


SLAMF6 regulates CD8+ T cell exhaustion in CLL

Anti-SLAMF6 reduces the number of exhausted CD8" T cells, which correlates with an
increase in effector functions.

Surprisingly, the percentage of CD3" T cells was increased in the spleen and blood
(Spleen: 6.6+0.7 vs. 15.3+2.3% p=0.0002, Blood: 7.6+0.9 vs. 17.4% p=0.01) as a
consequence of administering aSLAMFG6 into Ep-TCL1 CLL-bearing WT mice
(Figure 3a). The CD4/CD8 ratio among CD3" T cells was significantly reduced
in the spleen of aSLAMF6-injected mice, but not in the blood (Spleen: 1.18+0.1
vs. 0.74+0.17 p=0.04, Blood: 0.68+0.06 vs. 0.61+0.2) (Figure 3b). Indeed, there
was a shift among splenic CD8" T cells from naive (CD62L"CD44) to antigen-
experienced effector memory (CD62L'CD44") phenotype (Naive 30.5+4.1 vs.
14.5¢3.1% p=0.02, Eff/mem 45+5 vs. 64.8+4.3% p=0.02) (Figure 3c). This
shift in CD8" T cell subsets was also observed in the blood (Naive 30.6+3.7
vs. 8.922.6%, p=0.0008, Eff/mem 54.9+4.5 vs. 80.8+3.9%, p=0.001) and the
PerC (Naive 38.7+4.1 vs. 11.8+2.04% p=0.0004, Eff/mem 52.5+4 vs. 75.8+1.9,
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Figure 3. Anti-SLAMF6 causes a skewing of CD8 T cells toward a memory phenotype.

Cells from isotype (n=12) or aSLAMFG6 (n=11) injected mice were stained for CD3, CD4 and CDS,
CD44 and CDG62L; dead cells were excluded as DAPI negative. (a) Representative FACS plots for
CD4/CD8T cells pre-gated on CD3" samples are as shown. CD3", CD3'CD4', CD3'CD8" T cell per-
centages in spleen compared between isotype and aSLAMFG injected group. (b) CD3", CD3"CD4",
CD3'CD8" T cell percentages in blood. (c) Representative FACS plots for CD8" T cell subsets: Naive
(CD62L'CD44), Effector/Memory (CD62L'CD44", CD62L'CD44"). Subsets presented as percent-
age of CD3"CD8" T cells in spleen of isotype vs. aSLAMFG injected. (d) Subsets presented as percent-
age of CD3'CD8" T cells in blood. All graphs depict mean + SD. P values are as shown.
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p=0.0009) (Figure 3d and Supplementary Figure 3a-b). By contrast, CD4"
T cell subsets, i.e. CD62L" CD44 or CD62L"CD44", were not affected by the
aSLAMFG antibody (Supplementary Figure 3c).

Because exhausted CD8" T cells display a loss of effector function in CLL pa-
tients®””, we further analyzed exhausted CD8" T cells after injecting a SLAMFG.
Remarkably, the percentage of activated CD3'CD44"CD8" T cells in the spleen
that expressed the well-known marker PD-1 in the aSLAMFG6 injected group
was significantly lower compared to that in isotype control mice (3.1£0.5%
vs. 11.7+1.6 p=0.0002) (Figure 4a, left panel). The absolute number of PD1"
CD3'CD44'CD8" T cells was also markedly reduced in the spleen (0.1+0.03 vs.
0.6+0.1 x10°, p=0.0003) (Figure 4a, right panel).

This was confirmed in the blood by a reduction of the percentage of PD1" CD3*
CD44" CD8" T cells in aSLAMF6-injected mice as compared to isotype controls
(5+1vs. 11.1+1.2 % p=0.001) (Figure 4b). In contrast, in the PerC of aSLAMF6-
injected mice the percentage of PD-1" cells among CD3"'CD44'CD8'T cells was
increased (9.5+1.1 vs. 3.6£1.9 % p=0.03) (Figure 4c, left panel). However, the
increase in absolute numbers did not reach statistical significance possibly due
to the smaller group sizes (1.7+0.4 vs. 0.5£0.3 x10*%, p=0.09) (Figure 4c, right
panel).

The proportion of CD3'CD44'CD8" T cells expressing the exhaustion markers
CD160, LAG3 and KLRG1, was also significantly reduced in the spleen after
injection of aSLAMFG (Supplementary Figure 4).

To test whether the phenotypical changes in the exhausted CD8" T cell compart-
ment of aSLAMF6-injected correlated with an increase in effector functions,
splenocytes isolated from aSLAMF6 injected mice were in vitro stimulated with
PMA/Ionomycin and Brefeldin A for 4 hours. Intracellular staining of CD8" T cells
from aSLAMF6-injected mice showed significantly increased lysosomal CD107a
(6.7+0.3 vs. 8.8+0.50% p=0.003) and Granzyme B (14.3+0.6 vs. 21.8+1.5%
p=0.001) (Figure 4d). Additionally, IFNy (35.5+2.9 vs. 46.8+1.7% p=0.003) and
IL-2 (8.7£0.9 vs. 12+0.5% p=0.009) expressing CD8" T cells were significantly
increased (Figure 4e).

We conclude that SLAMFG is a negative checkpoint inhibitor, which restricts
CD8" T cell exhaustion in response to murine CLL cells. Consequently, signaling
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induced by aSLAMEF6 reduces the number of exhausted CD8" T cells, which

empowers CTL responses to the leukemic cells.

A. % PD-1*in B. % PD-1*in
— _ Blood
25,  SPleen & 207 p=0.0003 5 20 p=0.001
£ p=0.0002 < 3 ==
< — = ° a204 ¢
o) 20+ ." ® 151 o °
[ o) J
© 154 ®e 2 ° ] 15 ° °
Sl 2 +
£101 c 5101e8Te
5o 98 0 Zosi? . Sl
2 2 e 8 ... [ J [ ] o )
5 Q 2 [ J
R 2 ol — S & 0t—eFb--—v-—
x® 0- ;
isotype aSLAMF6 isotype aSLAMF6 isotype aSLAMF6
C. % I;-:’)D-(1: *in
er &
£ 157 p=003 & 41  p=009
:Dfr == x - e
@) » 34
3810- ° —% 8
9 [ § 21 o ;
[s0]
< o)
5 ° S1{ — °
5 : | °
= ol 3 — Lol
isotype aSLAMF6 isotype aSLAMF6
D. E.
15 - , 407 609 p=0.003 201
o p=0.006 o p=0.001 2 —w o p=0.009
5 . g 301 ° 00 & 35| o
S |gwe £ 20 —Sy— E R = & 104 oo
a ® °° O > 7. Coo Q |e8 o °
5 51% % 104 % L o0 ®® N LT
5 5 z 3%
R © R
0 T T 0 T T 0 r r 0T
isotype aSLAMF6 isotype aSLAMF6 isotype aSLAMF6 isotype o SLAMF6

Figure 4. In vivo a.SLAMF6 injections reduce PD1* CD3*CD44°CD8'T cells and improve effector
functions

(a) Percentage and absolute numbers of PD1" T cells among antigen-experienced CD8 T cells
(CD3"CD44"CD8") in spleen (b) percentages in blood, and (c) percentage and absolute numbers in
PerC in isotype vs. aSLAMFG injected mice. (d) Fresh total splenoytes from isotype and aSLAMFG
injected mice were cultured with phorbol myristate acetate (PMA)/Ionomycin for 4 hours in the pres-
ence of Brefeldin A. After cell surface staining with CD3 and CD8, cells were fixed and permeabilized
for intracellular staining. CD107a antibody was added to the culture in the beginning. CD107a and
Granzyme B levels as a measure of cytotoxic capacity of CD8" T cells from isotype and aSLAMFG are
compared. (e) Levels of IFNy and IL-2 as a measure of effector function of CD8" T cells in isotype vs.
oSLAMFG group. All graphs depict mean + SD. P values are as shown.
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Anti-SLAMF6 antibody exerts its function on CD8" T cells in mice immunized with
hapten antigen.

To test whether this effect we see on T cells after aSLAMFG injection into TCL1
bearing WT mice applies to other systems as well, we used WT mice immunized
with NP-OVA in Complete Freund’s adjuvant (CFA). Nine days after aSLAMF6/
isotype injection mice were sacrificed and spleen was analyzed for T cell compart-
ment (Supplementary Figure 5a). While total % of CD3" T cells were decreased,
proportion of CD4 and CD8 T cell subsets remained unchanged (Supplemen-
tary Figure 5b). We found an increase in percentage of effector/memory CD4"
T cells (Supplementary Figure 5c¢). In line with our finding in the CLL model,
injection of aSLAMF6 decreased naive and increased effector/memory CD8" T
cells with reduced percentage of PD1" CD3'CD44" CD8" T cell subpopulation
(Supplementary Figure 5d).

Cooperation of the Bruton’s tyrosine kinase (BTK) inhibitor ibrutinib and aSLAMF6 in
CLL therapy.

Thus far the outcomes of our studies indicate that in addition to its ability to
attack the B cell leukemia by ADCC and reduce BCR signalingSO, aSLAMEFG also
restores the CTL functions of exhausted CD3'CD44°CD8" T cells. Given that
aSLAMEFG is capable of reducing BCR signaling alone, we evaluated whether
combining ibrutinib with aSLAMFG6 would cooperate in the in vivo clearance
of mouse CLL cells. To this end, we transplanted WT mice with Eu-TCL1 CLL
cells and when the transplanted cell numbers reached a 20-40% level in the blood,
mice were randomly divided into 4 groups for treatment as indicated in Figure
5a. Mice were given either 200pg/mouse aSLAMFG weekly injections 3 times,
ibrutinib daily 25mg/kg ibrutinib, or combination of both. Mice that received
oSLAMFG or ibrutinib alone had significantly smaller spleen sizes (Control:
0.67+0.03g, aSlamf6: 0.22+0.01g, Ibrutinib: 0.48+0.04g, Combo: 0.14+0.01g),
accompanied by significantly reduced absolute numbers of CD19°CD5" TCL1
cells as compared to control group (Control: 6.5£0.49x10°, aSlamf6: 1+0.09x10°,
Ibrutinib: 3.5+0.3x10°, p values shown on figure) (Figure 5b). This was further
reduced in mice that received combination of aSLAMEFEG6 and ibrutinib (Combo:
0.65+0.08x10%). These findings suggested that combining ibrutinib with
aSLAMEFG further improved potency of the antibody in Epu-TCL1 transfer model.

To begin to apply the outcomes of our studies for therapeutic purposes, we set

up in vitro experiments with a humanized anti-human-SLAMF6 monoclonal
antibody (ahSLAMFG). This allowed us to determine viability of human CLL
cells with thSLAMFG in the presence of and in combination with ibrutinib. We
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used peripheral blood mononuclear cells (PBMCs) from IGHV unmutated CLL
patients with varying levels of IgM surface expression (Supplementary Table
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Figure 5. Anti-SLAMF6 in combination with ibrutinib further reduces the leukemic burden in
TCL1 bearing mice

(a) Schematic Outline. Mice bearing 20-40% TCL1 in blood after transfer were randomized to 4
groups and received either 200 pg/mouse aSLAMFG6 weekly injections, 3 times, one group was oral-
gavaged daily with 25 mg/kg ibrutinib for 3 weeks and another group was initially started with daily
ibrutinib for 1 week and then received 2 injections of aSLAMFG6 along with ibrutinib. Mice were sac-
rificed and analyzed after 3.5 weeks (n=5 each group). (b) Spleen weight, % of CD19"CD5* TCL1 in
spleen and absolute numbers in spleen are as depicted, with relative p-values. (c) PBMCs from IGHV
unmutated CLL patients (n=6) were cultured in presence of anti-human F(ab’), IgM, ibrutinib, and
ohSLAMFG6 or in combinations for 24 and 48 hours. Viability of cells were measured by AnnexinV/
PI staining. Representative gating is as shown. Viability of nonstimulated wells was set to 100% as a
baseline and percentage of viability was calculated accordingly. All graphs depict mean + SD. P values

are as shown.

101



Chapter 4

II). Ibrutinib alone served as a positive control for the system, as its interference
with BCR-induced survival in vitro is well established®. CLL cells were either
stimulated with anti-human IgM or left unstimulated. In addition, ibrutinib,
ohSLAMFG6, or both were added to the cells and CLL viability was expressed as
percentage of AnnexinV/PI negative cells 24 or 48 hours after stimulation (Figure
5¢). We found that upon BCR stimulation, addition of thSLAMFG6 alone reduced
viability to comparable levels as those of ibrutinib and this was enhanced if the
two were combined, suggesting that the improved effect of combining aSLAMF6
and ibrutinib we observed in vivo also applies to human CLL cells, in an in vitro
setting.

Discussion

Overcoming immune evasion, a phenomenon by which pathogens and cancer
cells escape the host immune system, is being actively pursued to identify immune
checkpoints for therapeutic targeting. Chief among the successfully exploited
mechanisms is the well-characterized PD1/PD-L1 axis; blockade of this pathway

has proven to be effective in solid tumors as well as hematologic malignancies'*".

CLL is well known to generate impaired immune responses in the host, with the
malignant clone residing in well-vascularized tissues and circulating in peripheral
blood but also in close proximity to effector cells that are capable, if activated
appropriately, of carrying out a cytotoxic response. Defective T cell responses have
been observed in CLL patients, including imbalance of T cell subsets, inability
to form immune synapses between CLL B cells and T cells, increased expression
of inhibitory receptors (e.g. PD-1, CD160, LAG3), and loss in proliferation and
cytotoxic capacity®”'"**%, These in turn result in ineffective antitumor responses.
Thus, treatment protocols are based on agents with the ability to generate an
immune response e.g., anti-CD20 monoclonal antibody (mAb), checkpoint
inhibitors or cellular therapies™.

Currently, the most effective method of studying the impact of a tumor microen-
vironment on a host immune system is through the use of murine models”. In this
study, we employ the Eu-TCL1 adoptive transfer model to assess the relevance of
SLAMFG in the murine CLL microenvironment and the usefulness of targeting
this receptor with a monoclonal antibody aSLAMEF6 to improve its therapeutic
action on leukemic cell expansion and enhance CD8" T cell functions. When Ep-
TCL1 leukemic cells were made to reside in a tumor microenvironment that lacks

SLAMEFG, i.e. the SLAMFG-/- mouse, we observed an expansion of a PD1" subset
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of CD3"CD44'CD8" T cells with reduced cytotoxic functions. This supports the
concept that SLAMFG6-SLAMEFG interactions, and possibly intracellular signaling
initiated from this interaction, are important in the development of CD8" T cell
functions.

This concept was further supported by the outcomes of our experiments with
aSLAMF6 mAb, which in vivo reduced the leukemic burden in the Ep-TCL1
adoptive transfer model. Administering SLAMF6 reduced the number and
proportion of PD1" CD3"CD44'CD8" T cells concomitantly with an increase
in cytotoxicity, as determined by expression of CD107a and Granzyme B. Pos-
sible reasons for reduction in exhausted PD1" CD8" T cells include induction
of ADCC and/or down-regulation of PD1 from the cell surface after SLAMF6
ligation. SLAMEFG serves as a co-stimulatory receptor in T cells and recruits SAP
to its cytoplasmic tail. We found no effect of SAP deficiency in this system when
murine CLL cells were transferred into SAP-/- mice (Supplementary Figure 6).
This suggests that our findings are independent of SAP and whether there is a
direct link between SLAMFG6 and PD1 signaling needs further investigation.

Thus, empowering CD8" T cell effector functions adds to the ability of aSLAMFG
to control disease by removing the CLL cells by ADCC and downregulating of
BCR signaling. This dual activity of aSLAMFG is in contrast with the mechanism
by which aCD20 and ibrutinib control CLL in patients > and in a CLL mouse
model (BY & CT, unpublished data). The mechanisms of actions of aSLAMF6
antibody in CLL are summarized in Figure 6. Primarily, aSLAMFG induces activa-
tion of ADCC mediated by engagement of antibody Fc portion with Fc receptors
on macrophages and NK cells”’. Secondly, signaling of SLAMFG in CLL B cells to
reduce proximal BCR signaling and survival in both murine and human models.
Lastly, antibody binding to SLAMFG6 on the surface of T cells causes reduction in
the number of PD1" CD3"CD44'CD8" T cells and results in increased effector
functions of remaining CD8" T cells. This finding of the aSLAMF6 antibody
applies to other models as well. Previously, our lab had demonstrated that injec-
tions of aSLAMFG inhibited antibody responses in an immunization model*®.
Inhibition of antibody production coincides with our finding that aSLAMF6
reduces BCR signaling, thus survival of B cells. Similarly, analyzing the CD8
T cell compartment in this model, we again found reduced percentage of PD1"
CD3'CD44'CD8" T cells (Supplementary Figure 5d). This suggests that there
is a selection by the antibody towards PD1" subpopulation in activated CD8" T
cells and this is irrespective of the disease model used.
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Figure 6. Mechanism of action of «SLAMF6 in mouse model of CLL.

One mechanism involves activation of antibody dependent cellular cytotoxicity (ADCC) mediated
by engagement of antibody Fc portion with Fc receptors on NK cells. A second mechanism involves
signaling of SLAMFG in CLL B cells to reduce proximal BCR signaling and survival. Other mecha-
nism constitutes of reduction of PD1" CD3'CD44"CD8" T cells upon aSLAMFG triggering (Anti-
SLAMF6 antibody and its targets are indicated in red).

Nicely complementing our findings in CD8" T cells, SLAMFG6 was reported to
play a role in trogocytosis, the transfer of membrane patches from target to im-
mune effector cells. Trogocytosis and cytotoxic capacity of tumor specific CD8*
T cell clones from melanoma patients correlated with signaling of SLAMFo6.
Blocking antibodies against SLAMFG reduced cytotoxic effector functions, sug-
gesting a co-stimulatory role for SLAMFG in T cell functional diversity”®. It would
be of interest to test whether our aSLAMEFG6 antibody enhances trogocytosis.

One of the intriguing outcomes of the current study was that the leukemic burden
and infiltration of Epu-TCLI cells in the PerC was lowered by aSLAMF6 (Figure
2d). Leukemic cells, as well normal B cells show different characteristics when
they are in the PerC or in spleen and one idea is that the PerC is a hypoxic niche
that favors adhesion and growth of tumors®*. We had previously demonstrated
no ADCC effect of aSLAMEFG in PerC in a T-cell independent system, similar to
that observed with aCD20 injections’*>. While the ADCC function of an anti-
body is eliminated in this niche due to the microenvironment, signaling through
SLAMEFG in T cells was able to reduce tumor infiltration in this niche. Interest-
ingly, aSLAMF6 antibody was selectively targeting PD1* CD3'CD44'CD8" T
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cells in spleen and blood and possibly induced their killing by ADCC. However,
as the antibody was unable to induce ADCC in the PerC, it enriched for PD1*
CD8" T cells. This suggests that there is a correlation between PD1 and SLAMF6
signaling and understanding the mechanisms behind this may be relevant thera-
peutically. PD-1 contains a cytoplasmic tail with an ITSM motif that binds SHP-
1 and SHP2, similar to that in SLAMFG “*. There may be a competition for
binding of SHP1/2 that in turn dictates the responses from T cells. Furthermore,
understanding these niche dependent changes to tumor killing is important, as
there may be niches in the human body that are not accessible for certain type of
treatments.

The change in CD4/CD8 T cell ratio appears to be associated with CLL progres-
sion®”***”_ This association is complemented by the findings that both CD4 and
CD8 T cells acquire a PD1" phenotype that is associated with their inability to
perform effector functions”"***, While the shift in CD4/CDS8 ratio appears to
be inverted in our system, aSLAMEFG is able to restore the phenotype and func-
tions of exhausted CD8 T cells, which would support the notion that exhausted
T cells need to be re-activated within suppressive tumor microenvironments for
anti-tumor immunity.

Recently Ayers and colleagues® identified IFNy — related gene expression profiles
that would predict response to PD-1 checkpoint blockade in variety of tumor
types. Starting with 19 and validating in 62 melanoma patients, a “preliminary
expanded immune” 28-gene set correlating with IFNY signatures was identified.
One of these genes was SLAMF6. IFNY signaling is known to associate with a
T-cell inflamed microenvironment that responds to anti-PD1 therapy. This may
be a platform to test combination of aSLAMFG together with aPD1 for a better
T cell response against various tumors.

In this study we chose to combine aSLAMF6 together with ibrutinib. Besides
ibrutinib’s ability to induce migration out of niches and reduce BCR signaling™, it
is also known to improve T cell function and responses in patients with CLL***,
Although ibrutinib has been combined in clinic with rituximab, studies showed
that ibrutinib interferes with ADCC function of rituximab by down-regulating
CD20 from surface of CLL B cells™. This suggests that there is still need for better
combinations. In contrast to rituximab, besides aSLAMFG antibody’s ability to
induce ADCC, improvement in effector CD8" T cell responses makes aSLAMFG6

an intriguing candidate for therapy. We propose that the combination of ibrutinib
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and aSLAMFG of should further be explored in B cell leukemias and lymphomas

a clinical setting.
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Supplementary Material

Supplementary Table | - Antibody Panel used for Flow Cytometry

TCL1 tumors T cell markers Exhaustion markers Intracellular staining
Antibody Clone Antibody Clone Antibody Clone Antibody Clone
eBioCNX46
CD19 eBiolD3|CD3 17A2/CD160 ~3| CD107a 1D4B
CD5 53_7.3|cD4 RM4_5|LAG3 eBioC9B7W|Granzyme B 16G6,
PD-L1 MIH5|CD8 53-6.7/Slamf4 eBio244F4|IFNy XMG1.2]
IgK RMK-45|CD44 1M7|KLRG1 2F1/KLRG1
CD62L MEL_14|PD1 RMP1_30
SLAMF6 330-AJ

Supplementary Table Il - CLL patient information

CLL# Rai Age Sex CD38 ZAP70 Cytogenetics
Stage

1 | 68 M Negative Positive Trisomy 12

2 1] 63 F Negative Positive del(17p)

3 | 54 M Negative Positive del(13q)

4 0 55 F Positive Positive del(17p),
del(13q)

5 | 74 F Negative Negative Trisomy 12

6 0 72 M Negative Negative del(11q),
del(13q)
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Supplementary Figure 1. Leukemic expansion in WT and SLAMF6-- mice.

(a) WT and SLAMF6-- mice were irradiated at 4 Gy prior to tumor injection. 20x10°
TCL1 splenocytes were transplanted i.p. and leukemic cells were expanded for 35
days and mice were sacrificed. Representative spleen pictures as shown. (b) Spleen
weight (left panel), total number of splenocytes (right panel) from WT and SLAMF6-"
mice are shown. (c) Leukemic infiltration by percentage of CD19*CD5* TCL1 cells in
spleen, blood, peritoneal cavity and bone marrow of WT and SLAMF67 mice. (d)
Percentage of naive (CD62L*CD44-) and effector/memory (CD62L-CD44%), pre
gated on CD3*CD4* T cells from spleen of TCL1 expanded WT and SLAMF6- mice.
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Supplementary Figure 2. SLAMF6 is expressed on subsets of T cells from
TCL1 bearing WT mice.

WT mice transplanted with TCL1 splenocytes were checked for SLAMF6 expression
after full leukemic expansion. (a) Representative histogram for SLAMF6 expression
on Naive (CD62L*CD44"), Effector/Memory (CD62L-CD44*, CD62L*CD44*), pre
gated on CD3*CD8" T cells FMO: gray. Right panel shows respective MFI| values. P
values as shown. (b) Representative histogram for SLAMF6 expression on Naive
(CD62L*CD44"), Effector/Memory (CD62L-CD44*), pre gated on CD3*CD4* T cells
FMO: gray. Right panel shows respective MFI values. P values as shown.
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Supplementary Figure 3. CD4 T cell subsets are not affected by administering aSLAMF6 in TCL1
bearing WT mice.

(a) Percentage of CD3+ T cells from PerC of isotype and aSLAMFG injected TCL1 bearing mice and
CD4/CDB8 ratios, pre gated on CD3" T cells are shown. (b) Percentage of naive (CD62L'CD44), Ef-
fector/Memory (CD62L°CD44", CD62L'CD44") of CD3"CD8+ T cell subsets from PerC of isotype
and oSLAMFG injected mice. (c) Representative FACS plots for CD4 T cell subsets; pre gated on
CD3'CD4" T cells, naive (CD62L'CD44) and effector/memory (CD62L CD44") subsets. Percentage
of naive and effector/memory CD4" T cells from spleen, blood and PerC of isotype and aSLAMFG6

injected mice are shown.
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Supplementary Figure 4. The percentage of exhausted CD8* T cells in TCL1 transplanted WT
mice are reduced upon administering aSLAMF6.

The percentage of CD3'CD8'CD44" T cells expressing CD160, LAG3 and KLRG1 in spleen of
aSLAMFG and isotype injected TCL1 bearing WT mice. P values are as shown (n=5 mice each group)
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Supplementary Figure 5. Injection of aSLAMF6 into NP-OVA immunized mice reduces percent-
age of PD1" of CD8°CD44" T cells.

(a) Schematic outline. WT mice were immunized with 50 pg NP-OVA in CFA on day 0. Next day
later mice were injected either with 200 pg/mouse isotype or aSLAMFG and mice were sacrificed on
day 9. (n=4 mice each group) (b) Percentage of CD3*, CD3'CD4", CD3'CD8" of lymphocytes in
spleen are shown. (c) Among the CD3'CD4" T cells, percentages of naive and effector/memory sub-
sets are shown. (d) Percentage of naive and effector/memory of CD3°'CD8" T cell subsets (left panel)
and Percentage of PD1* among CD3'CD8'CD44" T cells from isotype and aSLAMF6 injected mice
(right panel).
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Supplementary Figure 6. Leukemic expansion in WT and SAP-- mice.

WT and SAP-’- mice were irradiated at 4 Gy prior to tumor injection. 20x10% TCL1
splenocytes were transplanted i.p. and leukemic cells were expanded for 35 days
and mice were sacrificed. (a) Leukemic infiltration by percentage of CD19*CD5*
TCL1 cells in spleen, blood and peritoneal cavity of WT and SAP” mice. (b)
Percentage of CD3*, CD3*CD4* and CD3*CD8* T cell subsets in spleen. (c)
Percentage of naive (CD62L*CD44") and effector and memory (CD62L-CD44*), pre
gated on CD3*CD8* T cells from spleen of TCL1 expanded WT and SAP- mice. (d)
Percentage of PD1* activated CD8* T cells in spleen.
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Chapter 5

Abstract

Absence of the mouse cell surface receptor SLAMF3 in SLAMF3-/- mice sug-
gested that this receptor negatively regulates B cell homeostasis by modulating
activation thresholds of B cell subsets. Here, we examine whether anti-SLAMF3
affects both B and T cell subsets during immune responses to haptenated ovalbu-
min [NP-OVA] and in the setting of graft versus host disease (cGVHD) induced
by transferring B6.C-H2!"*/ KhEg (bm12) CD4" T cells into B6 WT mice.
We find that administering one dose of aSLAMF3 to NP-OVA immunized B6
mice primarily impairs antibody responses and Germinal center B cell [GC B]
numbers, whilst CXCR5+, PD-1+, and ICOS+ T follicular helper (TFH) cells
are not significantly affected. By contrast, two injections of aSLAMF3 markedly
enhanced autoantibody production upon induction of cGVHD by the transfer of
bm12 CD4" T cells into B6 recipients. Surprisingly, a SLAMF3 accelerated both
the differentiation of GC B and donor-derived TFH cells initiated by cGVHD.
The latter appeared to be induced by expansion of donor-derived Treg and T
follicular regulatory (TFR) cells. Collectively, these data show that control of anti-
SLAMF3-induced signaling is requisite to prevent autoantibody responses during
c¢GVHD, but reduces responses to foreign antigens.
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Introduction

The signaling lymphocyte activation molecule family (SLAMF) of cell surface
receptors, which consists of nine trans-membrane proteins (SLAMF1-9) serve as
co-stimulatory molecules at immune synapses, are involved in viral and bacterial
recognition and modulate myeloid and lymphocyte development[1]. We previ-
ously found that the homophilic receptor SLAMF6 (Ly108, NTB-A) is impli-
cated in the Germinal Center Reaction and that monoclonal antibodies directed
against SLAMFG reduce antibody responses to foreign antigens (Ags) and affect
the number of auto-reactive B cells [2, 3]. SLAMF3 (CD229. Ly9) is also local-
ized at the interface between the immune synapse, suggesting a role for SLAMF3
in regulating humoral immune responses [1, 4, 5].

Our studies with SLAMF3 deficient mice demonstrated that transitional 1, MZ,
and Bla B cells were markedly expanded, whereas the development of conven-
tional B-lymphocytes was unaltered [6]. As MZ and B1 B cells respond to foreign
Ags more rapidly than conventional B cells, elevated levels of IgG3 natural Abs
were found in the serum of SLAMF3-deficient mice. Furthermore, a striking in-
crease of T-independent Abs after immunization with 2,4,6-trinitrophenyl-Ficoll
was found [6]. Administering a mouse monoclonal antibody (mAb) directed
against murine SLAMF3 (aSLAME3) selectively eliminated splenic MZ B cells
and significantly reduced the numbers of B1 and transitional 1 B cells in wild-type
mice. Surprisingly, administering aSLAMF3 mADb or its (Fab’), fragments thereof
diminished both T cell-dependent and —independent antibody responses indicat-
ing a role for SLAMF3 dependent signaling in negative regulation of humoral
immune responses. The concept of SLAMF3 as negative regulator of antibody
responses was further supported by the finding that aged SLAMF3-deficient mice
developed spontaneous autoantibodies against nuclear antigens [6, 7].

Here, we examine whether aSLAMF3 affects both B and T cell subsets during
immune responses to haptenated ovalbumin [NP-OVA] and in the setting of
chronic graft versus host disease (cGVHD) induced by transferring B6.C-H2"""/
KhEg (bm12) CD4" T cells into B6 WT mice [8-10]. We find that adminis-
tering a single dose of aSLAMF3 to NP-OVA immunized B6 mice primarily
impairs antibody responses and Germinal center B (GC B) cell numbers, whilst
CXCR5PD-17, and ICOS" T follicular helper (TFH) cells are not significantly
affected. By contrast, two injections of aSLAMF3 markedly enhanced autoan-
tibody production upon induction of cGVHD by the transfer of bm12 CD4"
T cells into B6 recipients [9, 10]. Surprisingly, aSLAMF3 accelerated both the
differentiation of GCB and donor-derived TFHs cell initiated by cGVHD. The
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latter appeared to be induced by expansion of donor-derived regulatory T (Treg)
and T follicular regulatory (TFR) cells. Collectively, these data show that control
of anti-SLAMF3-induced signaling is requisite to prevent autoantibody responses
during cGVHD, but reduces responses to foreign antigens.

Materials and Methods

Mice

C57BL/6 (B6) WT and B6.C—2bm12/KhEg (bm12) mice were obtained from the
Jackson Laboratory. B6.C-2""*/KhEg (bm12) x CD45.1 mice were generated by
crossing BG6.C-2m1 KhEg (bm12) with CD45.1.B6. Experiments were conducted
using age-matched 8-10 weeks old female mice. All animals are maintained under
specific pathogen-free conditions at the Beth Israel Deaconess Medical Center

(BIDMC) animal facility. Experiments were performed according to the guide-
lines of the Institutional Animal Care and Use Committee (IACUC) at BIDMC.

Mouse anti-SLAMF3 antibody

Mouse anti-mouse SLAMF3 (SLAMF3.7.144) (IgG1 isotype) monoclonal anti-
body was generated as described elsewhere [11].

NP-OVA immunizations

NP-OVA immunizations and measurement of NP-specific antibodies are described
elsewhere [2]. In short, WT mice were immunized with 50pug NP-OVA in Com-
plete Freund’s Adjuvant (CFA). At the same time, mice were injected with 250ug/
mouse aSLAME3 or mIgG1 isotype control. Immunized mice were sacrificed on
day 9. Cell subsets analyzed from splenocytes: TFH cells: CD4"CXCR5PD1%;
GC B cells: B220"GL-7"FAS".

c¢GVHD induction by transferring bm12 CD4+ T cells into B6 mice.

We adapted the bm12 transfer model, as originally described by Morris et al.[10].
Eight to ten weeks old B6 WT mice were injected i.p. with 6x10° purified CD4*
T cells from bm12 or bm12xCD45.1 mice.

For in vivo anti-SLAMF3 injections, recipients were injected i.p. with 200 pg of
anti-SLAMF3 antibody or IgG1 isotype control on days -1 and 14 after transfer
of 3x10° bm12 CD4" T cells into B6.WT mice. Mice were sacrificed and analyzed
on day 28.

120



Role of SLAMF3 in chronic GVHD

Flow Cytometry

Single-cell suspensions were prepared from spleens using standard procedures.
After red blood cell (RBC) lysis (Sigma, St. Louis, MO), single cell suspensions
were obtained. Cells were blocked with anti-CD16/32 Ab (2.4G2, Biolegend)
and stained in FACS staining buffer (2.5% FBS, 0.05% sodium azide in PBS).
The following antibodies were used: CD4 (L3T4), CD44 (IM7), CD62L (MEL-
14, CD69 (H1.2F3), CD86 (GL-1), CD138 (281-1), B220 (RA3-6B2), CD19
(6D5), FAS (Jo2), T-and B-cell activation antigen (GL-7), CXCR5 (2G8), and
PD-1 (29E 1A12) were purchased from eBioscience (ThermoFisher, Cambridge,
MA), BD Biosciences (Woburn, MA), or Biolegend (San Diego, CA). TFH cells
were stained as previously described[2]. Dead cells were excluded with 4,6-Di-
amidino-2-phenylindole (DAPI). Data were acquired on a BD LSR II cytometer
and analyzed using Flow]Jo software (Tree Star, Ashland, Oregon).

Intracellular Cytokine Staining

Cytokine production was assessed with BD Cytofix/Cytoperm containing BD
Golgi-Plug (BD Biosciences). Cells were stimulated with phorbol 12-myristate
13-acetate (PMA, 50 ng/ml, Sigma), Ionomycin (1pg/ml, Sigma), and GolgiStop
(1pl/ml, BD Biosciences) at 37°C in 5% CO, for 4 hr. After surface staining,
cells were fixed, permeabilized, and stained for IFN-y (PE-anti-mouse IFN-y,
Biolegend), IL-4 (PE-anti-mouse IL-4, Biolegend) and IL-17 (PE-anti-mouse
IL-17A, Biolegend). For intracellular staining IL-21, permeabilized cells were
incubated with IL-21R/Fc chimera (R&D systems) for 1 h at 4°C. Cells were
then washed and stained with PE-conjugated affinity-purified F(ab’), fragment of
goat anti-human Fc y antibody (Jackson ImmunoResearch Laboratories) for 30
min at 4°C. Viability was assessed using LIVE/DEAD Cell Viability Assays (Life
Technologies).

ELISA

Titers of anti-nucleosome antibodies in the serum were determined by ELISA as
described previously [12, 13]. In brief, met-BSA-precoated Immunolon plated
were coated overnight with double stranded DNA (dsDNA) and then with total
histone solution. Samples were incubated on plates in various dilutions between
1:600 and 1:1200, and then washed, and autoantibodies were detected with anti-
mouse [gG-HRPO (GE Healthcare).

Autoantibody titer was expressed as ELISA unit, comparing OD values of samples
with a standard curve prepared with serial dilutions of ANA-positive NZM2410
serum pool. Anti-chromatin and anti-dsDNA titers were determined as for the
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anti-nucleosome levels. UV-irradiated Immunolon plates were incubated over-
night with 3g/ml chicken chromatin [14] or mung bean nuclease (New England
Biolabs, Ins.)-treated dsDNA (Sigma-Aldrich. Anti-single-stranded DNA (ss-
DNA) was determined as describe previously [15].

Statistical analysis

Statistical significance was determined by unpaired t-test (two-tailed with equal
SD) using Prism software (GraphPad, San Diego, CA, USA). The p value <0.05
was considered statistically significant.

Results

Administering aSLAMF3 to NP-ovalbumin immunized B6 mice reduces GC B cell
maturation and antibody responses

We first assessed which cell types are affected from SLAMF3 signaling when mice
are immunized with foreign antigen. Previously, in response to T- independent
and dependent antigens (TNP-KLH or TNP-Ficoll), upon aSLAMF3 injection
significantly reduced antibody responses were reported [6]. Taking a similar
approach, we immunized B6. WT mice with NP-OVA in conjunction with
aSLAMES3 or isotype control injection. Mice were euthanized and analyzed on
day 9. We found no difference in total spleen weight or total number of spleno-
cytes between isotype and aSLAMF3 injected groups (Fig. S1). By contrast, in
the serum of aSLAMF3-injected mice, we found significantly reduced levels of
NP-specific antibodies as compared to isotype-injected mice (Fig. 1A). Further
analysis revealed a significant reduction in total B cells and MZ B cells (Fig. 1B
and S1), but more importantly dramatically reduced percentage and numbers
of GC B cells in spleen of aSLAMF3 injected mice (Fig. 1C). We did not find,
however, a difference in total CD4" T cells or TFH cells (Fig. 1D and S1), sug-
gesting that the antibody primarily affects B cells in this system. While this was
in the case of co-injection of aSLAMF3 together with NP-OVA immunization,
injection of antibody at a later time point (day 4) showed similar results (Fig. S2),
demonstrating that our findings are independent of time of injection.
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Figure 1. Administering oSLAMF3 to NP-OVA immunized B6 WT mice reduces B cell numbers
and antibody responses

WT mice were immunized with NP-OVA in CFA along with 200pg/mouse aSLAMEF3 or isotype
IgG1. Nine days later mice were euthanized and spleens were analyzed. A. NP-specific antibody titers
from serum of aSLAMF3 and isotype injected mice are as shown. B. Total number of splenocytes
from aSLAMEF3 and isotype injected mice. C. Representative Flow cytometry plots for GC staining:
CD19'GL-7"FAS" B cells (left), percentage and numbers of GC B cells (right). D. Representative Flow
cytometry plot showing gating strategy for TFH cells: CD4PD-1"CXCRS5" (left panel) Percentages
and numbers of TFH cells in spleen of aSLAMEF3 and isotype injected mice (right panel). Data repre-

sentative of three independent experiments. P values are as shown.
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Administering aSLAMF3 enhances autoantibody production upon induction of
cGVHD by the transfer of bm12 CD4+ T cells into B6 recipients.

Our previous studies demonstrated that spontaneous anti-nuclear antibody (ANA)
production in SLAMF3-/- mice was independent of the background (B6.129 or
Balb/c.129), suggesting that SLAMF3 may play an important role in regulat-
ing autoimmunity[7]. These findings led us to investigate the consequences of
modulating SLAMF3 during autoimmune responses using a monoclonal mouse
anti-SLAMF3 antibody (aSLAMF3). In addition to initiating cGVHD, 200pg/
mouse SLAMF3 or isotype control was i.p. injected into bm12 mice -1 and 14
days after transfer of B6.WT donor CD4" T cells. Mice were euthanized and ana-
lyzed 28 days after transfer. Mice injected with aSLAMEF3 had significantly bigger
spleen size, weight and total number of splenocytes compared to isotype control
(Fig. 83). The levels of anti-chromatin, anti-single-stranded DNA (ssDNA) and
double-stranded DNA (dsDNA) were substantially increased in the serum of
mice that had received aSLAMF3 as compared to isotype control (Fig.2A-C).
Percentage and numbers of marginal zone B cells decreased while total number of
B cells in the spleen remained unchanged (Fig. $3). Consistent with the increase
in autoantibody production, the percentage of plasma cells was significantly ex-
panded in the spleen of aSLAMF3-injected mice (Fig. 2D). To further validate
these observations, lymphoid follicles and GCs of recipient mice were measured
with immunofluorescence staining from frozen spleen sections. B cell zones were
identified by B220 and GC area was marked by GL7" zone surrounded by IgD"
naive B cells. This showed that the size of Germinal Centers was increased in B6
recipients that had received two injections of anti-SLAMF3 (Fig 2E). Similar re-
sults were obtained with 4 injections of aSLAMF3 in bm12 CD4" T cell transfers
and oSLAMF1 was used as a control (See Fig. S5). Anti-SLAMEF3 injected group
had significantly higher percentages of GC B cells and increased autoantibody
production, whereas aSLAMF1 did not promote autoantibody production (Fig.
$5-56).

Anti-SLAMF3 accelerates GC B cell differentiation initiated by cGVHD.

Selection, isotype switching and expansion of GC B cells require critical signals
from T follicular helper (TFH) cells. During chronic GVHD autoantibodies are
produced due to the generation of autoimmune TFH and GC B cells in response
to the donor CD4" T cells [10]. To assess whether the increased autoantibody
production in mice injected with aSLAMF3 was the consequence of modulating
the GC reaction, we first examined the presence of GC B cells in the spleen of
recipient mice, 14 days post transfer of bm12 CD4" T cells. In keeping with
enhanced GC formation, the expression of CD86 and the proportion of CD69
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Figure 2. Administration of aSLAMF3 induces lupus-related autoantibody responses in the re-
cipients of bm12 CD4" T cells.

6x10° CD4" T cells isolated from bm 12 female mice were transferred into B6 WT recipients by i.p. injec-
tion. The recipients of bm12 CD4" T cells were injected with anti-SLAMF3 or Isotype IgG1 (200pg/
mouse) on days -1 and 14. Mice were euthanized on day 28. Spleens and serums were analyzed. A-C.
Anti-Chromatin, anti-ssDNA and anti-dsDNA in the serum of recipient mice were determined by
ELISA. D. Representative FACS plots showing B220" IgD'CD138" plasma cells from the spleens (Left
panel). Percentage of plasma cells in spleen of isotype and aSLAMF3 injected mice (Right panel). E-E
The indicated recipient mice were sacrificed and spleen were embedded in optimal cutting temperature
compound (OCT) tissue media and frozen on dry ice. Seven-micrometer thick frozen sections were fixed
to slides in ice-cold acetone for 15 min. The sections were stained with B220 FITC, GL-7 PE and CD35
Pacific Blue. Representative confocal images and quantification of the germinal center sizes are shown.

Data represent at least four independent experiments, p values are as shown.
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activated B cells were markedly increased in anti-SLAMF3 injected recipients
(Fig. 3A-B). Surprisingly, the expression of FAS was not only increased on the
surface of GC B cells, but also on all B cells (Fig. 3C). As expected, flow cytom-
etry analyses revealed a significant expansion of the percentage and number of
CD19'FAS'GL-7" GC B cells in aSLAMF3-injected recipients as compared to
isotype control (Fig. 3D-E).

Previous studies have indicated a key role for the IFN-y receptor (IFN-yR) in
development of autoantibody production in lupus-prone mice, e.g. MRL/Lpr,
NZB/W, B6.Slelb and Roquin san/san [16-19]. Deletion of IFN-yR on B cells
abrogates formation of autoimmune GCs and autoimmunity [20]. Based on these
observations, we examined the surface expression of IFN-yR on GC B cells from
recipients of bm12 CD4" T cells. In parallel with the enhanced GC formation, ad-
ministration of aSLAMF3 markedly increased percentage of IFN-yR* GC B cells,
compared to recipients that received isotype control (Fig. 3F-G). These findings

suggest that SLAMF3 indeed negatively regulates expansion of autoreactive GC
B cells and that the aSLAMF3 antibody affects this cGVHD driven expansion.

Administering aSLAMF3 increases T cell activation and TFH cell differentiation
initiated by cGVHD

As the cGVHD in B6 recipients is initiated and driven by the transfer of bm12
co-isogenic CD4" T cells we further analyzed the T cell compartment. As
judged by expression of CD44, CD62 and CDGY, the percentage and number
of effector CD4" T cell were also higher in aSLAMF3 treated recipients (Fig.
4A-B). In accordance with the increase in total CD4" T cells, the percentage of
CD4'CXCR5'PD-1"TFH cells were significantly increased in aSLAMF3-injected
recipient mice (Fig. 4C). PD1 expression was not only increased on the surface
of CD4 of TFH cells, we also found an increase in number and expression of
PD1+ CD4" T cells in aSLAMF3-injected recipients (Fig. $4). Importantly, these
activated CD4" T cells did not only secrete more IFNY in response to administer-
ing, but also increased amounts of the key cytokines IL-4 and IL-21, while IL-17
remained unchanged (Fig. 4E-H). These findings correlate with reports that SLE
patients as well as lupus-prone mice have increased serum levels of IL-21, IFNy
and IL-17[21-24]. We conclude that the high levels of IL-4, IL-21 and IFNy in
c¢GVHD are further enhanced by triggering aSLAMF3, which drives the dysregu-
lated GC reaction.
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Figure 3. Anti-SLAMF3 accelerates GC B cell differentiation initiated by cGVHD.

Anti-SLAMF3 or isotype injected bm12 CD4" T cell transferred WT recipient mice were analyzed on
day 14 when GC reactions peaked. A. Percentages of B220°CDG69" B cells are as shown. B. Expression
of CD86 on B cells. C. FAS expression in non-GC B and GC B cells from isotype and aSLAMF3
injected recipients. D-E. Representative Flow cytometry plot for GC staining: CD19+GL-7+FAS+ B
cells (left panel), percentages of GC B (Right panel) and numbers of GC B cells in spleen of mice. F.
Representative FACS plots of B220'TFN-yR" GC B cells from isotype and aSLAMF3-injected recipi-
ents. G. The percentage of B220"TFN-yR" GC B cells in the spleens of isotype and aSLAMF3-injected

recipients. Data represent at least four independent experiments.
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Figure 4. Administering aSLAMF3 increases T cell activation and TFH cell differentiation initi-
ated by cGVHD.

Anti-SLAMF?3 or isotype injected bm12 CD4+ T cell transferred B6 WT recipient mice were analyzed
on day 14 when GC reactions peaked. A-B. Percentages of CD4'CD44'CD62" memory T cells and
CD4'CD69'CD44" effector T cells in isotype and aSLAMF3 injected mice. C. Representative Flow
cytometry plot showing gating strategy for TFH cells: CD4'PD-1"CXCR5" (left panel) Percentages
of TFH cells in spleen of aSLAMF3 and isotype injected mice (right panel). D. Absolute numbers
of TFH cells in isotype and aSLAMF3 injected mice. E-H. Expression of following cytokines was
measured by intracellular staining in CD4"CD45.1" splenocytes from isotype and SLAMF3-injected
recipients. Percentages of CD4'TFN-y" T cells, CD4'TL4" T cells, CD4" IL-21" T cells and CD4" IL-

17" T cells are shown.

Selective Increase of the number of donor CD4°CD45.1" T cells upon administering
oSLAMF3 during cGVHD

In order to distinguish between the role of donor and recipient T cells in the
GC reaction, we crossed bm12 and CD45.1 mice and subsequently transferred
bm12xCD45.1 donor CD4" T cells into recipient CD45.2" B6 WT mice. 14 days

after transfer, mice were euthanized and CD4" T cells were analyzed. Significantly,
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only the donor CD4" T cells (CD4"CD45.17) had expanded in a SLAMF3-injected
mice, while recipient CD4" T cells were unaffected (Fig 5A-B). More specifically,
we identified significantly expanded CD45.1" donor TFH cells in the recipient
mice injected with aSLAMF3 (Fig. 5C).
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Figure 5. Selective increase of the number of donor CD4°CD45.1" T cells upon administering
aSLAMF3 during cGVHD.

A. Representative dot plots of CD4'CD45.1" T cells from isotype and aSLAMF3-injected recipients
(left panel). The number of CD4"CD45.1" donor T cells in the spleens of isotype and aSLAMF3-
injected recipients (right panel). B. The number of CD4'CD45.2" recipient T cells in the spleens of
isotype and aSLAMF3-injected recipients. C. Representative FACS plots of CD45.1" donor TFH cells
(left) with percentages of CD45.1" TFH cells in isotype and aSLAMF3 (right). Data represent at least

four independent experiments.

Upon induction of chronic GVHD by the transfer of bm12 CD4+ cells into B6 mice
donor cell Treg and TFR development is selectively impaired by aSLAMF3
Regulatory T (Treg) cells have been demonstrated to play vital roles in suppressing
cellular and humoral immune responses, i.e. by suppressing autoreactive B cell
functions and subsequent autoantibody production [25-27]. Of interest, recent
studies have identified a subset of regulatory T cells in the GCs, termed T fol-
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licular regulatory (TFR) cells that suppress TFH and GC B cells [28]. Therefore
we hypothesized that TFR cells may be affected from injections of aSLAMF3. 14
days after transfer of bm12 CD4" T cells into B6 WT recipients and subsequent
2 injections of aSLAMEF3, mice were euthanized and analyzed for TFR cells at
the peak of GC reactions. TFR cells, defined as CD4"CXCR5'PD-1"FoxP3" were
significantly reduced from spleen of aSLAMF3-injected mice as compared to iso-
type control (Fig. 6A-B). Furthermore, TFRs present in a SLAMF3-injected mice
had significantly higher PD1 expression compared to isotype control (Fig. 6C).
This suggests that negative regulation within the GCs is lost upon aSLAMF3

injections.
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Figure 6. Anti-SLAMF3 inhibits TFR cell differentiation

A. Representative gating strategy of TFR cells from spleens of the recipients of bm12 CD4+ T cells:
CD4'CXCR5PD-1"Foxp3" B. Percentages of TFR cells in the spleens of isotype and aSLAMF3-in-
jected mice. C. Cell surface expression of PD-1 on TFR cells in the spleens of isotype and a SLAMF3-

injected mice. Data represent at least four independent experiments.

As TFR cells originate from Treg precursors [28], we checked whether SLAMF3
signaling also has negative effect on Treg differentiation. Similar to the impact
on TFR cells, aSLAMF3-injected recipients exhibited a substantial decrease
in the frequency of CD4 Foxp3'CD25" T cells compared with isotype control
injected mice (Fig. 7A-B). Strikingly, the impact of anti-SLAMF3 was specific
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to donor-derived Treg cells because the administration of aSLAMF3 exerted no
effect on recipient-derived Treg cells (Fig. 7C). Together, these data demonstrate
that SLAMF3 signaling not inhibited TFR cell differentiation but also of Treg
cells, which may contribute to exacerbated autoimmune responses in a SLAMF3-

injected recipients.
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Figure 7. Upon induction of chronic GVHD by the transfer of bm12 CD4" T cells into B6 mice
donor cell Treg development is selectively impaired by aSLAMF3.

A. Representative FACS plots of total CD4" T and subsequent donor/recipient CD4'CD45.1" and
CD4'CD45.2", respectively. Of these subsets, Treg population was determined as CD25FoxP3".
B. Percentage of total CD4'CD25Fox3"Treg cells in the spleens of isotype and aSLAMF3-
injected recipients. C. Percentages of CD4'CD45.1°CD25"Fox3" donor Treg (left panel) and
CD4"CD45.1'CD25Fox3" recipient Treg (right panel) cells in the spleens of isotype and a SLAMF3-

injected recipients.

Discussion

In studies of murine autoimmune-like chronic graft versus-host disease (c(GVHD),
B cells are activated by donor CD4+ T cells to upregulate MHC II and costimula-
tory molecules. Acting as efficient APCs, donor B cells further augment donor
the clonal expansion, differentiation, and survival of pathogenic CD4+ T cells,
which drives autoreactivity. Because SLAMF3-deficient mice develop autoanti-
bodies irrespective of their genetic background, and as development several B
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cell subsets, e.g. Marginal zone [MZ] B cells are eliminated in these mice, we
adopted a cGVHD model to investigate the importance of SLAMF3 signaling in
this disease. To this end we examined the effect of a mouse anti-mouseSLAMF3
monoclonal antibody on hapten-induced humoral responses and on autoantibody

production in the bm12 CD4+ > B6 transfer model of cGVHD.

The latter model was chosen because it mirrors a few common pathways of hu-
man disease, e.g. high levels of circulating anti-nuclear antibodies, concomitantly
with large frequencies of T follicular helper cells (Tth), germinal center (GC)
B cells, and plasma cells. We previously had shown that by using lupus — prone
B6 mutants in this cGVHD model the autoantibody production is accelerated.
Conversely, specific monoclonal antibodies, which affect GC formation in mice
that are immunized with foreign antigens, also ameliorate the generation of anti-
nuclear antibodies in this bm12>B6 cGVHD model[12, 13]. As also shown by
others, cGVHD can be induced both by the transfer of bm12 derived CD4+ cells
into B6 mice or by B6-derived CD4+ cells into the co-isogenic bm12 recipients
with equal efficiency [9, 10].

In our analyses of NP-OVA immunizations combines with administering
aSLAMEF3, we demonstrate that in response to foreign antigens, SLAMF3 pri-
marily affects the maturation into GC B cells, leading to diminished antibody
responses. By contrast, injections of aSLAMFG in NP-OVA immunized mice,
SLAMFG signaling affected both B and T cells in the germinal centers [2].

Precise regulation of TFH cell numbers is critical for optimal humoral responses,
and aberrant expansion of TFH cells is associated with autoimmune diseases,
including lupus [29, 30]. In our system, we found that the administration of
aSLAMEF3 significantly enhanced proliferation of donor-derived CD4" T cells,
which lead to profound TFH cell differentiation in GCs. As a consequence, we
observed severe autoimmune phenotypes in SLAMF3-injected recipients, which
included increased serum levels of anti-dsDNA, anti-ssDNA and anti-chromatin
autoantibodies (Fig.1). This was a consequence of enlarged germinal centers with
massive accumulation of GC B cells in the spleens (Fig. 2). Although several
molecules, including CD40L, ICOS, PD-1 and SAP, are known to be involved
in TFH cell differentiation, the transcriptional repressor Bcl6 is found to be a
lineage-defining factor for TFH cells. Bcl6 is necessary to specify the TFH cell
program and overexpression of Bcl6 is sufficient to drive TFH cell differentiation
[31]. Indeed, the expression of Bcl6 was markedly increased in aSLAMF3-injected
recipients, but not in isotype control injected recipient mice (Unpublished obser-
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vation). Beside BCR signaling, the survival and selection of GC B cells within GCs
are dependent on survival signals from GC TFH cells. The experiments reported
here are consistent with strong TFH cell differentiation with extensive GC B cell
responses. Recent publications have suggested that B cells have a cell-intrinsic
requirement for expression of CD80 and/or CD86 for differentiation into GC B
cells [32, 33].

In accord, we found increased expression of CD86 in B cells and GC B cells in
oSLAMF3-injected recipient mice. Interestingly, IFN-yR signals are shown to
synergize with BCR, TLR and CD40 dependent signal to enhance expression
of the GC master regulator transcription factor Bcl6 [20], which suggest IFN-y
facilitates autoimmune GC formation by initiating a GC transcriptional program.
Based on these findings by others, we examined the expression Bcl6 and IFN-yR
and found that GC B cells exhibited increased Bcl6 and IFN-yR. In addition, we
observed higher expression of anti-apoptotic protein Bcl-2 in a SLAMF3-injected
GC B cells (unpublished observation). This in turn may reduce overall apoptosis
of GC B cells and ultimately result in increased numbers of GC B cells in the
GCs. It will be of interest to determine whether the expression of other members
of the Bcl-2 family, such as Mcl-1, are also increased in a SLAMF3-injected GC B
cells. Thus, it appears that aSLAMF3 may act on both B and T cell sides during

autoimmune GC reactions.

In addition, aSLAMEF3 had a pronounced effect on key cytokines produced dur-
ing GC reactions. IL-21, IL-4 and IFN-y production were significantly elevated
in donor-derived CD4" T cells of aSLAMF3-injected recipients. Although IL-21
production is restricted to activated CD4 T and NKT cells, IL-21 receptor is
expressed on a variety of immune cells [34, 35]. IL-21 promotes the differentia-
tion and expansion of TFH cells, regulates B cell proliferation and survival, GC
formation, and plasma cell differentiation [36-38]. Furthermore, IL-21 has an
important role in regulating T cell-dependent B cell responses, partly in coopera-
tion with IL-4 [39]. IL-21 is markedly elevated in autoimmune-prone mice and
lupus severity is diminished in the absence of IL-21 or IL-21R signaling [22,
40]. Besides IL-21, IFN-y also contributes to lupus in both human and murine
models. The increased serum IFN-y levels are associated with disease activity and
the inhibition of IFN-y expression prevents the development of murine lupus
[41, 42]. Thus, the combined alteration of IL-21, IFN-y and IL-4 production in
oSLAMF3-injected recipients may play an important role in higher GC forma-
tion and autoantibody production.
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We were surprised to find that aSLAMF3 injections resulted in reduced numbers
of Treg cells in the recipients of bm12 CD4" T cells. The pivotal roles of Treg
cells in the development and maintenance of immune self-tolerance have been
well documented [43]. It was thought that Treg cells functioned as immuno-
suppressors in allogeneic immune responses and in autoimmune responses. In
this study, recipient Treg cells does not seem to play a major role in suppressing
lupus-like phenotype as similar numbers of Treg cells were differentiated in both
aSLAMF3 and isotype-injected recipient mice. In contrast, donor-derived Treg
cells were significantly reduced after aSLAMF3 injections. Thus, these data sug-
gest that aSLAMF3 specifically limits proliferation of donor-derived Treg cells,
but have minimal effect on proliferation of host Treg cells. Perhaps the most
striking finding in our studies was the reduced differentiation of donor-derived
TFR cells. TER cells are another subset of CD4" T cells in the GCs [44, 45]. TFR
cells share phenotypic characteristics with TFH but are derived from suppressive
FoxP3" Treg cells. Within the GC, TFR cells inhibit GC formation and restrict
the autoimmune responses[46]. Our findings indicate that the reduced number
of TFR cells that leads to reduced suppression on TFH cells in the GCs leads to
increased autoantibody production in aSLAMF3-injected recipients. Although
the suppressive capacity of TFR cells is not examined, the higher expression of
PD-1 on TFR cells indirectly suggest there may be reduced suppressive func-
tions in aSLAMF3-injected recipients. Further work is needed to understand
how PD-1 expression is regulated in vivo by SLAMEF3 signaling. However, the
increased expression of PD-1 on TFR cells might partly contribute to the reduced
numbers of TFR cells in aSLAMF3-injected recipients. This idea is supported
by previous observations that mice deficient in PD-1 have increased numbers of
TFR cells with enhanced suppressive capacity [47]. Collectively, impaired Treg
and TFR compartments could enhance TFH activity, resulting in the expansion
of autoreactive B cells and autoantibody production.

In the cGVHD model, the key cellular mechanism that results in the loss of B
cell tolerance is the interaction of donor CD4" T cells with MHC class II on
host B cell surface. During T-B cell interactions, allogeneic donor CD4" T cells
provide the abnormal T cell help to host B cells that appears to have functional
consequences different from what occurs in spontaneous model. We conclude
that the checkpoint regulator SLAME3 preferentially prevents expansion of auto-
reactive B cells generated by Graft-versus-Host Disease with aggravated autoan-
tibody production. This is caused by aSLAMF3 induced hyperactivation of the
activated donor CD4" T cells, which causes an imbalance of TFR/TFH ratio, i.e.
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impaired development of TFR and Treg cells as well as the altered production of
key cytokines.
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Supplementary Figure 1. Injection of aSLAMF3 in NP-OVA immunized mice reduces percentages
of total and MZ B cells, while no effect on total CD4'T cells.

WT mice were immunized with NP-OVA in CFA along with 200pg/mouse aSLAMF3 or isotype

IgG1. Nine days later mice were euthanized and spleens were analyzed.

A. Spleen weight and total number of splenocytes from isotype and aSLAMF3 injected mice. B.
Percentages of total B cells (left) and marginal zone B cells (right) are as shown. C. Percentages and
numbers of total CD4" T cells from spleen of aSSLAMF3 and isotype injected mice (left). Numbers of
PD1" CD4" T cells (right) are shown.
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Supplementary Figure 2. Anti-SLAMF3 injection 4 days after NP-OVA immunization inhibits GC
B cell responses.
WT mice were immunized with NP-OVA in CFA. Four days later 200pg/mouse aSLAMEF3 or isotype

IgG1 was injected. Mice were euthanized on day 9 and spleens were analyzed. Schematic outline is

shown. Percentage of A. TFH cells, B. GC B cells, C. Plasma cells are as shown.
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Supplementary Figure 3. Two injections of «SLAMF3 expand number of total splenocytes, while
has no effect on total B cell numbers in bm12 cGVHD model.

6x10°CD4" T cells isolated from bm12 female mice were transferred into B6 WT recipients by i.p.
injection. The recipients of bm12 CD4" T cells were injected with anti-SLAMF3 or Isotype IgG1
(200pg/mouse) on days -1 and 14. Mice were euthanized on day 28. Spleens and serums were ana-
lyzed. A. Spleen size and weight from isotype and aSLAMF3 injected mice. B. Number of total
splenocytes. C. Number of total B cells. D. Percentages and number of MZ B cells from isotype and
oSLAMF3 injected mice.
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Supplementary Figure 4. Two injections of aSLAMF3 expand PD1" CD4" T cells and upregulates
PD1 on TFH cells in bm12 cGVHD model.

Anti-SLAMF3 or isotype injected bm12 CD4" T cell transferred WT recipient mice were analyzed on
day 14 when GC reactions peaked. A. Numbers of PD1"'CD4" T cells in WT recipients. B. Expression
of PD1 on CD4" T cells and C. TFH cells are as shown.
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Supplementary Figure 5. No effect of aSLAMF1 in bm12 cGVHD model, serving as a control for
the system.

6x10°CD4" T cells isolated from bm12 female mice were transferred into B6 WT recipients by i.p.
injection. The recipients of bm12 CD4" T cells were injected with anti-SLAMF3, anti-SLAMF1 or
isotype IgG1 (200pg/mouse) on days -1, 7, 14 and 21 days. Mice were euthanized on day 28. Spleens
and serums were analyzed. A. Percentages of GC B and numbers of GC B cells in spleen of mice inject-
ed with aSLAMF3, aSLAMF1 or isotype. B. Percentages of B220°CD86" and B220°CD44°CD69*

B cells are as shown.
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Supplementary Figure 6. No effect of aSLAMF1 on autoantibody production in bm12 ¢cGVHD
model as compared to aSLAMF3 injected mice.

6x10° CD4" T cells isolated from bm12 female mice were transferred into B6 WT recipients by i.p.
injection. The recipients of bm12 CD4" T cells were injected with anti-SLAMF3, anti-SLAMF1 or
isotype IgG1 (200pg/mouse) on days -1, 7, 14 and 21 days. Mice were euthanized on day 28. Anti-
Chromatin, anti-ssDNA and anti-dsDNA in the serum of recipient mice were determined by ELISA

is shown.
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Conclusion

There is an increasing understanding of how SLAMF receptors and its adap-
tors are able to fine-tune innate and adaptive immune responsesl. However, as
these receptors are underappreciated as therapeutic targets, we began to employ
SLAMEF receptors to design novel therapies for chronic lymphocytic leukemia
(CLL), other B cell tumors and graft versus host disease. To this end, we focused
on the use of monoclonal antibodies directed against SLAMF6 in CLL and
SLAMEF3 in graft versus host disease. We had previously found that anti-SLAMF6
and anti-SLAMF3 inhibits antibody responses following immunization with 4
Hydroxy-3-nitrophenylacetyl hapten conjugated ovalbumin (NP-OVA)*°. Here
we determined that the mouse monoclonal antibodies directed against mouse
SLAMF6 (aSLAMF6) in combination with small molecules provide novel and
valuable immunotherapies for CLL and B cell lymphomas. Surprisingly, whilst
oSLAMEG reduces autoantibody production in a chronic Graft versus Host Dis-
ease (cGVHD) model*, mouse monoclonal antibodies directed against SLAMF3
(aSLAME3) exacerbate an existing autoantibody production in this model.

Chapter 2 examines the effect of aSLAMFG in a mouse model of CLL in which
an aggressive TCL1-192 leukemia clone proliferates in SCID (Severe combined
immune deficiency) mice that lack T and B cells. Administering one or two injec-
tions of aSLAMFG into these tumor-bearing mice showed two modes of action of
the antibody. First, we observed induction of antibody dependent cell-mediated
cytotoxicity (ADCC), similar to that of rituximab (anti-CD20) (unpublished).
Second, we demonstrated that aSLAMFEG was also able to down-regulate proximal
BCR signaling, which is a critical factor for CLL survival. Combining the current
front line therapy in CLL, the small molecule inhibitor of Bruton’s Tyrosine Ki-
nase (BTK) ibrutinib, together with anti-SLAMF6 resulted in a better treatment
than either regimen alone.

So far, the above-mentioned findings of Chapter 2 were based mainly on analyses
of the spleen and blood, which are major reservoirs for CLL expansion. Further
analyses indicated that aSLAMFG6 removed leukemic cells effectively from all
organs except the peritoneal cavity (PerC) and omentum. This led to the no-
tion that the tumor microenvironment affected aSLAMF6-induced ADCC.
This inhibition could however be overcome by co-administering ibrutinib, which
appeared to drive TCL1-192 cells out of the PerC. It has been known for a long
time that Bla B cells in the PerC, although similar in phenotype were functionally
distinct from their counterparts in the spleen’. This in part explains why signaling
intensity of CLL cells in the PerC is different than that in the spleen®’.
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Studies by the Tedder lab showed that like aSLAMFG6 / CLL cells, aCD20 is
ineffective in removing Bla B cells in the PerC by ADCC, although binding and
duration of the antibody was similar to that in spleen or blood °. These investiga-

tors suggest that the abnormal macrophages in the PerC could be the cause of the
impaired ADCC®.

The analyses of the PerC in Chapter 2 paved the road for the findings in Chapter
3. Given the importance of reactive oxygen species (ROS) in tumor microenvi-
ronments, we tested whether CLL cells in these two niches would differ in their
ROS production. Indeed, the basal mitochondrial ROS production by TCL1-192
cells in the PerC was significantly higher than in the spleen’. Interestingly, this was
also the case for normal Bla B cells in the PerC and spleen of WT mice. The ROS
production by TCL1-192 cells was independent of BCR stimulation and could
be inhibited by the antioxidant N-acetylcysteine (NAC). Surprisingly, ibrutinib
reduced ROS levels by CLL cells in the PerC and induced them to emigrate into
the circulation. These findings led us to conclude that there may be niches in
the body that hide and protect tumor cells from being targeted, possibly due to
the production of ROS. This may in turn reduce the durability of response to a
treatment of a patient. Combining multiple drug targets may help reduce these
possibilities.

As key players in mounting proper immune responses against bacteria and patho-
gens, CD8" T cells suffer from “exhaustion” in case of chronic viral infections,
exposure to bacteria and cancer'” "' Re-activating these dysfunctional T cells is of
high interest for durable responses against tumor cells. Having demonstrated the
efficacy of aSLAMFG in its ability to induce ADCC and modulate BCR signaling,
we asked in Chapter 4 whether SLAMFG6 signaling and a SLAMFG had an impact
on CD8" T cells. In order to address this question, we used an adoptive transfer
model of EWTCLI cells into immuno-competent WT mice. As leukemic cells
expand, CD8" T cells acquired a phenotypical and functional state of exhaustion,
demonstrating the EWTCL1 mouse model a useful platform to study the role of
T cells'.

First, we investigated the role of SLAMFG in the tumor microenvironment by
transferring EWTCL1 cells into SLAMFG6-/- mice. Strikingly, we identified an in-
creased percentage and numbers of PD1" subpopulation of CD3" CD44" CD8"T
cells compared to transfers into WT mice. These T cells had significantly reduced
cytotoxic capacity measured by degranulation, granzyme B and IFNy, which are
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characteristics of effector CD8" T cell functions. These findings already suggested
that SLAMFG is a negative regulator of T cell exhaustion.

Then, we hypothesized that injections of aSLAMF6 would have a profound effect
on T cells in this system and indeed found a remarkable effect. The exhausted
PD1" subpopulation of CD3" CD44" CD8" T cells was significantly reduced in
spleen and blood of these mice and the cytotoxic capacity of remaining CD8" T
cells were significantly improved. In addition to the antibodies ability to induce
ADCC and reduce BCR signaling, the finding that aSLAMFG6 can also empower
CD8" T cell responses makes it a favorable candidate for targeting. The selective
reduction of PD1* CD3"CD44'CDS8" cells by aSLAMF6 was independent of the
presence of the T / NK cell adaptor SAP, as determined by the use of SAP-/- mice.

Distinct from the microenvironments analyzed in Chapter 2 and 3, analysis of
PerC in Chapter 4 revealed significantly reduced percentage of leukemic infiltra-
tion and number of cells in mice injected with aSLAMFG6 compared to its isotype
control injected mice. Surprisingly, « SLAMFG6 induced signaling by CD8" T cells
in this compartment, although ADCC is impaired in the PerC. Furthermore, the
increase in the PD1" subpopulation of CD3" CD44" CD8' T cells suggests that
the antibody selectively targets this population. The decrease in leukemic expan-
sion indicates that the antibody likely reactivated some of the T cells in the PerC.

In aggregate, these findings show that initiation of SLAMFG signaling shapes the
immune response at multiple levels. Effects we have identified using the murine
model of CLL and anti-SLAMF6 are summarized in Figure 1. Binding of antibody
to SLAMF6 on the surface of CLL B cells induces ADCC by Fc receptor binding
and activation of NK cells. Simultaneously, this binding on CLL cells reduces
BCR signaling vital for their survival. This reduction is enhanced when used in
combination with ibrutinib in both murine as well as human CLL cells, presented
in Chapters 2 and 4. Furthermore, binding of aSLAMF6 to the co-stimulatory
molecule SLAMF6 induces a reduction of exhausted PD1" CD3°'CD44°'CD8" T
cells, thus potentiating the cytotoxicity of CD8" T cells. Several hypotheses may
help explain the immunomodulatory action of aSLAMFG. First, recent studies
demonstrated that SAP is a negative regulator of PD-1 function. While SAP
does not bind directly to PD-1 cytoplasmic tail or with SHP-2 binding, it inhib-
its their activity by shielding substrates of SHP-2 from its phosphatase activity.
Therefore, it is possible that stimulation of SLAMFG6 recruits SAP, which in turn
inhibits SHP-2 activity at the immune synapse and thus disrupts PD-1 signaling
and/or expression on the surface. Secondly, there may be a selective induction of
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apoptosis of PD1" CD8" T cells by the antibody, thus leaving only the effector
CD8 T cells with enhanced cytotoxic functions due to signaling. In fact, Shi and
colleagues demonstrated that PD1 and PD-L1 upregulation induces apoptosis
of CD8' T cells'*. While we don’t find upregulation of PD-L1 on the tumors
(unpublished), whether aSLAMFG can upregulate PD-1 on CD8" T cells, thus
causing apoptosis, needs further investigation.

aSLAMF6- aSLAMF6-
induced signaling Enriches
ADCC A non-exhausted CTL

Granzyme B
IFNy

CD107a
Granzyme B

IFNy

Cell Death CLL

Figure 1. Mechanisms of action of aSLAMF6.

a. In the CLL mouse model, aSLAMFG6 induces ADCC (1) mediated by engagement of antibody
Fc portion with Fc receptors on macrophages and NK cells. Signaling of SLAMFG in CLL B cells
reduces proximal BCR signaling and survival (2). Anti-SLAMFG reduces the number of PD1”
CD3"CD44"CD8" T cells and results in increased effector functions. b. Anti-SLAMEFG also induces
ADCC in a setting where B cells are primed with antigen (NP-OVA or auto-antigen) to inhibit T cell

dependent responses and thus result in reduced antibody responses and inhibit autoimmunity™ .

Taken together, the outcomes of our studies clearly identify a SLAMFG as a useful
tool to target the tumor and the tumor microenvironment at multiple points, by
ADCC, reducing exhausted CD8" T cells and direct signaling. The data predict
that aSLAMF6 will be more efficacious in the treatment of B-cell malignancies
than rituximab (aCD20), which is well-accepted treatment of B cell tumors.
Although promising responses have been made, patients eventually relapse or
become refractory. When combined with ibrutinib, the leukemic cells appeared
to down-regulate CD20 from its cell surface to escape ADCC and thus leave the
treatment ineffective’. For all these reasons, SLAMFG may represent to be a good

target that could warrant more durable responses in clinic.
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Chapter 5 of this thesis sheds light into the hypothesis that SLAMF3 is a nega-
tive checkpoint inhibitor of auto-reactive B cells that regulates cGVHD. Previous
work by the Engel and Terhorst labs demonstrated that SLAMF3 deficient mice
spontaneously produced autoantibodies regardless of their genetic background,
suggesting a role for SLAMF3 in safeguarding mechanisms to prevent a breach
of tolerance'®. Injections of aSLAMF3 into WT mice eliminated marginal zone
B cells, significantly reduced innate like B cells and modulated B cell activation
thresholds®. In addition, 0 SLAMF3 reduced invariant natural killer T (iNKT) cell
numbers with impaired IFNy and IL-4 production'’. Using the cGVHD model,
we showed that injections of aSLAMF3 monoclonal antibody expanded forma-
tion of spontaneous germinal centers (GCs), which are seminal to autoantibody
production. In accordance with increased GCs, T follicular helper (TFH) cells
were also expanded with increased cytokines IL-21, IFNy and IL-4. In contrast,
abundance of regulatory T (Treg) and T follicular regulatory (TFR) cells were
reduced. These results overall indicated that GC B — TFH cell interactions in
the germinal centers are regulated by SLAMF3 signaling and blocking SLAMF3
signaling in context of autoreactive B cells may serve as a therapeutic target in
autoimmunity. In contrast, injections of aSLAMFG to WT mice immunized with
NP-OVA or in a cGVHD model inhibited T and B cell responses in both of these
distinct in vivo models>“. These finding are summarized in Figure 2.

In conclusion, SLAMF6 and SLAMEF3 play vital roles in regulating T — B cell
interactions and inducing or interrupting these signals appear to have impact in
cellular responses (See Figure 1). While SLAMFG is a negative checkpoint in-
hibitor of CD8" T cell exhaustion, targeting with monoclonal antibody provided
therapeutic benefit to T cell functions and overall CLL expansion. In addition, we
found that SLAMF3 is a negative regulator of autoreactive B cells and targeting
receptor interactions with blocking antibodies can help autoimmunity related dis-
eases. How these SLAMF members and others may be involved in other immune
responses that can contribute to disease pathogenesis needs further investigation.
Targeting SLAMF receptors will add to current treatments of B cell diseases.
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Reduced B cell survival
Reduced Ab production

aSLAMF3
(Fc independent)

Auto-antigen
primed

Loss of B cell tolerance
GC expansion :
Increased IFNyR* signaling

Autoantibody production 1

v

Reduced TFR and Treg cells

Figure 2. Mechanisms of action of aSLAMF3.

Anti-SLAMF3 used in these experiments work in an Fc independent manner. When B cells are primed
with antigen, e.g. NP-OVA immunizations, injections of aSLAMF3 down-regulates the CD19 com-
plex and inhibits activation and survival’. However, when aSLAMF?3 is administered in an auto an-
tigen primed GC B cell, it leads to loss of B cell tolerance and induces expansion of GC B cells and
autoantibody production. In addition, reduced TFR and Treg cells in the GCs supplement this loss

of tolerance.

Future Directions

Although single agent immunotherapies are effective in the initial phases, tumors
eventually figure out a way to escape from the detrimental effects of treatment.
Reasons of relapse in case of CLL include down-regulation of CD20 from the
cell surface of CLL after rituximab, or upon acquired mutations at BTK at the
binding site of ibrutinib. Therefore, targeting the tumor and tumor microenviron-
ment by multiple approaches is essential for more durable responses. With this
thesis, we have shown promising effects of aSLAMFG in its ability to target the
tumor directly and activate T cells in the microenvironment. While aSLAMFG6
combinations with ibrutinib are more effective than either agent alone, identify-
ing additional optimal combinations will be key. These include:

o Combining aSLAMF3 with aSLAMF6 to test whether T cell responses are

improved will be explored. In a preliminary set of experiments, we have tested
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oSLAMEF?3 in our murine aggressive TCL1-192 CLL model and found lowered
leukemic infiltration in bone marrow and blood (unpublished).

o Combining MIF inhibitors with aSLAMF®6 to further reduce the leukemic
burden. Previous studies by the Shachar lab demonstrated that SLAMF5 is
a survival receptor in CLL that gets upregulated in the presence of MIF',
MIF inhibitors are readily available that the Terhorst Lab . It will also be of
interest to study the effect of MIF inhibition in combination on macrophage
functions.

o Generating bispecific antibodies. Generating and testing CD19-SLAMF6 or
CD3-SLAMFG6 bispecific antibodies in B cell malignancies can work to bring
B and T cell together. Binding of SLAMFG6 on a CD8" T cell can activate them,
to induce more eflicient killing.

o SLAMEFG can be an activating or inhibitory receptor on the surface of human
NK cells?”?'. The Watzl lab has shown that binding of the SLAMF4, SLAMFG6
and SLAMF?7 ligands enhance cytotoxicity of NK cells. Understanding this
mechanism should add to the repertoire of SLAMF6-based therapeutic ap-
proaches.

o Because SLAMFG responds to microbial proteins, these entities could form a
platform for novel immunotherapy approaches.

o With the understanding that there may be niches in the body that render
therapies ineffective, activating immune cells or improving efficacy through
combination therapy is of importance. Targeting the hypoxic environment
of the PerC is one such possibility. Hypoxia inducible factor 1o (HIF-1a)
induces immune suppression and promotes leukemic survival and expansion
in CLL. Inhibiting HIF-1a or by inhibiting A2A adenosine receptor may re-
activate the PerC environment and in combination trigger ADCC and induce
cytotoxicity of T cells by aSLAMF6.

In conclusion, SLAMFG is a key receptor for targeting and warrants further inves-
tigation for its use in clinic.
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Het wordt steeds evidenter dat SLAMF receptoren en hun signaaleiwitten in staat
zijn om de aangeboren en adaptieve immuunreacties te beinvloeden'. Ondanks deze
voortschrijdende kennis, blijven deze receptoren ondergewaardeerd als mogelijke
therapeutische targets. In dit proefschrift beschrijven we een studie naar SLAMF
receptoren als targets voor nieuwe therapieén tegen chronische lymphocytische
leukemie (CLL), andere B cel tumoren en graft-vs-host ziekte. We hebben mono-
clonale antilichamen tegen SLAMFG6 getest in CLL-modellen, en tegen SLAMF3
in graft-vs-host-ziekte modellen. Al eerder was gevonden dat anti-SLAMEFG6 en an-
ti-SLAMF3 adaptieve humorale immuniteit tegen 4-hydroxy-3-nitrophenylacetyl
hapten-ovalbumine conjugaten konden remmen (NP-OVA)>?. In dit proefschrift
wordt beschreven hoe dit monoclonale antilichaam tegen SLAMF6 (aSLAMEF6)
in combinatie met kleine moleculen als nieuwe en waardevolle immuuntherapie
tegen CLL en B cel lymfomen kan worden ingezet. Tot onze verdere verrassing
ontdekten we dat in een model van chronische Graft-vs-Host ziekte (cGVHD)*
aSLAMFG de productie van auto-reactieve antilichamen kan remmen, maar dat
anti-SLAMF3 antilichamen (aSLAMF3) de productie van auto-reactieve antili-
chamen juist verhogen in dit zelfde model.

In Hoofdstuk 2 worden de effecten van aSLAMF6 in een CLL muis-model
onderzocht; in dit model werd een agressieve TCL1-192 leukemie-kloon gein-
jecteerd in een SCID (Severe combined immune deficiency) muis, die geen B
en T-cellen aanmaake. Het toedienen van één of twee injecties van aSLAMEFG in
deze muizen lijkt twee effector functies te hebben. Allereerst zien we de inductie
van antilichaam-afhankelijke cellulaire cytotoxiciteit (antibody dependent cel-
lular cytoxocity, ADCC), vergelijkbaar met de ADCC die wordt gezien tijdens
het toedienen van rituximab (anti-CD20) (ongepubliceerde waarneming). Ten
tweede tonen we aan dat aSLAMFG in staat is de proximale BCR signalering te
dempen. Deze signalering is essentieel voor de overleving van CLL cellen. Verder
gaf het combineren van twee experimentele therapieén tegen CLL: ibrutinib, een
remmer van Brutons tyrosine kinase (BTK), en anti-SLAMFG, betere resultaten
dan de twee individuele behandelmethodes los van elkaar.

De bevindingen beschreven in hoofdstuk 2 zijn vooral gebaseerd op analyses van de
milt en het bloed, aangezien zich hier de meeste CLL-cellen bevinden. aSLAMF6
bleek echter ook in staat de leukemiecellen te verwijderen uit alle organen, behalve
uit de buikholten en het omentum. Dit leidde tot de hypothese dat het micro-
milieu van de tumor effect had op de door aSLAMF6-geinduceerde ADCC. De
remming van ADCC in deze niches kon worden omzeild door het toedienen van
ibrutinib. Dit leek een reductie in het aantal TCL1-192 in de buikholte tot gevolg
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te hebben. Het is al langer bekend dat Bla B-cellen in de buikholte een andere
functie hebben dan de B-cellen die in de milt worden gevonden; ondanks een
vergelijkbaar fenotype’. Dit kan verklaren waarom de hoogte van de signaaltrans-
ductie in CLL cellen in de buikholte anders is dan in de mil¢®”.

Onderzoek uit het lab van Tedder heeft aangetoond dat, net als aSLAMEFG6
bij CLL cellen, ook, aCD20 therapie niet in staat is BIA B-celaantallen in de
buikholte te verminderen d.m.v. ADCC; ook al bond het antilichaam even snel
en even lang als in de milt of in het bloed®. Deze onderzoekers stellen dat het

mogelijk atypische macrofagen in de buikholte zijn die verantwoordelijk zijn voor
deze verminderde ADCC?®.

De analyses van de buikholte beschreven in hoofdstuk twee hebben geleid tot
de bevindingen beschreven in Hoofdstuk 3. Aangezien reactieve zuurstofradi-
calen (Reactive Oxygen Species, ROS) een belangrijke rol spelen in het tumor
micro-milieu, hebben we getest of CLL cellen andere ROS produceren in deze
twee verschillende niches. Dit blijkt inderdaad het geval: de mitochondriale ROS
productie door TCL1-192 cellen in de buikholte was significant hoger dan die in
de milt’. Dit bleek ook het geval te zijn voor gewone Bla B-cellen in de buikholte
en milt van wildtype muizen. De mate van ROS productie door TCL1-192 cellen
was onathankelijk van BCR stimulatie en kon worden geremd door antioxidant
N-acetylcysteine (NAC). Verrassend genoeg kon ibrutinib de ROS productie door
CLL cellen in de buikholte terugbrengen en deze cellen ertoe aanzetten uit de
buikholte de bloedbaan in te migreren. Naar aanleiding van deze bevindingen
hebben we geconcludeerd dat er mogelijk niches in het lichaam zijn waarin de
tumorcellen beschermd worden tegen antibody-therapieén, mogelijk door de
productie van ROS. Dit kan op zijn beurt het succes van de behandeling van een
patiént bepalen. Een combinatie van verschillende medicijnen kan dit ROS-effect
weer terugdringen.

CDS8" T-cellen zijn belangrijke spelers in de immuunrespons tegen bacterién en
andere pathogenen. Deze cellen kunnen echter aan ‘uitputting’ lijden tijdens
chronische virale infecties, blootstelling aan bacterién, en tijdens kanker'™'", Er
is zeer veel interesse in de reactivatie van deze niet-functionerende T-cellen als
behandeling tegen tumoren. Nadat we in de voorgaande hoofdstukken hebben
aangetoond dat aSLAMF6 ADCC kan opwekken en BCR-signalerings routes
kan moduleren, stellen we ons in Hoofdstuk 4 de vraag of SLAMFG signalering
en aSLAMFG ook een impact hebben op CD8" T-celbiologie. Dit hebben we
onderzocht met behulp van een model waarin EWTCLI leukemiecellen worden

160



Nederlandse samenvatting en conclusies

geplaatst in immuun-competente wildtype muizen. Wanneer deze cellen gaan
groeien in de muis ontwikkelen de CD8" T-cellen een ‘uitputtings’-fenotype. Dit
maakt de EUTCLI muis tot een nuttig model om T-celuitputting te bestuderen'.

We hebben eerst de rol van SLAMFG in het tumor micro-milieu onderzocht door
EuTCLLI cellen in SLAMFG6-/- muizen te spuiten. In dit systeem vonden we een
verhoging van het percentage PD1" cellen binnen de CD3" CD44" CD8" T-cel
populatie, vergeleken met wildtype muizen. Deze T-cellen hadden een significant
lagere cytoxische capaciteit, bepaald aan de hand van T-cell effector parameters zo-
als de-granulatie en de aanwezigheid van granzyme B en IFN . Deze bevindingen
doen vermoeden dat SLAMF6 een negatieve regulator van T-cel uitputting is.

Onze volgende hypothese was dat het injecteren van a SLAMF6 een drastisch ef-
fect zou hebben op T-cellen in dit systeem. Dit was inderdaad wat we vonden. De
uitgeputte PD1" subpopulatie van de CD3" CD44" CD8" T cellen was significant
minder in de milt en het bloed van deze muizen en de cytotoxiciteit van de over-
gebleven T-cellen was significant hoger. De bevinding dat anti-SLAMF6 CD8"
T cellen kan activeren, naast het opwekken van ADCC en het afzwakken van
BCR signalering, maakt deze receptor een belangrijke therapeutische target. Het
terugdringen van het aantal PD1" CD3'CD44"CD8" T-cellen door aSLAMEF6
bleek verder onathankelijk van de aanwezigheid van de T / NK cel adapter SAP.

Dit was onderzocht door ook SAP”" muizen te gebruiken (ongepubliceerde data).

In tegenstelling tot het tumor micro-milieu beschreven in hoofdstukken 2 en 3
gaf de analyse in hoofdstuk 4 van cellen uit de buikholte van muizen geinjecteerd
met ASLAMF6 een ander beeld, namelijk een significante verlaging van het aantal
en percentage leukemie cellen, in vergelijking met controle muizen. Verrassend
genoeg bracht aSLAMFG hier juist de signaaltransductie door CD8" T cellen op
gang, ondanks de remming van ADCC. De toename van de PD1" subpopulatie
van CD3" CD44" CD8" T-cellen doet verder vermoeden dat het antilichaam deze
populatie selectief target. De remming van de groei van de leukemie geeft aan dat
het antilichaam waarschijnlijk sommige T-cellen reactiveert in de buikholte.

Deze bevindingen tonen aan dat het activeren van SLAMFG signalering de
immuunrespons op verschillende niveaus kan beinvloeden. De effecten die we
hebben aangetoond met behulp van het muismodel van CLL en anti-SLAMF6
zijn samengevat in Figuur 1. Binding van het antilichaam op het oppervlakte van
B-cellen induceert ADCC via de Fc-Fc receptor interactie en de daaropvolgende
activatie van NK cellen. Tegelijkertijd verzwakt deze binding de BCR signaal-
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transductie, die essentieel is voor het overleven van de CLL. Ibrutinib versterkt
deze signaalverzwakking in zowel muizen als menselijke CLL cellen. Dit staat be-
schreven in hoofdstukken 2 en 4. Verder activeert aSLAMFG6 het co-stimulatoire
eiwit SLAMFG op T-cellen, wat een reductie in het percentage uitgeputte PD1"
CD3'CD44'CD8" T-cellen tot gevolg heeft. Hiermee bevordert het de cytoxic-
iteit van CD8" T-cellen. Recent onderzoek heeft SAP aangewezen als negatieve
regulator van PD-1". SAP bindt niet direct aan de cytosolaire staart van PD-1, of
aan het SHP-2-domain. De werking berust in plaats daarvan op het afschermen
van de substraten van de fosfatase activiteit van dit molecuul.

Het is daarom mogelijk dat SLAMFG SAP rekruteert, dat op zijn beurt weer SHP-2
remt in de synaps en daarmee de signaaltransductie van PD-1 verstoort. Deze data
laten duidelijk zien dat aSLAMEF6 een goed middel is om de tumor en het tumor
micro-milieu op verschillende punten aan te pakken, o.a.door ADCC en door
CD8 T-celuitputting te verminderen. De data voorspellen ook dat aSLAMF6 een
betere behandeling zou kunnen zijn tegen B-cel tumoren dan de geaccepteerde
behandeling met rituximab (aCD20). Tegen dit medicijn ontwikkelen tumoren
vaak resistentie, wat tot terugval leidt. Wanneer het in combinatie met ibrutinib
wordt gebruikt, verlagen de tumorcellen de expressie van CD20 op hun opper-
vlakte om zo de ADCC te ontwijken en daarmee de behandeling ineffectief te
maken', Om deze reden, zou SLAMFG een potentieel klinische target kunnen
zijn waarmee wel langdurige effecten kunnen worden bewerkstelligd.

Hoofdstuk 5 van dit proefschrift werpt licht op de hypothese dat SLAMF3 een
remmer is van auto-reactieve B-cellen die cGVHD reguleren. Eerder werk uit
de laboratoria van Engel en Terhorst heeft aangetoond dat SLAMF3-deficiénte
muizen spontaan auto-antilichamen produceren, ongeacht hun genetische achter-
grond. Dit suggereert een rol voor SLAMF3 bij het beschermen van mechanismen

die tolerantie-overschrijding voorkomen'.
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Figuur 1. Werkingsmechanismen van het antilichaam tegen SLAMF6.

In het CLL-muismodel induceert aSLAMFG6 ADCC via de Fc-Fe-receptor interactie op macrofagen
en NK-cellen. Het signaleren van SLAMF6 in CLL B-cellen verlaagt proximale BCR-signalering en
daarmee het overleven van de B-cellen. Anti-SLAMFG vermindert het aantal PD1* CD3* CD44"

CD8" T-cellen, wat weer resulteert in verhoogde effectorfuncties.

Injecties met aSLAMF3 in wildtype muizen zorgde voor een eliminatie van B-
cellen in de marginale zone, verminderde ‘aangeboren’ B-cellen en een modulatie
van de B-cel activeringsdrempel’. Daarnaast verminderde aSLAMF3 de invariante
natural killer T-cellen (iNKT) door verminderde IFNy- en IL-4-productie'®. In
een cGVHD model hebben we aangetoond dat injecties met aSLAMF3 de spon-
tane vorming van germinal centers (GCs) bevorderde. Deze zijn op hun beurt weer
essentieel voor de productie van auto-reactieve antilichamen. In overeenstemming
hiermee werd ook een groei in het aantal folliculaire T-helper (TFH) cellen gezien
door hogere concentraties van IL-21, IFNy en IL-4. In tegenstelling tot deze
groei werd het aantal regulatoire T-cellen juist lager. Deze resultaten suggereren
dat de GC B-TFH cel-interacties in germinale centers worden gereguleerd door
SLAMEF3 signalering en dat het blokkeren van SLAMEF3 signalering bij auto-
reactieve B-cellen een mogelijke therapeutische target voor de behandeling van
auto-immuunziekten kan zijn. Hier staat echter wel tegenover dat het toedienen
van injecties met aSLAMFG aan wildtype muizen, die waren geimmuniseerd met
NP-OVA, of in het cGVHD model, de B- en T-celresponses werden geremd. Deze

bevindingen zijn samengevat in Figuur 2.
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(Fc independent)
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Figuur 2. Werkingsmechanismen van aSLAMF3. De werking van «SLAMF3 is onathankelijk van
het Fc-domein: wanneer B-cellen worden geprimed met antigeen, door bijvoorbeeld NP-OVA-immu-
nisaties, onderdrukken injecties van aSLAMF3 het CD19-complex, waarmee ze activering en over-
leving van de B-cel remmen’. Wanneer echter aSLAMF3 wordt toegediend in een met autoantigeen
geprimede GC B-cel, leidt dit tot verlies van B-celtolerantie en induceert het de expansie van GC

B-cellen en autoantilichaam-productie. Bovendien leidt de reductie in FHT en T, cellen in de GC tot

een versterking van dit fenotype.

We kunnen dus concluderen dat SLAMFG en SLAME3 belangrijke rollen spelen
in het reguleren van T- en B-cel interacties. Het induceren of onderbreken van
deze signalen lijkt een impact te hebben op de cellulaire immuunrespons (zie Fi-
guur 1). SLAMFG is een negatieve regulator van checkpoint inhibitie tijdens CD8
T-celuitputting. Het targeten van deze receptor met een monoclonaal antilichaam
heeft een therapeutische verbetering tot gevolg. Verder hebben we ontdekt dat
SLAMF3 een negatieve regulator van auto-reactieve B cellen is en dat het targeten
van deze receptor met antilichaam-agonisten zou kunnen bijdragen aan de be-
handeling van auto-immuunzicktes. Deze en andere leden van de SLAM-familie
kunnen echter ook een rol spelen bij de pathogenese van andere ziekten; verder
onderzoek is dus nodig. Het targeten van SLAMF receptoren heeft de potentie
een waardevolle toevoeging te zijn aan het huidige arsenaal van medicijnen tegen
B cell-gerelateerde aandoeningen.
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