic utility
of CD3+ CD56+ regulatory T lymphocytes in Myelodysplastic Syndromes. Eur. J. Haematol. 2023, 110, 578–579. [CrossRef]

https://doi.org/10.1038/jid.1993.40
https://www.ncbi.nlm.nih.gov/pubmed/8433012
https://doi.org/10.1034/j.1399-0039.2003.00087.x
https://doi.org/10.1111/j.1399-0039.1983.tb01176.x
https://doi.org/10.1111/j.1399-0039.2005.00462.x
https://www.ncbi.nlm.nih.gov/pubmed/16101829
https://doi.org/10.1034/j.1399-0039.2003.00114.x
https://doi.org/10.1016/j.cytogfr.2013.05.001
https://doi.org/10.1084/jem.20021624
https://doi.org/10.3390/cancers12071755
https://www.ncbi.nlm.nih.gov/pubmed/32630303
https://doi.org/10.1073/pnas.072065999
https://doi.org/10.3390/ijms22010031
https://www.ncbi.nlm.nih.gov/pubmed/33375121
https://doi.org/10.3390/ijms21228678
https://doi.org/10.1096/fj.04-1617fje
https://doi.org/10.4110/in.2023.23.e8
https://doi.org/10.1084/jem.20060028
https://www.ncbi.nlm.nih.gov/pubmed/16682498
https://doi.org/10.1073/pnas.1720564115
https://www.ncbi.nlm.nih.gov/pubmed/29895693
https://doi.org/10.1038/35869
https://doi.org/10.1002/cncr.30427
https://www.ncbi.nlm.nih.gov/pubmed/27859015
https://doi.org/10.1002/eji.200324432
https://doi.org/10.1073/pnas.95.9.5199
https://doi.org/10.3389/fimmu.2019.01179
https://www.ncbi.nlm.nih.gov/pubmed/31231370
https://doi.org/10.1038/s41375-020-0873-2
https://doi.org/10.3389/fimmu.2020.612244
https://doi.org/10.1111/bjh.15918
https://doi.org/10.1111/ejh.13932
https://www.ncbi.nlm.nih.gov/pubmed/36660773
https://doi.org/10.1111/ejh.13931


Int. J. Mol. Sci. 2023, 24, 9596 22 of 22

83. Sriram, U.; Biswas, C.; Behrens, E.M.; Dinnall, J.A.; Shivers, D.K.; Monestier, M.; Argon, Y.; Gallucci, S. IL-4 suppresses dendritic
cell response to type I interferons. J. Immunol. 2007, 179, 6446–6455. [CrossRef] [PubMed]

84. Hallek, M.; Cheson, B.D.; Catovsky, D.; Caligaris-Cappio, F.; Dighiero, G.; Döhner, H.; Hillmen, P.; Keating, M.J.; Montserrat,
E.; Rai, K.R.; et al. International Workshop on Chronic Lymphocytic Leukemia. Guidelines for the diagnosis and treatment of
chronic lymphocytic leukemia updating the National Cancer Institute- Working group 1996 guidelines. Blood 2008, 11, 5446–5456.
[CrossRef] [PubMed]

85. International CLL-IPI working group. An international prognostic index for patients with chronic lymphocytic leukemia
(CLL-IPI): A meta-analysis of individual patient data. Lancet Oncol. 2016, 17, 779–790. [CrossRef]

86. Guidetti, G.; Di Cerbo, A.; Giovazzino, A.; Rubino, V.; Palatucci, A.T.; Centenaro, S.; Fraccaroli, E.; Cortese, L.; Bonomo, M.G.;
Ruggiero, G.; et al. In Vitro Effects of Some Botanicals with Anti-Inflammatory and Antitoxic Activity. J. Immunol. Res. 2016, 2016,
5457010. [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.

https://doi.org/10.4049/jimmunol.179.10.6446
https://www.ncbi.nlm.nih.gov/pubmed/17982033
https://doi.org/10.1182/blood-2007-06-093906
https://www.ncbi.nlm.nih.gov/pubmed/18216293
https://doi.org/10.1016/S1470-2045(16)30029-8
https://doi.org/10.1155/2016/5457010

	Introduction 
	Results 
	Circulating T Cells, NK, Treg and TR3-56 in CLL Patients 
	Circulating Cytotoxic T Cells Are Characterised by an Increased Expression of CD54 and High Production of Interferon- in CLL Subjects with Stable Disease 
	A Lower Expression of HLA-A and HLA-BC Molecules and a Reduction of Intracellular Calnexin Characterise Circulating B Cells, but Not T Lymphocytes from CLL Subjects with Stable Disease 
	Circulating NK Lymphocytes from CLL Subjects with Stable Disease Show Higher Expression of KIR2DS2 Activating Receptor and Significant Reduction of 3DL1 and NKG2A Inhibiting Molecules 

	Discussion 
	Materials and Methods 
	Patients and Controls 
	Immune-Fluorescence and Flow Cytometry 
	Statistical Analysis 

	Conclusions 
	References

