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Abstract

T-cell immunoreceptor with Ig and ITIM domains (TIGIT) is an inhibitory checkpoint receptor that negatively regulates T-
cell responses. CD226 competes with TIGIT for binding to the CD155 ligand, delivering a positive signal to the T cell. Here
we studied the expression of TIGIT and CD226 in a cohort of 115 patients with chronic lymphocytic leukemia (CLL) and re-
port expression of TIGIT and CD226 by leukemic cells. By devising a TIGIT/CD226 ratio, we showed that CLL cells favoring
TIGIT over CD226 are typical of a more indolent disease, while those favoring CD226 are characterized by a shorter time
to first treatment and shorter progression-free survival after first treatment. TIGIT expression was inversely correlated to
the B-cell receptor (BCR) signaling capacity, as determined by studying BTK phosphorylation, cell proliferation and inter-
leukin-10 production. In CLL cells treated with ibrutinib, in which surface IgM and BCR signaling capacity are temporarily
increased, TIGIT expression was downmodulated, in line with data indicating transient recovery from anergy. Lastly, cells
from patients with Richter syndrome were characterized by high levels of CD226, with low to undetectable TIGIT, in
keeping with their high proliferative drive. Together, these data suggest that TIGIT contributes to CLL anergy by down-

regulating BCR signaling, identifying novel and actionable molecular circuits regulating anergy and modulating CLL cell
functions.

Introduction

Chronic lymphocytic leukemia (CLL) is a B-cell malignancy
characterized by clinical and molecular heterogeneity. The
leukemic niche is critical to CLL development and progres-
sion in that it provides signals that influence CLL cell be-
havior,>®* among which those channeled through the B-cell
receptor (BCR) regulate key biological programs such as
proliferation, metabolic adaptation and chemokine/cyto-
kine secretion.* BCR signaling capacity varies according to
somatic hypermutation of the variable region of the immu-
noglobulin heavy chain region gene (/GHV). CLL samples
harboring unmutated (UM) /IGHV have stronger signaling ca-

pacity compared to mutated (M) cases that display a more
anergic phenotype.®

CLL typically shows remarkable perturbations of both the
innate and the adaptive immune responses, which are al-
ready evident from early stages of the disease and become
severe in advanced/relapsed or therapy-resistant cases.®™
Notably, leukemic cells play a pivotal role in shaping the
microenvironment towards tolerance through multiple
mechanisms." For example, circulating CLL cells share phe-
notypic features of regulatory B cells and secrete interleu-
kin (IL)-10, which in turn affects T-cell responses.”?
Interestingly, it was observed that IL-10 production is en-
hanced in anergic /IGHV-M compared to /GHV-UM CLL
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cases, which are characterized by a more aggressive clini-
cal course®

The hypothesis behind this work is that the immunomodu-
latory molecule T-cell immunoreceptor with Ig and ITIM
domains (TIGIT) can contribute to promote B-cell anergy
and to shape the environment towards tolerance. TIGIT is
an inhibitory receptor expressed on T, NK and NKT cells,
sharing structural and mechanistic similarities with PD-1
and CTLA-4Y The cytoplasmic tail contains an immuno-
globulin tail tyrosine (ITT)-like phosphorylation motif and
an ITIM domain, like PD-1, through which TIGIT recruits the
phosphatase SHIP1 to inhibit downstream activation of NF-
kB, PI3K and MAPK pathways.® TIGIT has a competing re-
ceptor, CD226/DNAM-1 (DNAX accessory molecule-1),
resulting in opposite signaling outcomes upon binding to
the same set of ligands, similar to what has been described
for the CTLA-4/CD28 pair.® The TIGIT/CD226 ligands belong
to the nectin-family member poliovirus receptor (PVR), the
best known of which is CD155. Signaling triggered upon
CD155 binding to CD226 potentiates T-cell receptor (TCR)
signaling and CD8" T-cell cytotoxicity against tumor cells
(positive signaling).”” In contrast, concomitant TIGIT ex-
pression on the cell surface prevents CD226 activation
either by sequestering CD155 or by impeding CD226
homodimerization and phosphorylation, resulting in
negative signaling® Whether TIGIT triggers a full inhibitory
cascade or functions by preventing the CD226-mediated
positive co-stimulatory signal remains unclear. Since the
two receptors are co-expressed on the cell surface, a
TIGIT/CD226 ratio is often preferred to highlight the imbal-
ance towards a positive or a negative signaling outcome.”
Even though few data are available regarding TIGIT ex-
pression in the B-cell compartment, a recent paper has de-
scribed the molecule on the surface of normal human
memory B cells, where it directly suppresses T-cell re-
sponses.?®

In CLL patients, TIGIT expression was shown to be pro-
gressively increased in the CD4* T-cell compartment,
reaching the highest levels in advanced stages of the dis-
ease. Functionally, TIGIT*/CD4* T lymphocytes sustain CLL
cell viability more efficiently than the TIGIT- counterpart
and TIGIT inhibition interferes with the production of pro-
survival cytokines by CD4* T cells.?” However, no informa-
tion is available on TIGIT expression in the leukemic cell
compartment. The present study was undertaken to inves-
tigate expression of the TIGIT/CD226/CD155 axis in CLL,
with a specific focus on leukemic B cells, and to explore
the role of this axis in BCR activation.

Methods

Sample cohort
Peripheral blood samples from CLL patients were obtained
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after informed consent, in accordance with Institutional
Guidelines and the Declaration of Helsinki. The study was
approved by the Institutional Review Board of each recruit-
ing center. We examined a retrospective cohort of 115 CLL
samples and 11 buffy coats from age- and sex-matched
healthy subjects. The patients’ characteristics are summar-
ized in Online Supplementary Table S1. Serial samples col-
lected before treatment initiation and after 2 and 24 weeks
of ibrutinib treatment were obtained from 14 additional pa-
tients (Online Supplementary Table S2). Clinical and mol-
ecular characteristics of CLL samples used in histological
studies on lymph node biopsies are reported in Online Sup-
plementary Table S3.

Xenografts derived from patients with Richter syndrome
(RS-PDX) were obtained as described previously.?223
Where indicated, primary CLL cells were cultured in RPMI
10% fetal calf serum in the presence or absence of ibrutinib
used at 1 and 5 uM for 48 h.

Antibodies and reagents

A list of the antibodies used in flow cytometry and of the
specific reagents used in functional assays is provided in
Online Supplementary Table S4.

Flow cytometry

Surface expression of TIGIT, CD226 and CD155 was evalu-
ated by flow cytometry on CLL peripheral blood mono-
nuclear cells performing multiparametric staining to
identify B or T lymphocytes and monocytes (Online Sup-
plementary Table S5). Samples were acquired with a
FACSCelesta cytometer (BD Biosciences) and data were
analyzed with FlowJo v10 software (FlowJo).

Modulation of the TIGIT/CD226/CD155 axis

Modulation of the signaling triggered by CD155 binding
either TIGIT or CD226 was performed both in the short
term, to evaluate its inference on algM-mediated pBTK in-
duction, and in the long term, to investigate the impact on
CpG/IL-15-induced CLL proliferation. For the short-term
experiments, cells were pre-treated in ice for 1 h with 5
pg/mL recombinant human (rh)TIGIT-Fc or with aTIGIT or
aCD226 blocking monoclonal antibodies (5 pg/10° cells) for
30 min and then with rhCD155-Fc (5 pg/mL) for 1 h, before
algM stimulation. For the long-term experiments, to pre-
vent internalization, aTIGIT and aCD226 blocking mono-
clonal antibodies were coated onto magnetic beads and
rhTIGIT-Fc and rhCD155-Fc chimeras were immobilized
onto a cell culture plate. Briefly, 10x10® Dynabeads Sheep
anti-Mouse IgG (Invitrogen, Thermofisher) were washed
twice with phosphate-buffered saline, 0.1% bovine serum
albumin and then coated with 1.5 ug of either antibody, by
incubating overnight at 4°C on a rotating wheel, following
the manufacturer’s instructions. Coated beads were used
to treat CLL cells by pre-mixing them at a 2:1 bead:cell ratio
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immediately before plating the cells in a 96-well plate. In
parallel, 96-well plates were coated overnight at 4°C with
1 ug/well of rhTIGIT-Fc or rhCD155-Fc chimeras.

Statistical analyses

Statistical analyses were performed with GraphPad v7
(GraphPad Software Inc, La Jolla, CA, USA). A Mann-Whitney
or Wilcoxon matched-pairs signed rank test was used to
determine statistical significance. Contingency tests were
performing using the Fisher test.

Methods for RNA extraction and quantitative real-time
polymerase reaction, confocal microscopy, the phosflow
assay, CpG/IL-15 stimulation and IL-10 production are en-
tirely described in the Online Supplementary Material.

Results

TIGIT axis expression in peripheral blood mononuclear
cells patients with chronic lymphocytic leukemia
Peripheral blood mononuclear cell preparations from 115
patients with a confirmed diagnosis of CLL (Online Supple-
mentary Table S7) were tested for expression of TIGIT,
CD226 and of the CD155 ligand and compared to prepara-
tions from a small cohort (n=11) of sex-matched healthy
subjects of a comparable age. To this aim, we set up a
multiparametric staining protocol for flow cytometry to
analyze expression of the three molecules simultaneously
on B and T lymphocytes and monocytes (Online Supple-
mentary Table S5; Online Supplementary Figures STand S2).
Leukemic B lymphocytes variably expressed TIGIT on the
cell surface, whereas normal CD19* B cells were uniformly
negative (mean levels of expression were 21.22+21.97% of
TIGIT* cells in CLL samples vs. 0.97+£0.47% in healthy sub-
jects). CD226 was also expressed at significantly higher
levels in CLL samples than in normal B cells (mean
241+12.9% in CLL vs. 15.615.2% in healthy subjects) (Figure
1A).

Histological analyses of lymph nodes confirmed low ger-
minal center B-cell-associated TIGIT expression in reactive
lymph node samples, while CLL lymph nodes showed
higher levels of expression. Similar results were obtained
when examining the co-staining of CD226 with CD20* B
cells (Figure 1B).

To complete the picture, we evaluated TIGIT axis ex-
pression on T lymphocytes and monocytes from CLL pa-
tients. The results indicate that TIGIT was variably
expressed on CD4* T lymphocytes with a significant in-
crease in advanced stages (Rai II-1V) and /IGHV-UM CLL, in
line with previous data.? In addition, CD8" T cells were
highly TIGIT*, marking an exhausted phenotype (Online
Supplementary Figures S3A and S4A). Accordingly, CD226
expression on CD8" T lymphocytes decreased with ad-
vanced CLL stages, concurrent with the acquisition of
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further exhaustion (Online Supplementary Figures S3B and
S4B). Lastly, monocytes showed the highest CD155 levels,
suggesting that this cell lineage provides the ligand to en-
gage either TIGIT or CD226. In line with a picture of pro-
gressive immune cell dysfunction, CD155 expression on
monocytes decreased in Rai II-1V CLL patients (Online Sup-
plementary Figures S3C and S5A-C).

We then correlated TIGIT expression on leukemic B cells
with clinical and molecular features of the disease. We
found that samples bearing markers of indolent disease or
good prognosis (including Rai stage 0-1, normal karyotype
or deletion 13 and /IGHV-M genes) expressed TIGIT at sig-
nificantly higher levels than the counterparts (Rai stage II-
IV, trisomy 12, deletion 11 or deletion 17, and /IGHV-UM
genes) (Figure 1C). Lower TIGIT levels were also observed
in NOTCH71-mutated cases, although this finding did not
reach statistical significance. No differences were observed
according to CD38 or CD49d levels (Online Supplementary
Figure S6A).

CD226 had an opposite trend of expression, being associ-
ated with features of more aggressive disease, such as ab-
sence of somatic hypermutations in the /GHV genes,
presence of NOTCHT mutation and surface expression of
CD38 and CDA49, suggesting higher CD226 expression in CLL
subsets that have a greater BCR signaling capacity com-
pared to their counterparts (Figure 1C, Online Supplemen-
tary Figure S6A).

CD155 was generally present at low levels in CLL cells,
without significant differences across disease subsets (On-
line Supplementary Figure S7).

Definition of an operational TIGIT:CD226 ratio

Considering that TIGIT and CD226 have opposing roles on
the cell surface and compete for binding to the same li-
gand, we determined a TIGIT:CD226 ratio, based on per-
centage of expression. A TIGIT:CD226 ratio =1 indicates
prevalence of TIGIT-expressing cells and consequently a
predominance of negative signaling, whereas a TIGIT:CD226
ratio <1 indicates prevalence of CD226-expressing cells and
therefore positive signaling. In line with this reasoning, CLL
samples with a TIGIT:CD226 ratio 21 were enriched in the
good prognosis subsets, while samples with a ratio <1 were
more frequent in the presence of adverse prognostic
markers (e.g., advanced stages, IGHV-UM, unfavorable cyto-
genetics, NOTCHT mutations), confirming the validity of this
approach (Figure 2A, Online Supplementary Figure S6B).
Interestingly, prevalence of CD226 signaling, as defined by
a TIGIT:CD226 ratio <1, correlates with significantly earlier
time to first treatment and shorter progression-free sur-
vival after first-line therapy (Figure 2B).

TIGIT expression is associated with chronic lymphocytic
leukemia anergy
To investigate the interplay between TIGIT and BCR sig-
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A

Figure 1. TIGIT and CD226 are deregulated in chronic lymphocytic leukemia and differentially expressed among subsets of pa-
tients. (A) Percentages of TIGIT* and CD226* cells in 115 chronic lymphocytic leukemia (CLL) samples and 11 age- and sex-matched
healthy donors. Statistical analysis: Student t test. (B) Representative multispectral immunofluorescence confocal images of
non-malignant reactive (n=4) or CLL (n=6) lymph node formalin-fixed paraffin-embedded biopsy tissues for TIGIT or CD226 (red)
expression in the lymph node microenvironment (CD20, white). Original magnification, x20, scale bar: 50 um. (C) From Lleft to
right: percentages of TIGIT* and CD226* cells in samples stratified according to Rai stage and cytogenetic profile (top panels);
percentages of TIGIT* and CD226* cells in samples stratified according to /GHV mutational status and to the presence of NOTCH17
mutations (bottom panels). Statistical analyses: Student ¢t test. HD: healthy donor; RLN: reactive lymph node; CLL LN: CLL lymph
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Figure 2. Ratio between TIGIT* and CD226* cells in chronic lymphocytic leukemia samples. (A) We calculated a ratio between
the percentage of TIGIT* and CD226* cells in our cohort of chronic lymphocytic leukemia samples. A ratio 21 indicates prevalence
of TIGIT* cells and predominant negative signaling; a ratio <1 indicates prevalence of CD226"* cells and predominant positive sig-
naling. For each clinical or molecular marker (Rai stage, IGHV mutational status, cytogenetics, NOTCHT mutations) there is a dot
plot showing ratio values for each sample (left) and a contingency plot indicating the enrichment of samples with a ratio 21 or
<1 in either prognostic category. The dashed line at y=1 indicates the threshold discriminating between negative signaling
(TIGIT:CD226 ratio 21, prevalence of TIGIT) and positive signaling (TIGIT:CD226 ratio <1, prevalence of CD226). Statistical analysis:
Student t test. (B) Kaplan-Meier curves comparing the time to first treatment and progression-free survival (before and after
treatment, respectively) of CLL patients divided according to TIGIT:CD226 ratio. Statistical analysis: Mantel-Cox test. M: mutated,;
UM: unmutated; WT: wildtype.

naling capacity, we selected a homogeneous subset of mality and without NOTCHT mutation, to avoid experimen-
samples carrying IGHV-UM, with a normal fluorescence in tal biases.?* We found an inverse correlation between
situ hybridization profile or deletion 13q as a sole abnor- TIGIT expression and BCR signaling capacity, evaluated
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analyzing baseline surface IgM levels and BTK phosphory-
lation in response to IgM crosslinking as read outs (Figure
3A, left panels). Moreover, when splitting CLL samples ac-
cording to TIGIT:CD226 ratio, we confirmed that samples
with a ratio <1 (TIGIT") had significantly higher surface IgM
levels and stronger phospho-BTK induction than cases
with a ratio 21 (TIGIT*) (Figure 3A, right panels).

We next examined whether high TIGIT levels were associ-
ated with weaker responses of CLL cells to activation/pro-
liferation signals, such as CpG/IL-15, analyzed in the same
CLL subset used to test BCR signaling. In line with the re-
sults obtained in the BCR signaling studies, when dividing
samples according to TIGIT:CD226 ratio, samples with
prevalence of TIGIT showed a lower proliferative response
to CpG/IL-15 compared to samples with a ratio <1 (Figure
3B, upper panel).

Analysis of TIGIT and CD226 expression in these cells,
after 6 days of exposure to CpG/IL-15, showed a marked
upregulation of CD226, with a concomitant slight down-
modulation of TIGIT (Online Supplementary Figure S8A).
Unstimulated cells showed a high level of spontaneous
apoptosis; in the remaining live cells, CD226 expression
was downregulated compared to the expression levels
before starting in vitro culture (Figure 3B, lower panel).
Modulation of CD226 and TIGIT levels could explain, at
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least in part, the observation that TIGIT* CLL samples
showed a productive proliferative response, albeit weaker
than TIGIT- samples. Accordingly, the TIGIT:CD226 ratio in
stimulated cells was <1 in all samples, in line with a
prevalence of “positive” signaling (Online Supplementary
Figure S8B).

In line with these findings, we found that CLL lymph node
biopsies with higher TIGIT expression showed lower
CD226 levels (Figure 3C). These tissues samples had a sig-
nificantly lower expression of the proliferation marker
Ki67, when compared to samples showing low TIGIT and
high CD226. Consistently, we found that CD226* CLL cells
were mainly associated with Ki67 expression regardless
of TIGIT levels, which was significant in TIGIT'*Y, CD226"¢"
lymph nodes as revealed by Ki67/TIGIT versus Ki67/CD226
co-localization image analysis (Figure 3C).

TIGIT* chronic lymphocytic leukemia cells produce more
interleukin-10

Considering that /IGHV-M anergic CLL cells produce and
secrete more IL-10 than /GHV-UM reactive cells,® we in-
vestigated whether high TIGIT expression correlated with
IL-10 production. We found that samples with a
TIGIT:CD226 ratio 21 had significantly higher /L70 mRNA
levels, both in the IGHV-UM and the /IGHV-M CLL groups
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Figure 3. High surface TIGIT expression is associated with chronic lymphocytic leukemia cell anergy. (A) Top panels. Inverse cor-
relation between surface IgM levels and the percentage of TIGIT-expressing cells in chronic lymphocytic leukemia (CLL) samples
harboring unmutated /GHV and with a normal karyotype or deletion 13 as the sole abnormality (left), and surface IgM levels in
CLL samples divided according to TIGIT:CD226 ratio (right). Bottom panels. Inverse correlation between the induction of BTK
phosphorylation (pBTK) upon B-cell receptor stimulation and the TIGIT:CD226 ratio in CLL samples (left), and fold changes of
algM-mediated pBTK induction in CLL samples divided according to TIGIT:CD226 ratio (right). (B) Ki67 staining of TIGIT* and TIGIT-
CLL samples (top) and flow cytometry analysis of surface CD226 upregulation (bottom) in response to CpG/IL-15 culture. (C)
Representative multispectral immunofluorescence and three-dimensional volume rendered confocal images of TIGIT"&"/CD226'"
(n=3) or TIGITY/CD226"e" (n=3) CLL lymph node formalin-fixed paraffin-embedded biopsy tissues stained for CD20 (blue), Ki67
(magenta) and TIGIT or CD226 (green). Original magnification, x20, scale bars of the larger image: 100 um, of the lower image: 50
um. The images on the right represent a magnification of the top image, as indicated by the arrow. Quantification of the co-lo-
calization of Ki67 and TIGIT or Ki67 and CD226 limited to CD20* cells from CLL lymph node tissues. Graphs relative to the quan-
tification in TIGIT"&"/CD226"" lymph nodes (top), TIGITY/CD226"e" lymph nodes (middle) or all the lymph node samples together
(bottom) are shown. Statistical analyses: Student t test. MFI: mean fluorescent intensity; FC/NS: fold-change compared to un-
stimulated sample; LN: lymph nodes.

(Figure 4A). Similar results were obtained when measuring
IL-10 production by flow cytometry, with TIGIT* CLL cells
staining more positive than TIGIT cells for IL-10 after 5 h
stimulation with phorbol 12-myristate 13-acetate and
ionomycin, even in /IGHV-UM cases (Figure 4B, C). The ob-
servation that /IGHV-M cells showed higher /IL70 expression
and production, at the mRNA and at the protein levels, re-

spectively, both in the TIGIT* and in the TIGIT subsets,
suggests that TIGIT is associated with different IL-10 pro-
files but also that other regulatory mechanisms exist.

TIGIT axis expression during disease follow-up
We next studied modulation of surface TIGIT, CD226 and
CD155 over time, focusing specifically on the effects ex-
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erted by BTK inhibitors, since they are known to modulate
BCR signaling. To this aim, we took advantage of a cohort
of 14 samples collected systematically before ibrutinib
initiation, after 2 weeks and after 24 weeks of treatment.
The characterization of these samples is reported in On-
line Supplementary Table S2. Previous studies have
shown that BTK blockade is followed by upregulation of
surface IgM levels, evident already after 1 week on ther-
apy and maintained for at least 3 months.?® This appar-
ently paradoxical behavior was also observed in our
cohort, in which sIigM levels were increased after 2 weeks
of treatment and remained higher than the baseline at 24
weeks (Figure 5A). In line with heightened BCR signaling
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activity, surface TIGIT, which was expressed before ther-
apy initiation by all samples, invariably decreased upon
ibrutinib treatment, starting within the first 2 weeks of
treatment and reaching minimal levels at the 24-week
time-point (Figure 5B). TIGIT mRNA levels showed the
same behavior (Online Supplementary Figure S9A). In
contrast, mRNA levels of CD226 increased markedly (On-
line Supplementary Figure S9A), while surface levels were
minimally, but significantly decreased (Figure 5C, left
panel), raising the question of whether the molecule can
reach the cell surface. However, given the relative
changes of TIGIT and CD226, their ratio dropped to <1 in
all samples examined, including those with a ratio 21 be-
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analysis of IL-10 intracellular staining after 5 h stimulation with phorbol 12-myristate 13-acetate (50 ng/mL) and 1 uM ionomycin
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fore treatment, suggesting a switch towards “positive”
CD226-mediated signaling (Figure 5C, right panel). TIGIT
downregulation appeared specific to B cells, as we found
that ibrutinib treatment did not alter its expression on
CD4* or CD8* T-cell subsets (Online Supplementary Figure
S9C, D). In contrast, CD155 surface expression decreased
minimally along the patients’ follow-up (Online Supple-
mentary Figure S9B).

This response to ibrutinib was also documented in vitro,
by exposing primary CLL cells from untreated patients to
ibrutinib (1 uM and 5 uM for 48 h). In these cells, we ob-
served increased slgM levels, with a concomitant de-
crease of the TIGIT:CD226 ratio (Figure 5D, Online
Supplementary Figure S9E). Previous investigators have
reported that upon BTK inhibition, the BCR retains the
capability to mobilize Ca?" in response to antibody liga-
tion, as well as the capability of tyrosine phosphorylating
SYK and ERK1/2.26 In our samples, despite inhibition of
tyrosine phosphorylation of BTK, a marked increase in in-
tracellular Ca?* mobilization upon BCR ligation was ob-
served, comparing untreated versus ibrutinib-treated
primary CLL cells. The same cells showed prominent ty-
rosine phosphorylation of SYK and ERK1/2, clearly indi-
cating that the BCR pathway is bypassing the signaling
block imposed by ibrutinib (Figure 5E).
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TIGIT and CD226 are expressed on Richter syndrome
samples

Stemming from these observations, we evaluated ex-
pression of TIGIT and CD226 in cases of Richter syndrome
(RS), a rare but often fatal complication of CLL character-
ized by transformation of the leukemia into an aggressive
lymphoma.??®* To this purpose, we exploited RNA-se-
quencing analysis performed on primary formalin-fixed
paraffin-embedded RS lymph nodes and compared it to
that of CLL samples and matched healthy subjects, from
previously published datasets (EGA accession numbers
EGAD00001004046 and EGADO00001000258).33" RS
samples showed lower TIGIT expression compared to CLL
samples, in line with our observation of TIGIT marking a
more indolent disease. Accordingly, CD226 expression in
RS cells was higher than in either cells from healthy do-
nors or CLL samples (Figure 6A). Results were substanti-
ated by using RS-patient-derived xenograft models
recently established in our laboratory.?>?®* Both quanti-
tative polymerase reaction performed on four RS-PDX at
different passages and flow cytometry analyses confirmed
the RNA-sequencing results, with TIGIT being expressed
at lower levels than in CLL cases and CD226 showing the
highest expression (Figure 6B, C). Interestingly, all these
four models show a highly active BCR signaling pathway.*?
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Figure 5. TIGIT and CD226 expression during the follow-up of chronic lymphocytic leukemia patients treated with ibrutinib. (A)
Surface IgM levels before and during ibrutinib therapy. (B) Surface expression of TIGIT before treatment initiation, and after 2
and 24 weeks of ibrutinib therapy (C) (Left panel) Surface expression of CD226 and (Right panel) TIGIT:CD226 ratio before treat-
ment initiation, and after 2 and 24 weeks of ibrutinib therapy. The dashed line at y=1 indicates the threshold discriminating be-
tween negative signaling (TIGIT:CD226 ratio =1, prevalence of TIGIT) and positive signaling (TIGIT:CD226 ratio <1, prevalence of
CD226). Statistical analyses (A-C): one-way analysis of variance. (D) (Left panel) Surface IgM levels of chronic lymphocytic leuke-
mia (CLL) cells treated in vitro with 1 and 5 uM ibrutinib for 48 h. (D) (Right panel) TIGIT:CD226 ratio measured in primary CLL
cells in the presence or in the absence of ibrutinib used at 1 and 5 uM for 48 h. The dashed line at y=1 indicates the threshold
discriminating between negative and positive signaling. (E) Phospho-BTK MFI levels in response to anti-IgM ligation in primary
CLL cells left untreated or exposed to 1 uM ibrutinib for 48 h (left panel). In the same cells, intracellular Ca?* levels were monitored
by flow cytometry (middle panel) and SYK and ERK1/2 phosphorylation by western blot (right panel). (D, E) Statistical analyses:
Student t test. MFI: mean fluorescence intensity; UnTX: before treatment; PreTX: before treatment; w: weeks; NT: untreated;
FC/NS: fold change compared to unstimulated samples; Ibr: ibrutinib.

CD155 transcript levels were barely detectable in RS
samples, although the molecule was expressed on the cell
surface (Online Supplementary Figure S10).

Modulation of TIGIT and CD226 signaling

To understand the functional role of TIGIT and CD226 in
altering BCR signaling capacity and cell proliferation, we
selectively interfered with either receptor/ligand inter-
action, taking advantage of specific rhFc chimeras or
blocking monoclonal antibodies. Read-outs were BTK
phosphorylation in response to algM-mediated BCR
crosslinking or Ki67 staining following CpG/IL-15 culture,
respectively. A schematic representation of the experi-
ments and reagents is depicted in Figure 7A. Specifically,
we used: (i) a rhTIGIT-Fc chimera that sequesters CD155

expressed on the cell surface and prevents it from binding
either TIGIT or CD226, blocking downstream signaling of
the prevalent receptor in that CLL population; (ii) a
rhCD155-Fc chimera that works as an artificial ligand and
can bind and activate both TIGIT and CD226, depending
on which receptor is prevalent; and (iii) the rhCD155-Fc
chimera in combination with blocking monoclonal anti-
bodies directed against either TIGIT or CD226 (aTIGIT or
aCD226) in order to discriminate between the activation
of one receptor and the other.

Experiments were carried out in the same /IGHV-UM CLL
cases with a normal fluorescence in situ hybridization
profile or deletion 13 used in previous experiments. Pre-
treatment of TIGIT- CLL cells with rhTIGIT-Fc affects
mostly CD226 signaling, which is more expressed than
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TIGIT in these samples. We found that the BCR signaling
capacity upon receptor engagement in the presence of
rhTIGIT-Fc was significantly downregulated in TIGIT
samples compared to when algM was given alone, and
phospho-BTK induction was similar to that of TIGIT*
samples. In contrast, pre-treatment of TIGIT* CLL cells
with rhTIGIT-Fc mostly prevents CD155 binding to TIGIT,
likely abrogating its negative regulation of the BCR. Ac-
cordingly, in these samples, algM-induced BTK phos-
phorylation was significantly increased in the presence of
rhTIGIT-Fc, and was more similar to that of TIGIT- samples.
Furthermore, stimulation of the BCR in the presence of
rhCD155-Fc and of aTIGIT blocking antibody enhanced
BTK phosphorylation in TIGIT* samples, while this com-
bination had no effects on TIGIT- samples, which already
had maximal phospho-BTK induction. Lastly, pre-treat-
ment of CLL cells with rhCD155-Fc and aCD226 blocking
antibody downmodulated the BCR signaling capacity of
TIGIT- samples, in which CD226 is prevalent and could
help to improve BCR responses, to levels comparable to
those of TIGIT* CLL samples, whose phospho-BTK induc-
tion was unaffected in the presence of agents preventing
CD226 signaling (Figure 7B).

Similar results were obtained when examining the prolif-
erative response to CpG/IL-15 stimulation in the same
conditions (Figure 7C).

These results suggest that CD155 binding to TIGIT triggers
an inhibitory signaling that decreases responsiveness of
CLL cells to the antigen, and that, if CD155-TIGIT inter-
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actions are interrupted, we can boost CLL cell responses.
On the other hand, CD155 binding to CD226 exerts an op-
posite “positive” effect on intracellular signaling and in-
terrupting this axis might induce CLL cell anergy.

Discussion

This work shows that the immunomodulatory molecule
TIGIT is expressed by CLL cells where it is a marker of
anergy. TIGIT was identified nearly a decade ago and
shown to be part of an axis including CD226 and CD155
which shares similarities with other checkpoint
inhibitors.®® In the current view, TIGIT and CD226 are ex-
pressed by T cells and can negatively (TIGIT) or positively
(CD226) affect TCR signaling, once engaged by the com-
mon CD155 ligand. Coherent with this view, T cells ex-
pressing high levels of TIGIT are reported in different
cancers where they define a subset of exhausted and dys-
functional T lymphocytes.?"3**-36 |n CLL, high TIGIT ex-
pression is found on T lymphocytes from patients with
advanced disease, co-expressing exhaustion markers?
(Online Supplementary Figure S6).

The recent finding of TIGIT expression on normal memory
B cells, where it directly contributes to suppress T-cell
responses,? prompted us to extend these observations to
CLL cells. Here, we show for the first time that circulating
and resident leukemic B cells express TIGIT and CD226,
at variance with the normal CD19* subset. CD155, in
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Figure 6. TIGIT and CD226 expression in Richter syndrome. (A)
Values of TIGIT and CD226 from RNA-sequencing experiments
carried out in normal B cells, chronic lymphocytic leukemia
(CLL) samples and primary formalin-fixed paraffin-embedded
lymph nodes from Richter syndrome (RS) samples. (B) Quanti-
tative real-time polymerase chain reaction analysis of TIGIT and
CD226 expression in our cohort of healthy subjects, CLL
samples and RS-patient-derived xenograft (PDX) models at dif-
ferent passages. (C) Flow cytometry analysis of TIGIT and
CD226 surface expression in healthy subjects, CLL and RS-PDX.
Statistical analyses: Student t test. TPM: transcripts per million;
HD: healthy donors; RE: relative expression; B2M: $2-microglo-
bulin.
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Figure 7. Modulation of TIGIT and CD226
interactions with CD155. (A) Schematic
representation of the mechanisms of ac-
tion of rhTIGIT-Fc and rhCD155-Fc chim-
eras and of aTIGIT and aCD226 blocking
monoclonal antibodies: (i) CD155 can
bind either TIGIT or CD226, triggering op-
posite signaling outcomes; (ii) rhTIGIT-Fc
chimera prevents CD155 binding and can
therefore inhibit both TIGIT and CD226
signaling, thus affecting the signaling
through the prevalent receptor on the
cell surface. rhCD155-Fc chimera works
as an artificial ligand and can bind to
either receptor; therefore, (iii) when giv-
ing it in combination with the aTIGIT
blocking monoclonal antibody it is poss-
ible to induce signaling through CD226;
while (iv) in combination with aCD226
monoclonal antibody, signaling through
TIGIT is preserved. (B) Flow cytometry
analysis of pBTK induction in response to
algM-mediated B-cell receptor crosslink-
ing in the presence of modulators of
TIGIT and CD226 activity: top panels
show plots of two representative TIGIT*
and TIGIT  samples, bottom panel shows
cumulative results of pBTK induction. (C)
Cumulative results of Ki67 staining upon
CpG/IL-15 culture in the presence of
modulators of TIGIT and CD226 activity.
Statistical analyses: Student t test. MFI:
mean fluorescent intensity.
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contrast, was mostly expressed on the monocyte com-
partment. When dividing our cohort of 115 patients ac-
cording to specific prognostic markers, we observed that
high TIGIT was associated with features of indolent dis-
ease while high CD226 was more frequent in subsets
characterized by elevated BCR signaling capacity (e.g.,
IGHV-UM, NOTCH1-M or CD38* and CD49d* cases). Since
TIGIT and CD226 are concomitantly present on the cell
surface, we devised a ratio between the two markers: a
ratio 21 indicates predominance of TIGIT and hence of in-
hibitory effects (negative signaling), while a ratio in favor
of CD226 prompts for a co-stimulatory effect (positive
signaling). Accordingly, aggressive cases of CLL were en-
riched with samples showing a ratio in favor of CD226. It
is therefore likely that this axis might modulate signaling
of CLL cells, similarly to what is observed in T lympho-
cytes.

To determine a possible role for TIGIT in CLL homeosta-
sis, we first explored the effects on BCR signaling capa-
city, specifically focusing on /IGHV-UM samples, selected
to harbor high or low surface TIGIT. We found an inverse
correlation between TIGIT expression and baseline sigM
levels or the induction of BTK phosphorylation in re-
sponse to receptor engagement, suggesting that surface
TIGIT is associated with a more anergic CLL behavior. In
a cohort of samples collected systematically after ibruti-
nib therapy, we observed a sharp decrease in surface
TIGIT following treatment. This is in line with the recent
observation that leukemic cells, released from the lymph
nodes by ibrutinib, upregulate sigM and SYK because they
no longer receive persistent antigen stimulation, as if they
turned less anergic despite downstream inhibition of
BTK.?®* The mechanism behind TIGIT downregulation re-
mains to be determined. Speculatively, it could rely on
the inhibition of transcription factors downstream to the
BCR signaling, including NFATC1,*” FOXP1%*® and NFKB,3®°
which have putative binding sites on the TIGIT promoter
(not shown, prediction made using the CiiiDER online tool
at http:/www.ciiider.org/).*°

TIGIT downregulation with concomitant surface IgM up-
regulation were also confirmed by in vitro exposure of pri-
mary CLL cells to ibrutinib. While BTK tyrosine
phosphorylation was invariably inhibited in these cells,
BCR ligation was followed by SYK and ERK1/2 tyrosine
phosphorylation and mobilization of intracellular Ca?* to
levels higher than those observed in untreated cells, in-
dicating recovery from anergy. This behavior was pre-
viously attributed to the interruption of chronic antigen
stimulation due to release of CLL cells exposed to ibruti-
nib from the lymph node niche, at the same time making
them more dependent on BCR engagement and con-
sequently more susceptible to apoptosis if the ligand is
not present, as is the case for peripheral circulation.?®

A formal demonstration of the effects of TIGIT and CD226

F. Arruga et al.

on BCR signaling capacity comes from experiments in
which interactions of these receptors with the CD155 li-
gand were interrupted using specific recombinant chim-
eras and monoclonal antibodies. rhTIGIT-Fc chimera
sequesters CD155 and prevents its binding to either re-
ceptor, thus affecting the signaling through the prevalent
receptor on the cell surface (Figure 7Aii). Therefore, in
TIGIT- samples, blocking CD155 mostly affects signaling
through CD226, removing its positive contribution to BCR
signaling and, consistently, we observed a reduced algM-
induced BTK phosphorylation. In contrast, in TIGIT*
samples, TIGIT signaling is affected by CD155 sequester-
ing, removing its inhibitory effect and increasing BTK
phosphorylation. Comparable results were achieved
when selectively activating CD226 or TIGIT by providing
chimeric CD155 ligand together with a monoclonal anti-
body blocking the unintended receptor (Figure 7Aiii-iv).
Using the same experimental set-up, we examined CLL
cell proliferation in response to CpG/IL-15 stimulation and
observed significant differences between TIGIT* and
TIGIT samples, with the latter showing a proliferative ad-
vantage over the former. Again, when interrupting
TIGIT/CD226 interactions with CD155 we could modulate
responses to CpG/IL-15 with different outcomes in TIGIT*
and TIGIT- samples.

Lastly, when analyzing IL-10 secretion in our sample co-
hort, we found that TIGIT* cases of CLL produce more IL-
10 than do TIGIT ones, both in the /IGHV-M and in the
IGHV-UM subsets. This finding is in line with previous ob-
servations that TIGIT* normal memory B cells suppress
T-cell responses more efficiently than the TIGIT- counter-
part, possibly via 1L-10,2° and also with existing literature
showing that IL-10 production is enhanced in more aner-
gic CLL and is associated with a less aggressive clinical
phenotype.*

Our results indicate that TIGIT and CD226 are aberrantly
expressed on leukemic B cells, and this is the first time
that deregulation of this axis has been described on
tumor cells and not only in the T-cell compartment. In
addition, this work provides evidence of an association
between TIGIT expression and an anergic phenotype of
the CLL cell. The mechanism behind TIGIT upregulation
in CLL is still not understood. However, a recent paper
reported a signature of aberrantly expressed immune
regulatory molecules, including TIGIT, in CLL cells with a
peculiar methylation pattern compared to that of healthy
B lymphocytes.*?

The translational implications of these results remain to
be determined. Since therapeutic anti-TIGIT antibodies
are in clinical trials for cancer patients, it would be
tempting to determine whether, in CLL patients, they may
revert anergy, increasing BCR signaling capacity, and
therefore making leukemic cells more susceptible to tar-
geted inhibitors. Further research will tell us more about
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this immunoregulatory pathway and its possible clinical
implications.
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