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Simple Summary The goal of this review is to describe the biological and clinical implications asso-
ciated with the analysis of the immunoglobulin (also known as B-cell receptor) expressed on the
surface of the tumor cells of chronic lymphocytic leukemia (CLL). Analysis of the surface immuno-
globulin structure, levels, and signaling characteristics has regularly improved our understanding
of this leukemia for the last +20 years, since the identification of two subsets with unmutated tumor
immunoglobulin (U-CLL) and bad prognosis or mutated immunoglobulins (M-CLL) and good
prognosis. In this review, the authors will summarize how analysis of the tumor immunoglobulin
informs origin, maintenance, progression, current therapy choice, and prognosis of CLL while aim-
ing to provide clues for future investigations.

Abstract: The B-cell receptor (BCR) is essential to the behavior of the majority of normal and neo-
plastic mature B cells. The identification in 1999 of the two major CLL subsets expressing unmutated
immunoglobulin (Ig) variable region genes (U-IGHV, U-CLL) of pre-germinal center origin and
poor prognosis, and mutated IGHV (M-CLL) of post-germinal center origin and good prognosis,
ignited intensive investigations on structure and function of the tumor BCR, which have provided
fundamental insight into CLL biology and eventually the mechanistic rationale for the development
of successful therapies targeting BCR signaling. U-CLL and M-CLL are characterized by variable
low surface IgM (sIgM) expression and signaling capacity. Variability of sIgM can in part be ex-
plained by chronic engagement with (auto)antigen at tissue sites. However other environmental
elements, genetic changes, and epigenetic signatures also contribute to the sIgM variability. The
variable levels have consequences on the behavior of CLL, which will be in a state of anergy with
an indolent clinical course when sIgM expression is low or pushed towards proliferation and a more
aggressive clinical course when sIgM expression is high. Efficacy of therapies that target BTK may
also be affected by the variable sIgM levels and signaling and in part explain the development of
resistance.

Keywords; Chroniclymphocytic leukemia; B-cell receptor; surface IgM; immunogenetics; IGHV1-
69; IGHV3-21; BTK; ibrutinib; venetoclax.

1. Introduction

Chronic lymphocytic leukemia (CLL) is the most common leukemia in the adult pop-
ulation of the Western world and typically manifests as an increase of CD5+ve, CD23+ve
clonal B cells with low surface immunoglobulin (sIg) expression in the peripheral blood.
CLL cells accumulate in other tissues, including lymph nodes and bone marrow. The low
slg expression of circulating CLL cells is a diagnostic feature, which distinguishes CLL
from other mature B-cell tumors and normal B-cells [1].
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The easy access of tumor cells by a simple blood draw and the opportunity to follow
patients long term before requiring treatment has facilitated research in CLL. In the pe-
ripheral blood compartment, the CLL cells have a phenotype of activated cells, that typi-
cally express 10 times less slg than the bulk of normal B-cells [2]. However, there is a pro-
liferating compartment of Ki67+ve CLL cells in the so-called “proliferation centers” or
“pseudofollicles” of lymph nodes. These proliferation centers vaguely resemble the sec-
ondary follicles reacting to infective agents, but have significant differences in the fact that
they lack polarization into a dark and light zone and have modest evidence of T cell inter-
action. The proliferating cells represent a minor component of the total CLL clone, and the
outcome is the presence of 0.1-1% new dividing cells exiting in the peripheral blood of
CLL patients per day [3, 4].

Proliferation facilitates the acquisition of genetic mutations. Some of these, including
13q deletion, trisomy 12 and NOTCHI mutations, are early events of pathogenetic im-
portance, and systematic analyses in large cohorts of patients have revealed the potentials
of genetic profiling to stratify CLLs into prognostic subsets with different outcome fol-
lowing immunochemotherapy [5, 6]. However not all CLLs carry genetic lesions and
many of those lesions are subclonal. Also, the same lesions can be identified in normal B
cells or low-count monoclonal B-cell lymphocytosis from the general population and, like
in other mature B-cell tumors [7], cannot alone explain cancer transformation [8-10].

There is another type of mutation, that is not the result of an unrepaired error, but
rather a completely natural process that has operated in the normal B-cell before transfor-
mation into leukemia. These mutations are obtained by somatic hypermutation (10°¢ times
above background mutation rate) of the Ig genes (IG) of the heavy-chain variable region
(IGHV) and kappa (IGKV) or lambda (IGLV) paired variable light chains. This is an active
process, involving the enzyme activation-induced cytidine deaminase (AID), which is
initiated following antigen engagement and occurs in the germinal center to mature
affinity to antigens and ultimately fight infection [11, 12].

B cells can transform into a tumor at any stage during their differentiation and
analysis of the IG rearrangements can define that stage [13]. The observations that CLL
arises from B cells with unmutated or mutated IG, and that IG status of the CLL clone
informs patient’s prognosis [14, 15], has opened a long series of investigations on the
meaning of B-cell receptor (BCR) structure and function in CLL, ultimately leading to the
development of a class of drugs, commonly called BCR-associated kinase inhibitors, that
are now dominating the therapeutic scene for patients with CLL.

This review will summarise the clinical significance of BCR structure and function in
CLL which have provided insight into novel therapeutics and fostered the design of
(immuno)chemotherapy-free treatment algorithms.

2. IG status defines two CLL subsets with different origin and clinical behavior

Analysis of the tumor IG rearrangements has revealed that CLL is divided into two
major biological subsets arising at different stages of differentiation, one with unmutated
IG (U-CLL) derived from a restricted repertoire of pre-germinal center CD5+ve B-cells,
and another with mutated /G derived from post-germinal center CD5+ve B-cells (M-CLL)
[14-18]. The unmutated status of the expressed IG initially pointed to a naive B-cell as the
cell of origin. However, both U-CLL and M-CLL subsets are characterized by common
morphological appearances and share a surface phenotype of CD5+ve activated B cells,
with overexpression of the activation markers CD23, CD25, CD69, and CD71 and the un-
derexpression of CD22, FcyRIIb (CD32b), and CD79b compared to age-matched healthy
donors, and uniform expression of CD27 [19]. These characteristics were consistent with
an origin of both U-CLL and M-CLL from an antigen-experienced B cell.

However, the 2 subsets differ in the specific expression levels of CD69, CD71, CD62L,
CD40, CD39, and HLA-DR, suggesting different patterns of clinical behavior and modal-
ities of BCR engagement. Two independent studies published back to back in 1999 re-
vealed that U-CLL had a poorer prognosis than M-CLL [14, 15]. U-CLL naturally progress
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more rapidly than M-CLL, and, at the time when (immuno)chemotherapy treatment was 97
the only approach, patients with U-CLL had shorter survival than M-CLL [14, 15]. Fol- 98
lowing (immuno)chemotherapy treatment, the quality of response is not dissimilar (un- 99
less TP53 defects by mutations or deletions are acquired, typically in U-CLL), but the ki- 100
netics of progression or disease recurrence is different in the two subsets, with U-CLL 101
recurring or progressing more rapidly than M-CLL, and this is also evident patients who 102
have obtained undetectable levels of disease [20-22]. This likely reflects the distinct nature 103
of the 2 subsets and a growth/proliferation signature with preferential up-regulation of c- 104
MYC in the lymph node tumor cells of U-CLL rather than M-CLL [23, 24]. 105
The different origin of U-CLL and M-CLL is also reflected in their distinct DNA meth- 106
ylation patterns conserved at the time of transformation [25]. CpG methylation changes 107
extensively during B cell maturation, and each stage of differentiation can be identified 108
with a specific signature, particularly in mature B-cells [26]. Whole-genome analysis of 109
the DNA methylome of CLL indicates that U-CLL and M-CLL maintain an epigenetic sig- 110
nature of which the closest normal counterparts are pre-germinal center B cells and post- 111
germinal center memory B cells, respectively [25, 27]. Although DNA methylation and 112
gene expression appear poorly correlated, the differential methylation in the gene body 113
has allowed identification of a signature with functional and clinical implications for the = 114
CLL clone. The CLL with an epigenetic signature associated with U-CLL has a poor prog- 115

nosis compared to those with the epigenetic signature associated with M-CLL [28]. 116
3. The clinical and biological significance of IGHV3-21-associated characteristics in 117
CLL: IG structure or epigenetic signature? 118

Although IGHV status is a clear indicator of prognosis, CLL using IGHV3-21 offeran = 119
exception. Even if IGHV3-21 is used in only ~3% of all CLL [29], IGHV3-21 use has been =~ 120
given major clinical importance due to its association with a shorter overall survival (OS) 121
independently of IG mutational status [30-32]. Around half of IGHV3-21+ve CLL have 122
IGHV(-IGHD)-IGH] rearrangements with unusually short HCDR3 and non-identifiable = 123
IGHD sequences, and pair with IGLV3-21 light chain [31, 33]. They are enriched with mu- 124
tations of SF3B1 gene irrespective of U-CLL and M-CLL status or CDR3 stereotypy [34], 125
and have an epigenetic signature intermediate between U-CLL and M-CLL [25, 28]. 126

Initial studies aimed to answer the question if the specific use of IGHV3-21 or the 127
stereotypically short HCDR3 was linked to clinical aggressiveness, but these were in small 128
cohorts of patients and provided conflicting results [30, 31, 33, 35]. A subsequent analysis 129
in a retrospective larger collection of ~430 CLL patients then suggested that the IGHV3- 130

21/IGLV3-21 pairing was the main determinant [36]. 131

More recent investigations have further refined the clinical implications of IGLV3-21 =~ 132
use and the associated epigenetic profile. The epigenetic signature associated with IGV3- 133
21 was initially described within a distinct group that had a clinical behavior ‘intermedi- 134
ate’ (i-CLL) between U-CLL and M-CLL, irrespective of homology to germline IGHV [25, 135
28]. There was an apparent contrast in the literature whereby IGHV3-21 use was associ- 136

ated with a clinical outcome similar to U-CLL [30, 31, 33, 35], while having an epigenetic 137
i-CLL profile indicated an intermediate prognosis [25, 28]. More recently, the use of 138
IGLV3-21 lambda light chain acquiring an arginine at position 110 at the link between = 139
IGLV3-21 and IGLC constant region (IGLV3-21r19), or not, has been given critical im- 140
portance. It now appears that the specific IGLV3-21k10 usage is associated with a transcrip- 141
tional profile and clinical behavior similar to U-CLL, and with an enrichment of SF3B1 142
and ATM mutations. Conversely, the i-CLL lacking IGLV3-21R"0 rarely carry those muta- 143
tions, generally express M-IGHV and have a transcript profile and a clinical indolent be- 144
havior resembling M-CLL [37]. 145

We have observed that CLL using IGHV3-21 have high sIgM expression and signal- 146
ing capacity irrespective of IGHV mutational status or HCDR3 stereotypy, suggesting that 147
IGHV3-21 use is per se associated with slg features of aggressive CLL (see section 10) [38]. 148
Our study is limited by lack of analysis of the Ig light chain and remains in a small cohort, 149
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recommending the need for further investigations. However, the sum of these studies fur- 150
ther highlight the relevance of IG structure to define the biological characteristics and clin- 151
ical behavior of CLL [37]. 152
4. Surface IgM dynamics indicate chronic antigen engagement in CLL 153

The observation that both U-CLL and M-CLL have a phenotype of activated antigen- 154
experienced B cells and reversible downmodulation of the sIgM support the hypothesis 155

that CLL leukemic cells are under the influences of antigen in vivo [39]. A functional de- 156
scription of the signaling capacity of sigM revealed that SYK, which is recruited early fol- 157
lowing antigen engagement in vivo, was constitutively activated in both subtypes, sug- 158

gesting that the tumor slg of all CLLs is under the influence of a putative (auto)antigenin 159
vivo [40]. However, the most remarkable evidence of continued sIg engagementin CLLis 160
provided by the observation that sIgM levels and responses to a putative (auto)antigen 161
are weak, and spontaneously recover following prolonged culture in an (auto)antigen free 162
system in vitro [41]. Conceivably, temporary capping/endocytosis with anti-IgM prevents 163
recovery, but this is reverted following anti-IgM washout. 164

Another feature of ongoing interaction of tumor sIg with (auto)antigen is provided 165
by the analysis of the glycosylation of sigM constant region heavy chain. Biosynthesis of =~ 166
IgM includes post-translation modifications by the addition of N-glycans to sites pre- 167
served in the heavy chain [42]. This process begins in the endoplasmic reticulum (ER), 168
where “immature” oligomannosylated glycans are added to asparagine residues within 169
the asparagine-x-serine/threonine acceptor sequence motifs. For the majority of normal B- 170
cells, glycan chains are modified during transit through to the cell membrane, with further 171
“mature” complex glycans added in the Golgi stacks at positions 171, 332, and 395 of the =~ 172
IgM heavy chain [43]. As a result, the main visible pattern of the sigM of circulating resting 173
(unstimulated) normal B-cells is one form with only mature complex glycans. In circulat- 174
ing CLL cells, instead, the sIgM heavy chain exists in 2 forms with distinct N-glycosylation =~ 175
patterns. One resembles the pattern of normal B cells with a mature complex type; the 176
other is mannosylated in a manner more characteristic of immature intracellular IgM [44]. 177
The proportion of mannosylated sIgM is variable between samples, but tends to be higher 178
in U-CLL than M-CLL. The possibility is that the biosynthetic pathway is different be- 179
tween the mature and immature glycoforms, but both can transduce a signal. However, = 180
the CLL pattern can be mimicked in normal B cells after ligation of sIgM. Therefore, these 181
data provide further evidence of continued (auto)antigen engagement resulting in 182
downmodulation of the sIgM mature form so that the mannosylated form is visible, par- 183
ticularly in U-CLL [44]. 184

Recent studies have highlighted the possibility that CLL cells may signal through the =~ 185
slg in the absence of exogenous antigenic stimulation [45]. It has been proposed that the 186
contact between the CDR3 in the heavy chain and an internal epitope of the tumor slg 187

would promote CLL signaling. Subsequent studies have also reported the presence of al- 188
ternative epitopes and structural elements that can be self-recognized by the CLLBCR [46, = 189
47]. The signal emerging should turn to be homogeneous between CLL cells within indi- 190
vidual patients and not to be affected by tissue site. However, the levels of sIgM expres- 191
sion and signaling capacity are variable and dynamic within the same tissue compart- 192

ments of individual clones [48], and are reversible in vitro. This also happens in normal B~ 193
cells following antigen engagement [41], and the critical associations of CLL outcome with 194
the variable sIgM levels suggest that the effects of (auto)antigen engagement cannot be 195

discounted. 196
5. IG selection in CLL 197

Engagement of the slg can operate either at the stage of transformation or during 198
maintenance and expansion of the tumor clone. The selected use of IGHV-D-] rearrange- 199

ments, particularly prominent in U-CLL, suggests that transformation pressures have 200
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operated on a restricted repertoire of normal B cells [18, 49, 50]. There has been a signifi- 201
cant focus on the HCDR3 structures to identify CLL-like sequences and stereotypic pat- 202
terns have been identified [17, 29]. Some of these stereotypic patterns may have clinical =~ 203
impact [51], particularly those characterized by IGLV3-21 use (see section 4). However, the =~ 204
major asymmetry observed in CLL is the predominance of IGHV1-69 (51p1) [52], whichis 205
used in ~30% of all U-CLL [17, 29, 53]. This appears tumor-related since the frequency of 206
IGHV1-69 in the blood of normal individuals (~1%) is very low [54]. Also, IGHV1-69 rear- 207
ranges with IGH]6 at least twice more frequently than in normal B cells [18]. The 5" portion 208
of IGHJ6 extends into the HCDR3 with a tyrosine-rich 5 amino acid sequence, that is 209
longer and less affected by N addition/deletions than the other IGHJs, explaining the 210
longer HCDR3 and higher homology of the HCDR3 compared to non-tumor B cells using 211
IGHV1-69 [18, 55, 56]. The same patterns can be found in a restricted repertoire of normal 212
B cells from blood or spleen [18, 57], and share several analogies with natural antibody- 213

producing autoreactive CD27+ve B cells involved in the maintenance of immune homeo- 214
stasis [39, 58], by binding and clearing e.g. apoptotic bodies, misfolded proteins, or other 215
ubiquitous products of inflammation [59-62]. However, the preservation of a long tem- 216

plated unmutated IGHV-(D-)] rearrangement with highly asymmetric use of IGHV1-69 217
and IGHJ6 suggests that the whole variable region framework and the conserved HCDR1- 218
2 have an important role in both the selection and maintenance of the CLL clone (reviewed 219

in [39]). 220

In M-CLL the biased use of IGHV-D-] rearrangements is less apparent, and IGHV4- 221
34, which is the most common in CLL, is used as frequently as in the normal B-cell reper- 222
toire. This may reflect a different modality of BCR engagement (reviewed in [39]), ulti- 223
mately affecting tumor behavior. 224
6. Surface Ig engagement occurs at tissue sites in CLL 225

The role of the microenvironment in CLL has long been sought by investigations in 226
vitro [63-65], mainly due to difficulties in accessing material from tissues other than the 227
peripheral blood. Gene expression profiling of matched blood, bone marrow, and lymph 228
node CLL cells has identified the lymph node as a key site where the BCR is activated [23]. 229
The activation signature is associated with increased SYK phosphorylation and higher 230
proliferation [23]. 231

The existence of sIg engagement at tissue sites has also been investigated by looking 232
at expression changes and glycosylation patterns of the sIgM constant region heavy chain 233
on the circulating CLL cells of patients during therapy with ibrutinib [66]. Daily ibrutinib ~ 234
therapy inhibits Bruton’s tyrosine kinase (BTK)-dependent signaling and redistributes 235
leukemic cells from tissue to blood. This effect of ibrutinib therapy is caused by the inhi- 236
bition of chemokine receptors like CXCR4 and adhesion molecules, which also utilize BTK =~ 237
for signaling [67, 68]. Consequently, when patients with CLL receive long-term therapy 238
with daily ibrutinib doses, tissue-homing functions are inhibited, and CLL cells are “ma- 239
rooned” into the blood and cannot re-enter tissue [69, 70]. During this time of continued 240
ibrutinib therapy, CLL cells are deprived of tissue-based microenvironmental stimuli, and 241
proapoptotic and autophagocytic mechanisms kick on: CLL cells increase expression of 242
proapoptotic Bimer, and LC3B-II promoting autophagocytosis while shrinking in size and 243
downmodulating expression of the majority of surface receptors, including slgD [66]. De- 244
spite these events, the same cells have a significant increase in sIgM expression. The spe- 245
cific increase of sigM on the CLL cells of the peripheral blood during ibrutinib is strongly =~ 246
indicative of recovery from antigen-mediated downmodulation. Escape from antigen is =~ 247
also documented by the conversion of the sIgM glycosylation pattern from immature to 248
mature, and lack of further increase in expression during subsequent culture in vitro [44, 249
66]. The specific increase and conversion from immature to mature conformation of sigM 250
in the circulating CLL cells under ibrutinib underpins the key role of engagement of CLL 251
cells with antigen located in tissues, likely the lymph node. 252
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7. CLL at the edge between anergy and survival 253

The substantial reduction of sIgM expression and signaling capacity of the circulating 254
leukemic cells is a remarkable peculiarity of CLL [1, 71]. This feature distinguishes CLL ~ 255
from the normal B cells and other mature B-cell tumors that typically express high levels 256
of sIg and mediate strong intracellular signals following anti-Ig stimulation in vitro. The = 257
reduction of sIgM expression signaling capacity is a functional state which resembles the =~ 258
anergic anti-HEL B cells of mouse models producing HEL [72]. In these mouse models, 259
anti-HEL B-cells are in a state of sIgM, but not sIgD, non-responsiveness, and inability to 260
induce proliferation signals. When anti-HEL B cells are transferred into a non-HEL mouse, 261
they specifically regain sIgM levels and function. This reversible state of ‘anergy’, which 262
appears designed to maintain tolerance to self and prevent autoreactive B cells to mount 263
an autoimmune response while remaining responsive to foreign antigens [71-74], is imi- 264
tated by CLL for many characteristics. Like anergic B cells, CLL cells have raised basal =~ 265
intracellular Calcium (iCa?*) [71], reduced differentiation capacity [48, 75], increased 266
NFAT expression and ERK1/2 phosphorylation [76, 77], and increased expression of the = 267
proapoptotic Bim isoforms, Bimer and Bimr [78]. Another link with anergy is the ability of 268
CLL cells to produce IL10. We have observed that the production of IL10 is variable in 269
CLL and that variability is closely associated with the grade of anergy and with differen- 270
tial IL10 gene methylation [79]. 271

However, anergic B cells are generally short-lived to avoid undesirable autoimmune 272
reactions [73]. In contrast, CLL cells are notoriously long-lived. The main explanation for =~ 273
this is the overexpression of Bcl-2 in CLL [80-82]. Bcl-2 plays a fundamental antiapoptotic 274
role in any B cell [83]. The large majority of CLL cells have a deletion of the 13914 locus, 275
which involves at least the miR-15a/16-1 locus [81]. These microRNAs function by repress- 276
ing Bcl-2 expression, and their deletion leads to very high Bcl-2 protein levels [80]. In this 277
context, anergy, which should favor apoptosis, is counterbalanced by the constitutive = 278
overexpression of Bcl-2. This appears clinically important and might explain why CLL, 279
and not other B-cell tumors that do not have anergy, is highly sensitive to BH3-mimetics, 280

like venetoclax [84]. Sequestration of Bcl-2 by venetoclax sets CLL cells free from antiapop- 281
totic constraints allowing proapoptotic molecules (like Bim) to tilt the anergic CLL cells 282
towards death [78]. 283
8. Microenvironmental influences on sIgM expression and function 284

While (auto)antigenic drive operates at tissue sites, other factors appear important 285
potential determinants of slg responses (Figure 1). Several environmental, cellular, and 286
soluble elements affect CLL behavior [39], and, unlike what is typically seen in the periph- 287
eral blood, a small fraction of CLL cells overcomes anergy and proliferates in the lymph 288
node. Although T-cell defects are apparent in CLL and there is no clear evidence of cog- 289
nate T-cell help [85-87], this would allow escape from anergy [88]. CD4+ve T cells, which 290
are one of the main sources of IL4, are present near survivin+ve, Bcl-2+ve leukemic B cells 291
in the proliferating centers of CLL [89, 90]. Comparison of lymph node with peripheral = 292
blood cells has shown that the mean sIgM levels in U-CLL cells of the lymph node are 293
higher than in the peripheral blood [91]. This may suggest that the balance between anti- 294
gen-mediated endocytosis and cytokine-induced sIgM upregulation is skewed towards 295
the latter to ultimately allow proliferation of a fraction of the nodal CLL cells that have = 296
overcome the anergy threshold. Of all cytokines tested in vitro, IL4 and in part autocrine 297
IL6 upregulate sIgM expression and function in CLL [92-94]. This may be clinically im- 298
portant, since IL4-induced sIgM upregulation appears to also confer partial resistance to 299
ibrutinib in vitro and offer the rationale for therapies with dual JAK/SYK inhibitors [92, 300
95]. 301

302
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Figure 1. Microenvironmental and (epi)genetic factors influencing surface IgM levels and signaling ~ 304

capacity in CLL 305
306

9. Genetic and epigenetic factors affecting sIgM expression and function 307
Intrinsic factors contribute further to the heterogeneity of U-CLL and M-CLL. Our 308
data indicate an association of genetic lesions predicting high-risk disease, or DNA meth- 309
ylation status, with sIgM levels/signaling predominantly in U-CLL, and M-CLL, respec- 310
tively [38]. 311

In U-CLL, we have found that trisomy 12 and genetic lesions at 17p/TP53 locus, but 312
not isolated deletion of 13q or deletion of 114 locus, are associated with increased sIgM 313
expression and signal capacity [38]. However, trisomy 12 is also enriched with CD49d 314
expression and up-regulation of integrin signaling, NOTCH1 mutation, or IGHV4-39 use. = 315
These features are individually claimed as independent factors of aggressive disease [96- 316
99], and it is difficult to understand if these lesions are simple associates or also explain 317
the variations of sIgM. However, in U-CLL that do not carry trisomy 12, slgM expression 318
and signaling capacity are higher when NOTCH]I activity is stabilized by mutations inthe 319
PEST domain [38]. In these U-CLL, pre-treatment of tumor cells with y-secretase inhibitor 320
(DAPT) decreases sIgM levels and signaling capacity, suggesting that the increased BCR 321
signaling capacity is also supported by NOTCHI stabilization [100]. Potent sIgM signal- 322
ing also induces NOTCHI1 protein levels via direct MYC-dependent regulation of the = 323
global translation machinery [101, 102], which per se can be a therapeutic target [103, 104]. 324
Where further potentiated by NOTCHI activation, the sigM mediated protein translation 325
is also suppressed by DAPT [100]. These data suggest that a specific genetic lesion can 326
directly affect sigM expression and function, whereby specific stabilizing NOTCH1 muta- 327

tions contribute to increasing the sIgM expression and function in the CLL cell. 328
In M-CLL, where there are fewer high-risk genetic lesions, analysis of the epigenetic =~ 329
signature has revealed a strikingly high correlation between the maturation of DNA meth- 330

ylation and the reduction of sIgM levels or signaling capacity [27, 38]. It appears that the 331
CLL cells derived from more mature B cells within the spectrum of M-CLL may be more 332
susceptible to induction of anergy. Whilst it is not known if DNA-methylation directly = 333
influences sIgM per se, these results suggest that variable sIgM responsiveness may in part 334
be also an intrinsic feature, dependent on the cell of origin and potentially influenced by =~ 335
DNA-methylation. 336

Micro-RNAs (miRs) can also negatively or positively regulate antigen-dependent and 337
antigen-independent function of the tumor slIg [105]. Their expression profile is different 338
in U-CLL compared to M-CLL [106], possibly resulting from both intrinsic characteristics 339
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and microenvironmental influences of different types in the two subsets, and is associated =~ 340
with diverse prognosis [82]. MiR-155, which can be induced by CD40L or BAFF, is associ- 341
ated with more aggressive disease particularly in patients with M-CLL, and enhances BCR 342
signaling following anti-Ig ligation, whereby miR-155 inhibitors block this effect [107]. 343
Conversely, miR-150, which is less expressed in U-CLL than in M-CLL and inversely cor- 344
relates with disease progression and overall survival, appears instead to negatively regu- 345
late BCR signaling. High-level expression of miR-150 can repress forkhead box P1 (FOXP1) 346
and GRB2-associated binding protein 1 (GAB1), which encode proteins that enhance anti- 347
IgM-mediated and constitutive BCR signaling [108, 109]. Clearly, other miRs including 348
miR-17-92, miR-181, miR-29 or miR-34 can regulate the activated phenotype of CLL cellsor 349

function of the slg [105, 110], further explaining disease heterogeneity. 350
10. The consequences of the variable sIgM expression levels and function on CLL 351
progression 352

Assignment of CLL to the U-CLL or M-CLL subset is now becoming a necessity for 353
risk stratification algorithms. International multicentre meta-analyses have identified the =~ 354

U-IGHYV status as one of the major independent factors conferring a higher risk of pro- 355
gression of either asymptomatic early-stage CLL or any other CLL at diagnosis or follow- 356
ing (immuno)chemotherapy [20, 111, 112]. 357

However, the simple measurement of sIlgM levels by phenotypic analysis and/or 358
function by iCa? mobilization assay in vitro can reveal the clinically relevant heterogeneity =~ 359
of CLL, by conveying microenvironmental, epigenetic, and genetic influences on CLL into 360
one parameter [38]. These factors are distributed differently between U-CLL and M-CLL 361
[38]. 362

The sIgM, but not sIgD, expression and competence to respond to anti-IgM are gen- 363
erally higher in U-CLL than in M-CLL [40], and are independent parameters predicting 364
progression to first treatment [38]. In a multivariate analysis, we have found that the role =~ 365
of sIgM levels is independent of known phenotypic, genetic, or methylation prognostic ~ 366
markers of progression. An independent study has confirmed this observation and ex- 367
plained the most aggressive outcome of CLL with high sIlgM compared to low slgM by 368
documenting that sIgM, but not sIgD, levels are associated with CLL cell birth rates, sug- 369
gesting the higher sIgM levels, but not slgD, associate with cell growth and metabolic ~ 370
activity [113]. However, the variability of sIgM levels and signaling capacity are evident 371
even within each of the two U- and M-CLL subsets. Their measurement allows the subdi- 372
vision in additional sub-categories of U-CLL with high or low sIgM, or M-CLL with high 373
or low slgM, where U-CLL with high sIgM has the worse prognosis and the M-CLL with 374
low sIgM has the best [38]. 375

Although the measurement of sIgM levels requires standardization of protocolsand 376
validation in independent cohorts [114], the published data claims the potential clinical 377

utility of sIgM to identify those CLL with more aggressive behavior. 378
11. Surface IgM levels and function may identify responses to BCR inhibitors in 379
patients with CLL 380

BCR-associated kinase inhibitors are very effective in CLL. Clinical use is skewed 381
towards BTK pathway inhibitors (BTKi) (Figure 2), amongst which ibrutinib has been the =~ 382
first-in-kind to rapidly shift medical algorithms away from chemotherapy [115-117]. Fol- 383
lowing their introduction in the clinical practice, the status of the tumor IGHV has become = 384
a determinant for the best treatment choice. Clinical trials comparing the efficacy of im- 385
munochemotherapy versus BTKi ibrutinib or acalabrutinib have revealed that, while the 386
duration of response is generally not dissimilar in M-CLL, there is a remarkable benefit 387
on progression-free survival in patients receiving BTKi compared to immunochemother- 388
apy in U-CLL [118, 119]. 389

390
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Figure 2. Simplified diagram of BCR signaling and therapeutic targeting in CLL. BCR en- 392
gagement by (auto)antigen leads to the proximal activation of a complex of kinases and scaffold 393
proteins, initiating with the phosphorylation of the immunoreceptor tyrosine-based activation mo- 394
tifs (ITAMs) in the C-terminal tail of BCR-associated 1ga/CD79a and Igf/CD79b by LYN. Phos- 395
phorylated ITAMSs leads to SYK recruitment and propagation of signal to Bruton tyrosine kinase ~ 396
(BTK) and phospholipase Cy2 (PLCy2). LYN-dependent phosphorylation of the cytoplasmic do- 397
main of CD19 also recruits phosphoinositide 3-kinase (PI3K). Activation of a network of distal ~ 398
signaling molecules follows. Activation of PLCy2 leads to the release of intracellular Ca2+ and 399
activate protein kinase C (PKC). PKC subsequently induces the activation of transcription factors, 400
including NF-xB and nuclear factor of activated T cells (NFAT). Recruitment of PI3K to the 401
plasma membrane leads to optimal activation of BTK and of AKT. PLCy2 is also involved in the 402
activation of mitogen-activated protein kinase (MAPK) pathways, including the extracellular sig- 403
nal-regulated kinase 1/2 (ERK). The third phase of events involves modulation of multiple down- 404
stream regulators, which ultimately mediate changes in cell proliferation, survival, and migration, — 405
via both phosphorylation and transcriptional modulation of key regulators of cell survival (e.g. 406
Mcl-1, BIM). In CLL, strength of BCR signal, which is controlled by surface IgM levels, will de- 407
termine cell fate with a balance towards anergy particularly when sIgM levels are low. MiR15a/16- 408
1 deletion at chromosome 13, allowing overexpression of antiapoptotic Bcl-2 protein favouring sur- 409
vival, will counter the proapoptotic mechanisms associate with anergy. Therapeutical inhibition of 410
BTK will variably block BCR signaling in CLL depending, amongst other factors, on sIgM levels 411
and signal strength. Addition of PI3K inhibitors may fully suppress the residual signaling activity. 412

BH3 mimetics (venetoclax) will block the antiapoptotic mechanisms resulting from Bcl-2 overex- 413
pression found in CLL. 414
415

However, CLL can develop resistance to BTKi. The occurrence of genetic lesions, in- 416

cluding mutations of the BTK and PLCG2, have been frequently documented in the CLL 417
cells of these patients [120, 121]. These mutations are subclonal [121-129], and appear in- 418
sufficient to keep the signaling pathway active unless there is also sigM engagement [120], 419
suggesting that this is also necessary for evasion from ibrutinib. Indeed, the CLL cells, that 420
redistribute and survive in the peripheral blood during continued therapy with ibrutinib, 421
selectively recover and maintain functionally competent IgM on the cell surface [66]. The = 422
signaling potentials of those cells appear specifically dependent on the sIgM levels [66]. 423
During this time in the circulation, the CLL cells with high sIgM appear to develop adap- 424
tation mechanisms for survival including an increase of constitutive AKT phosphoryla- 425
tion [130, 131], which may result from the induction of the FoxO1-GAB1 axis [108]. High 426
surface IgM may instead provide a proliferation advantage on those residual ‘dangerous’ 427
cells equipped to reach tissue sites [48]. We find that high sIgM levels of expression and 428
signaling capacity correlate with a shorter duration of response to ibrutinib and a faster =~ 429
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disease progression. Despite the ability to fully occupy and inhibit BTK, CLL cells appear 430
not to have completely inhibited sigM-mediated iCa?* and ERK phosphorylation down- 431

stream to BTK, if the sIgM expression and signaling capacity is strong. These results con- 432
firm that sIgM signaling is dependent on sIgM levels and can circumvent BTK blockade 433
when sIgM levels are high [131]. 434

An approach currently used in clinical trials to increase efficacy and reduce the risk 435
of resistance is the combination of a BTKi and a BH3 mimetic. This combination using 436
ibrutinib and venetoclax is revealing a dramatic efficacy in patients with either treatment- 437
naive or relapsed/refractory CLL [132, 133]. However, while ibrutinib will synergize with 438
the BH3 mimetic venetoclax, there is always a risk that antiapoptotic molecules, including 439
Mcl-1, which is regulated via a canonical AKT-dependent pathway [134], may not be com- 440
pletely suppressed. The sIgM levels may indirectly inform the degree of AKT activation = 441
and, while clinical trial data are maturing with longer follow-ups, it may be possible that 442
different combinations including PI3K/AKT inhibitors may need renewed consideration 443

in CLL with high sIgM. 444
12. Conclusions 445
Investigations of the slg structure and function has continued to provide fundamen- 446

tal insight into CLL biology and refinement of therapy. U-CLL and M-CLL are character- 447
ized by a variable degree of anergy, defined by low sIgM levels and reduced signaling 448

capacity consequent to chronic engagement by cross-reacting (auto)antigens [73]. Alt- 449
hough microenvironmental and genetic features also influence this, the low sIgM expres- 450
sion and function is in part reversible in vitro and during circulation in blood [41, 48, 66]. 451
The consequences of the variably low sIgM levels and signaling are variable growth, pro- 452

liferation, and survival of individual tumor cells [102, 135], sustained by constitutive and 453
IgM-induced anti-apoptotic mechanisms (Figure 3) [71, 136, 137]. These can now be co- 454
targeted by BTKi and BH3- mimetics [132, 133], and several phase 3 clinical trials have = 455
been activated to investigate efficacy and toxicity of this combination (Table 1). Particu- 456
lar attention should be given to those CLL cells where the increased sIgM signaling may 457
favor BTK blockade by-pass and eventually lead to therapy resistance of the less anergic =~ 458
CLL cells [131]. Prognostic and therapeutic value of slg analysis indicates the importance =~ 459
of continuing to analyze sIg levels and structure to refine the understanding of the origin, =~ 460

maintenance, progression, therapy, and prognosis of U-CLL and M-CLL. 461
: N
Variably high slgM signaling capacity +  Variably low slgM signaling capacity
Growth and proliferation *  Anergy
Aggressive disease * Indolentdisease
High-risk genetic damage (e.g. TP53 lesions) +  Low-riskgenetic damage (e.g. isolated 13q deletion)
Early adaptation/resistance to BTKi *  Prolonged response to BTKi
Development of BH3-mimetic resistance? *  Prolonged response to BH3-mimetics?

2%

o )

oW Sp* do'e

Figure 3. The variable consequences of surface IgM levels on CLL behavior and clinical 463
outcome 464
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465
466
Table 1. Phase 3 clinical trials currently registered at Clinicaltrials.gov using a BTKi with a BH3-mimetic in CLL (January 2022)
Main Outcome
NCT Number Investigation Comparator(s) Setting Status Enrollment Sponsor Start Completion
Measures
PFS; PB and BM
Acalabrutinib + Venetoclax + uMRD; OS; EFS;
NCT05057494 untreated Not yet recruiting 750 Industry Mar-22  Sep-28
Venetoclax Obinutuzumab ORR; CR rate;
QLQ; AE
Pirtobrutinib +
Venetoclax + PFS; OS; TTNT;
NCT04965493  Venetoclax + relapsed/refractory  Recruiting 600 Industry Sep-21  Oct-25
Rituximab EFS; ORR
Rituximab
Venetoclax + PES; PB and BM
Ibrutinib +
NCT04608318 Obinutuzumab untreated Recruiting uMRD; ORR; 897 Academic Mar-21  Mar-27
Venetoclax
or Ibrutinib CR; AE
Acalabrutinib +
NCT03836261  Venetoclax = FCR or BR untreated Recruiting PFS 780 Industry Feb-19  Jan-27
Obinutuzumab
Ibrutinib +
Ibrutinib + PES; BM MRD;
NCT03737981  Venetoclax + untreated, elderly Recruiting 454 Academic  Jan-19  Jun-27
Obinutuzumab CR rate; OS; AE
Obinutuzumab
PFS: progression-free survival; PB: peripheral blood; BM: bone marrow; uMRD: undetectable minimal residual disease; OS: overall survival; EFS: event-free survival; ORR:
Overall Response Rate; CR: complete response; QLQ: quality of life questionnaire; AE: adverse events; TTNT: Time to next treatment; FCR: fludarabine, cyclophosphamide,
rituximab; BR: bendamustine, rituximab
467
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