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The interaction of the tumor necrosis factor receptor (TNFR) CD27 with its ligand CD70 is

an emerging target to treat cancer. CD27 signaling provides costimulatory signals to

e CD27 expression on
malignant B cells triggers
CD70 reverse signaling in NK
cells and improves lymphoma
immunosurveillance.

e CD70 reverse signaling in NK
cells is mediated via the AKT
signaling pathway and
enhances survival and
effector function.

cytotoxic T cells but also increases the frequency of regulatory T cells. Similar to other
TNFR ligands, CD70 has been shown to initiate intracellular signaling pathways (CD70
reverse signaling). CD27 is expressed on a majority of B-cell non—-Hodgkin lymphoma, but
its role in the immune control of lymphoma and leukemia is unknown. We therefore
generated a cytoplasmic deletion mutant of CD27 (CD27-trunc) to study the role of CD70
reverse signaling in the immunosurveillance of B-cell malignancies in vivo. Expression of
CD27-trunc on malignant cells increased the number of tumor-infiltrating interferon
y—producing natural killer (NK) cells. In contrast, the antitumoral T-cell response
remained largely unchanged. CD70 reverse signaling in NK cells was mediated via the
AKT signaling pathway and increased NK cell survival and effector function. The
improved immune control by activated NK cells prolonged survival of CD27-trunc—
expressing lymphoma-bearing mice. Finally, CD70 reverse signaling enhanced survival and
effector function of human NK cells in a B-cell acute lymphoblastic leukemia xenotransplants model. Therefore, CD70 reverse signaling

in NK cells contributes to the immune control of CD27-expressing B-cell ymphoma and leukemia. (Blood. 2017;130(3):297-309)

Introduction

CD27 is amember of the tumor necrosis factor receptor (TNFR) family
that is expressed on T, B, and natural killer (NK) cells. CD27 signaling
on lymphocytes leads, in conjunction with T-cell receptor—mediated
signals, to improved proliferation, differentiation, and effector
function.' In humans, the expression of CD27 defines B-cell
developmental stages. Naive B cells are CD27-negative, whereas
memory B cells with somatically mutated immunoglobulin genes are
CD27-positive.® CD27 signaling on B cells enhances immunoglobulin
production and promotes plasma cell differentiation.” Although
malignant lymphoma may develop from different stages of B-cell
development, CD27 is expressed on nearly all non—-Hodgkin lym-
phoma (NHL) of pre- and postgerminal center origin and on B-cell
acute lymphoblastic leukemia (ALL).®'® However, the expression
varies considerably in follicular lymphoma and in diffuse large B-cell
lymphoma (DLBCL). Interestingly, the expression of CD27 differs in
subsets of DLBCL with high expression in the germinal-center—like
subtype and low expression in the activated B-cell-like subtype.'!
After ligation of CD27 with its unique ligand CD70,'? a soluble form
of CD27 (sCD27) is released to the sera, and the level of sCD27
correlates with lymphoma load.®'* High sCD27 levels are associated
with poor outcome in patients with DLBCL.'*

CD27 signaling is regulated by the expression of its unique ligand
CD70. During immune activation, CD70 is transiently expressed
on lymphocytes, NK cells, and subsets of dendritic cells.'>'® Aberrant
expression of CD70 leads to increased secretion of inflammatory
cytokines and immune dysfunction.'*! In addition, CD70 is expressed
on some lymphomas®> > and solid tumors,?® " where it correlates with
poor prognosis.**>

The role of the CD70/CD27 interaction in B-cell neoplasms remains
ill defined. The cytoplasmic domain of CD27 binds to TNFR-
associated factor 2 (TRAF2), which signals downstream via mitogen-
activated protein kinase family proteins, leading to nuclear factor of
Kk light polypeptide gene enhancer in B-cells inhibitor, o degradation
and nuclear factor “k-light-chain—enhancer” of activated B cells acti-
vation.** TRAF2 can also activate c-Jun N-terminal kinases family
members, bind to the inhibitor of apoptosis proteins, and lead to
upregulation of B-cell lymphoma-extra-large.>** Thus, ligation of
CD27 with stimulating monoclonal antibodies (mAb) in vitro leads to
expansion of lymphoma cells.*® In addition, similarly to other TNFR
ligands, CD70 has an intrinsic signaling activity (CD70 reverse
signaling). CD70 reverse signaling activates phosphatidylinositide
3-kinase and MAPK pathways that trigger the expansion of
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CD70-transgenic CD27-deficient B cells while inhibiting cell differen-
tiation in vivo.”” CD70 antibodies induce the expansion of B-cell
leukemia cells,” NK and T-cell lymphoma cells,® and enhance the
effector functions of human T, NK, and T3 cell clones in vitro. 340
The role of CD70 reverse signaling in cancer, especially in
lymphoma development, remains unknown. We generated a cytoplas-
mic deletion mutant of CD27 (CD27-trunc) lacking the intracellular
signaling domain and therefore the possibility to transmit CD27
forward signaling. Here, we document that CD27-trunc—expressing
tumor cells induce the activation and expansion of CD70-expressing
NK cells in vivo. Activated NK cells contribute to cancer immuno-
surveillance (ie, mice bearing CD27-expressing tumors survived sig-
nificantly longer than mice with control tumors). Importantly, CD70
reverse signaling similarly increased survival and effector function of
human NK cells in a B-cell ALL xenotransplant model. Our ex-
perimental data are supported by a gene expression analysis of Cd27 in
a publicly available microarray dataset of patients with high-grade
lymphoma. Patients with CD27"¢"-expressing lymphoma survived
significantly longer than patients with CD27"*¥-expressing lymphoma.

Materials and methods

Patient samples and xenograft model

Cryopreserved bone marrow aspirates from patients enrolled in the ALL-BFM
2000 study were used. Informed consent was given in accordance with the
declaration of Helsinki, and approval was granted by the Ethics Commission of the
Canton Zurich (approval number 2014-0383). For in vivo experiments, 5 X 10°
fluorescence-activated cell sorter (FACS)-sorted CD27"CD70~ primary com-
mon B-cell ALL cells were injected IV into NSG mice.*! Following detection of
5% to 10% engraftment in the blood of recipient mice (week 4), 5 X 10° sorted
CD27 human allogenic NK cells were injected IV. NK cells were purified from
peripheral blood mononuclear cells of healthy donors using the MACS human NK
cell isolation kit, from Miltenyi Biotec. Human NK cells were isolated from the
spleen of ALL xenotransplanted mice 2 days after transfer for functional analysis.

Tumor and lymphoma induction

Fibrosarcoma tumors were induced as described in Matter et al.* Briefly, 2 X 10°
MC57 cells were injected subcutaneously (SC) into the flanks of RAG ™~ mice. After
14 days, 1- to 2-mm?® tumor fragments were transplanted into flanks of recipient mice.
For lymphoma induction, 1.5 X 10° Q2A lymphoma cells were injected SC into
recipient mice. Alternatively, 1 X 10° Q2A cells were injected IV. Tumor volume of
SC tumors was calculated using the formula V = 7 X abc/6, where a, b, and ¢ are
orthogonal diameters that were measured by a caliper at different time points.

Statistical analysis

Data are represented as mean * standard error of the mean (SEM). Data were
analyzed using 1-way analysis of variance (ANOVA) and Tukey’s multiple
comparison test, Student ¢ test (2-tailed), 1-sample  test, or 2-way ANOVA and
Bonferroni post hoc test (P value shows interaction). Significance of differences
in Kaplan-Meier survival curves was determined using the log-rank test
(2-tailed). Spearman’s rank analysis was performed to study the significance
of 2 variables’ correlation. P < .05 was considered significant; *P < .05;
*#p < 01; ¥**P < .001; n.s., not significant (P > .05).

Results

Expression of CD27-trunc on fibrosarcoma cells leads to
tumor rejection

In contrast to hematological tumors, CD27 expression has not been
documented on solid tumors so far.?*>° Therefore, in order to study
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CD70 reverse signaling in vivo, we transfected the fibrosarcoma cell
line MC57 with a Cd27-trunc—expressing vector. The fibrosarcoma
model provides a well-controlled system to dissect CD70 reverse
signaling in these initial experiments, because it expresses neither
CD27 nor CD70. The extracellular domain of the CD27-trunc receptor
serves as the ligand for CD70 expressed on immune cells in the tumor
microenvironment. However, CD27 forward signaling in MC57 is
abrogated due to the excision of the intracellular C-domain (Figure 1 A).
Flow cytometric analysis revealed that the extracellular domain of
CD27 was clearly detectable on MC57-CD27-trunc cells but not on
parental MC57 cells (Figure 1B). MC57 and MC57-CD27-trunc cells
did not express CD70 (supplemental Figure 1A, available on the Blood
Web site). Transfection with Cd27-trunc did not alter the growth
characteristic, and both cell lines showed a comparable expansion in
vitro (Figure 1C).

Surprisingly, MC57-CD27-trunc tumors did not grow in vivo,
whereas MC57 tumors developed large tumors within 3 weeks
(Figure 1D). The expression of CD27-trunc on MC57-CD27-trunc
tumors was confirmed by FACS analysis before transplantation
(supplemental Figure 1B). Similarly to BL/6-recipient mice, MC57-
CD27-trunc tumors were rejected in CD27 '~ mice, whereas MC57
control tumors grew (Figure 1E). Rejection of MC57-CD27-trunc
tumors in CD27 '~ mice excludes that CD27-trunc expressed on tumor
cells alters CD27 forward signaling on host immune cells due to
excessive binding of the ligand. As documented before, due to lower
numbers of regulatory T cells, tumor growth in CD27 '~ mice was
slower than in BL/6 mice.*’ These data suggest that triggering CD70
reverse signaling in the tumor microenvironment leads to tumor rejection.

NK cells control CD27-trunc expressing tumors

MC57 tumor cells are mainly controlled by CD8" T cells.*** To
analyze whether CD27-trunc activates CD70-expressing T cells
leading to tumor rejection, MC57 and MC57-CD27-trunc tumor
fragments were transplanted into RAG ™~ mice, which lack mature
NKT, B, and T lymphocytes. In line with previous ﬁndings,45 growth of
transplanted MC57 tumor fragments in RAG ™~ mice was sub-
stantially faster than in BL/6 mice (Figure 2A vs Figure 1D). However,
MC57-CD27-trunc tumors developed substantially slower than control
tumors independent of the adaptive immune system (Figure 2A).

RAG ™~ mice have functional and highly activated NK cells*® that
may contribute to the tumor control of MC57-CD27-trunc tumors.
To test this, we transplanted MC57 and MC57-CD27-trunc tumors to
RAGyc ™'~ mice that are deficient in T, B, and NK cells. Indeed, in the
absence of NK cells, MC57-CD27-trunc tumors grew similarly to
MCS57 tumors (Figure 2B). Furthermore, NK cell depletion with
anti—Asialo-ganglio-N-tetraosylceramide (GM1) antibody treatment
restored tumor growth of MC57-CD27-trunc tumors to the growth of
MC57 tumors in RAG '~ mice (Figure 2C). Similarly, depleting NK
cells in BL/6 mice restored the growth of MC57-CD27-trunc to that of
MC57 control tumors (Figure 2D). In contrast, anti-Asialo-GM1
treatment did not change growth of MC57 tumor fragments (Figure 2C),
indicating that NK cells are not involved in tumor control in the
absence of CD27-trunc expression. Importantly, MC57 and MC57-
CD27-trunc similarly expressed inhibitory (major histocompati-
bility complex class I [MHC-I]; Qa-1B) and activating (MULT-1;
Rae-1) NK cell ligands (supplemental Figure 1C).

CD70 is expressed on NK cells upon activation, and binding of
CD70 to its receptor CD27 results in the downregulation of CD70
expression.”’” Tumor-infiltrating NK cells in both MC57 and MC57-
CD27-trunc tumors expressed CD70 (supplemental Figure 1D). How-
ever, the mean fluorescence intensity (MFI) of CD70 was significantly
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Figure 1. Expression of CD27-trunc on MC57 fibrosarcoma promotes tumor rejection. (A) The amino acid sequences corresponding to CD27 receptor (top) or CD27-
trunc (bottom) are shown. (B) Expression of CD27 on MC57 and MC57-CD27-trunc cells, analyzed by flow cytometry (1 representative experiment out of 3 is shown). Red:
isotype; blue: CD27. (C) Growth curves of MC57 and MC57-CD27-trunc cells in vitro. Cells (0.5 X 10°) were cultured in triplicate and counted on the days indicated. Total
number of cells per well are shown. Results are representative of 3 independent experiments. (D-E) Tumor growth curves of MC57 and MC57-CD27-trunc tumors. MC57 and
MC57-CD27-trunc tumor fragments were transplanted SC into the flanks of BL/6 (D) or CD27 /'~ mice (E) and tumor growth was monitored at the time points indicated. Data
are shown as mean = SEM of 5 to 10 mice in each group. Pooled data from 3 independent experiments are shown. Statistics: 2-way ANOVA (C-E). aa, amino acid; max,

maximum; n.s., not significant; Tx, transplantation.

lower on NK cells from MC57-CD27-trunc tumors (Figure 2E),
indicating that CD70 is ligated on NK cells in the tumor.

To analyze the role of CD70 signaling in NK cells in tumor
development, we treated MC57 and MC57-CD27-trunc tumor-bearing
mice with a blocking anti-CD70 mAb (FR70). Blocking the CD70/
CD27 interaction in vivo in Ragl '~ mice did not affect tumor growth
of the parenteral MC57 cells but restored the growth of MC57-CD27-
trunc tumors to the level of control MC57 tumors (Figure 2F). In
summary, these experiments indicate that the expression of CD27-trunc
on tumor cells leads to the activation of NK cells by CD70 reverse
signaling.

CD70 reverse signaling increases the frequency and function of
tumor-infiltrating NK cells

We next analyzed the antitumoral immune response in BL/6
and RAG ™'~ recipient mice 12 days after tumor transplantation, at a
time point when the MC57- and MC57-CD27-trunc tumor size was
still comparable (supplemental Figure 2A). CD3™ T-cell number and
interferon y (IFN-y) production after restimulation with phorbol 12-
myristate 13-acetate (PMA)/ionomycin were comparable in spleens
and draining lymph nodes (dLNs) (supplemental Figure 2B-D).
Similarly, NK cell frequencies and numbers in spleens (Figure 3A)
and dLNs (supplemental Figure 2E) were comparable. In addition,

NK cells from spleen and dLNs similarly produced IFN-y upon re-
stimulation with PMA/ionomycin in vitro (supplemental Figure 2F-G).
However, there was a significant increase in numbers of tumor-
infiltrating NK cells in MC57-CD27-trunc tumor-bearing BL/6 and
Ragf/ ~ mice (Figure 3B; supplemental Figure 2H). Functionally,
significantly more tumor-infiltrating NK cells in CD27-trunc express-
ing tumors produced INF-v after restimulation in vitro (Figure 3C-E).
Furthermore, individual NK cells produced more IFN-y as demon-
strated by a higher MFI of the IFN-y staining in NK cells isolated from
MCS57-CD27-trunc tumors as compared with controls (Figure 3F).
Together, these results indicate that CD27-trunc expression on tumor
cells increases the numbers and the function of tumor-infiltrating NK
cells.

CD70 reverse signaling on NK cells is mediated via the AKT
signaling pathway

To study the mechanism by which CD70 reverse signaling enhances
NK cell activity, we stimulated NK cells with an anti-Ly49D mAb in
the presence or absence of an activating anti-CD70 mAb (6D8).*” Co-
stimulation of CD70 increased the frequency of IFN-y* CD107a ™" ac-
tivated NK cells after stimulation with anti-Ly49D mAb (Figure 4A-B).
The increase of activated NK cells was mainly due to elevated numbers
of IFN-y—producing NK cells, whereas the frequency of CD107a™
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Figure 2. CD70 reverse signaling in NK cells improves tumor control. (A-F) MC57 and MC57-CD27-trunc tumor fragments were transplanted SC into the flanks of RAG

/-

(A,C,F), RAGyc™/~ (B), and BL/6 (D) mice. Mice were treated with anti-Asialo-GM1 or control-IgG (C-D) or with FR70 or control IgG (F) at days —1, 0, and every second day

after tumor transplantation. Tumor size was measured at the time points indicated

. Data are shown as mean = SEM of 5 to 10 mice in each group; representative of 3

independent experiments. (E) CD70 expression on tumor infiltrating NK cells from 3 tumor-bearing mice in each group at day 20 after transplantation. Histogram shows MFI of

CD70 measured by FACS, representative of 3 independent experiments. Statistics:

NK cells remained unchanged or even slightly dropped (supplemental
Figure 3A-B). In addition, the IFN-y production per cell was increased
by CD70 costimulation as indicated by a higher MFI of the IFN-y
staining (Figure 4C). The higher frequency of IFN-y-producing NK
cells upon anti-CD70 stimulation was further confirmed by cocultur-
ing irradiated MC57 or MC57-CD27-trunc cells with purified naive

2-way ANOVA (A-D,F), Student ¢ test (E).

NK cells. Supernatants from MC57-CD27-trunc cocultures con-
tained higher amounts of IFN-y compared with MC57 cocultures
(Figure 4D). Importantly, costimulation with anti-CD70 mAb (6D8)
increased the frequency of Annexin-V  viability-dye  viable NK cells
(Figure 4E-F). Increased viable cells frequency resulted in higher
numbers of viable NK cells in anti-Ly49D-stimulated NK cells

¥20¢ I1dy g uo 3sanb Aq ypd 859G/ Poo|a/6E810YL/L62/E/0€ L/Pd-ajo1e/poo]q /B0 suonelgndyse;/:dny woiy papeojumoq



BLOOD, 20 JULY 2017 + VOLUME 130, NUMBER 3

CD70 REVERSE SIGNALING IN NK CELLS 301

A
BL/6-spleen
6.0 3.0 4
n.s. s
__ 451 5 2.3
2 =
— >
" X,
= 3.0 £ 1.5
o [«b]
(o (&)
= e
1.5 = 07
0 - 0 -
C MC57 tumor
unstimulated PMA/lono
9.3
(&b
w
w
A
. |10°10'10%10%10%10°  10°10'10%10%10% 10°
g MC57-CD27-trunc tumor
|2 unstimulated PMA/lono
3.2 227
10°10"10%10%10% 10° 10°10"10%10%10* 10°
> |FNy
E
BL/6-tumor RAG™-tumor
8.0 5.0 .
*k
g g
= 6.0 % 3.8
1%) 1%)
8 401 8 25-
o X
= =
+>_ +>.
= 2.0 = 1.3
w L
0 - 0 -

I ViC57
B Il MC57-CD27-trunc
BL/6-tumor RAG™-tumor
4.0 - 44 -
—=—
S 3.04 S 34
o o
3 3
£ 204 o 2
(<5 (<5
o o
i i
= 10+ = 1
0 - 0 -
D
BL/6-tumor RAG™-tumor
* %
*
20 40 4 =
= 154 =, 304
%) ©®
> >
o o
e 10 1 e 20 1
= =
+ +
> S
= 5- = 101
0 - 0 -
F
BL/6-tumor RAG™-tumor
201 " _ 254
S L S [T S—
> >
i 1.51 iz 1.8
= =
= )
£ 1.0 2L 121
[«b] [<b]
(&) (&)
= =
+ 0.5 + 0.6 1
S -
= =
= T
0 - 0 -

Figure 3. CD27-trunc enhances the activity of tumor-infiltrating NK cells. (A-F) Analysis of NK cells in spleens (A) and tumor tissue (B-F) of MC57 or MC57-CD27-trunc
tumor-bearing mice, 12 days after tumor transplantation. (A) Frequencies and numbers of NK cells in spleens of BL/6 mice. (B) Numbers of tumor-infiltrating NK cells. (C-F)
MACS-sorted CD45™ cells from tumor tissue were restimulated with PMA/ionomycin for 4 hours and IFN-y was analyzed by FACS. (C) One representative FACS plot of IFN-y*™ NK
cells out of 3 is shown. (D) Frequencies of IFN-y* NK cells in tumor are shown as A (PMA/lono-unstimulated). (E) Numbers of tumor-infiltrating IFN-y* NK cells. (F) A MFI, [MFI-
stimulated — MFI-unstimulated], of IFN-y expression in tumor-infiltrating NK cells. Data are shown as mean *= SEM of 3 to 5 mice in each group and are representative of
3 independent experiments. Statistics: Student t test (A-B,D-F). lono, ionomycin; SSC, side scatter.

(supplemental Figure 3C). Therefore, CD70 reverse signaling en-
hanced the survival of NK cells.

CD70 reverse signaling in CD70-transgenic B cells has been
shown to be mediated via the AKT and the extracellular signal-
regulated kinase (ERK) signaling pathways.*”** Stimulation with

the anti-CD70 antibody (6D8) resulted in a higher frequency of
phospho-AKT" (p-AKT") NK cells 15 minutes after activation
(supplemental Figure 3D) as well as in an increased MFI of the p-
AKT staining (Figure 4G.I). In contrast, CD70 reverse signaling
did not change the expression of phospho-ERK (p-ERK) by NK
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Figure 4. Intracellular CD70 reverse signaling pathway. (A-C) FACS-sorted NK cells were stimulated for 4 hours with 0.5 p.g/mL «-Ly49D or control rat IgG (rlgG, unstimulated) in
the presence of Armenian Hamster IgG (IgG; 5 wg/mL) or activating anti-CD70 (6D8; 5 .g/mL). NK cells were stained intracellularly for IFN-y and CD107«. (A) Representative FACS
plots showing frequencies of NK cell subsets in anti-Ly49D—activated NK cells. (B) Frequency of IFN-y" CD107«* NK cells. (C) A MFI [MFI-stimulated — MFl-unstimulated] of IFN-y
staining in NK cells. (D) FACS-sorted NK cells (10°) were cocultured with irradiated 4 X 10* MC57 or MC57-CD27-trunc cells (35 Gy), in the presence of 40 U/mL interleukin-2. IFN-y
concentration in supernatants after 2 days is shown. NK cells alone supplemented with 50 ng/mL interleukin-18 were used as positive controls. (E-F) NK cells were stained with Annexin-
V (AnxV) and viability dye (VD) after 16 hours of activation with anti-Ly49D and anti-CD70 or isotype control and analyzed by FACS. (E) Frequency of AnxV VD™ viable cells. (F)
Representative FACS plot showing AnxV and VD staining out of 3 is shown. Data are shown as mean = SEM of 3 wells and represent 3 independent experiments. (G-l) FACS-sorted
NK cells were stimulated with 5 ug/mL anti-Ly49D antibody in the presence of 10 wg/mL anti-CD70 antibody (6D8) or control IgG for 0, 5, 15, 30, and 45 minutes. Phosphorylation
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cells (Figure 4H,1; supplemental Figure 3E). This data suggest that
CD70 reverse signaling in NK cells increases effector function and
cell survival via the AKT signaling pathway.

CD27-trunc expressed on lymphoma cells increases NK cell
numbers and function

The MC57-CD27-trunc tumors allowed the study of the role of CD70
reverse signaling on NK cells in tumor control in a model that neither
expresses CD27 nor CD70 in parental cells. However, CD27 is not
expressed on solid tumors but on a majority of B-cell malignancies.'
Therefore, we studied the role of CD70 reverse signaling in Ep-myc
transgenic mice that develop aggressive B-cell lymphoma, resembling
Burkitt lymphoma in humans. We established monoclonal cell lines
from Ep-myc lymphoma-bearing mice. A cell line that expressed
neither CD27 nor CD70 on the cell surface (Q2A) was transduced
with a Cd27-trunc GFP-expressing lentiviral construct (Q2A-CD27-
trunc) or an empty vector (Q2A-empty) as a control (supplemental
Figure 4A). The expression of MHC-I and NK cell ligands was
comparable between Q2A-empty or Q2A-CD27-trunc cells (sup-
plemental Figure 4B).

Twelve days after SC inoculation, Q2A-empty lymphomas grew
to a bigger volume as Q2A-CD27-trunc lymphomas (Figure 5A).
The absolute numbers and frequencies of lymphoma-infiltrating
CD3™ NKI1.1" NK cells were significantly higher in Q2A-CD27-trunc
lymphomas than in controls (Figure 5B-C). This increase in NK cells was
due to a better survival of NK cells in Q2A-CD27-trunc lymphomas,
demonstrated by lower frequencies of Annexin-V™ apoptotic NK cells
(Figure 5D). In addition, the expression of CD27-trunc on lymphoma
cells increased the frequency of activated KLRG1 " lymphoma-infiltrating
NK cells (Figure 5E). Moreover, the numbers and frequencies of IFN-y ™
NK were increased in CD27-trunc—expressing lymphoma after restim-
ulation with PMA/ionomycin or anti-Ly49D antibody (Figure SF;
supplemental Figure 5A). Blocking CD70 by the mAb FR70 reduced
the numbers of IFN-y " NK cells in Q2A-CD27-trunc to those in Q2A-
empty lymphomas (Figure 5F; supplemental Figure 5A). Analyzing
the MFI of IFN-v staining revealed that activated NK cells in the Q2A-
CD27-trunc lymphomas produced higher amounts of IFN-y per cell
than NK cells isolated from control lymphomas (Figure SH-I). In line
with the MC57 model, CD70 reverse signaling did not significantly
increase the number of CD107a-expressing NK cells (Figure 5G;
supplemental Figure 5A). Our data indicate that CD27-trunc expression
on lymphoma cells increases the number and function of lymphoma-
infiltrating NK cells.

CD70 reverse signaling prolongs survival in
high-grade lymphomas

To analyze a lymphoma that develops more physiologically in different
lymph nodes in the body, we injected Q2A-CD27-trunc or Q2A-empty
lymphoma cells IV into recipient mice. BL/6 mice injected with Q2A-
CD27-trunc lymphomas did not develop detectable lymphomas and
survived long term. In contrast, most control mice injected with Q2A-
empty lymphoma cells died within 50 days (Figure 6A). Similarly,
survival of RAG ™~ mice injected with Q2A-CD27-trunc lymphoma
was significantly longer than after injection with control Q2A-empty
lymphoma cells (Figure 6B). In contrast, survival was identical when
Q2A-CD27-trunc and Q2A-empty lymphoma cells were injected into
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RAGyc™™ or CD70 "~ mice (Figure 6C-D). These experiments indi-
cate that CD70 reverse signaling induced by CD27-trunc expressing
lymphoma cells activates NK cells.

To determine whether the expression of CD27 correlates with
improved survival in aggressive lymphoma in humans, we took
advantage of a published gene expression array dataset from 303
patients with aggressive lymphomas (71 Burkitt lymphomas and 232
DLBCLs).*® To assess CD27 messenger RNA (mRNA) expression in
relation to overall survival, we performed a cut-point selection for the
CD27 expression using the “X-tile” method (supplemental material).*’
An optimal cut point of 8.74 was determined to define CD27°"- and
CD27"e"_expressing patients. Using this threshold for the entire
cohort, Kaplan-Meier analysis revealed that patients with high CD27
mRNA expression (>8.74) survived significantly longer than patients
with low CD27 mRNA expression (=8.74) (Figure 6E).

In addition, the expression of CD56 and NKG2D, as an
indicator for NK cell infiltration in the lymphoma, was analyzed in
relation to overall survival. Similarly, optimal thresholds were
determined as 4.49 and 7.36 for CD56 and NKG2D, respectively.
Survival was better for patients with high expression of the NK cell
markers CD56 and NKG2D than patients with low infiltration of
NK cells (Figure 6F-G). Importantly, the expression of the NK cell
marker NKG2D correlated with the expression of CD27 in the
lymphoma samples (Figure 6H). As shown before,>>! tumor- or
lymphoma-infiltrating T cells correlated with a better prognosis
(supplemental Figure 6A-B). However, there was no or only a very
weak correlation between the expression of T-cell markers CD4
and CD8 and CD27 (supplemental Figure 6C-D). This exploratory
correlative analysis fits with the hypothesis that CD70-reverse
signaling increases NK cell function in vivo.

CD70 reverse signaling enhances NK cell survival and function
in ALL xenotransplants

In order to study CD70 reverse signaling in human NK cells, we
coincubated allogeneic human NK cells (FACS-sorted for CD27
negativity) with the human lymphoma cell line Oci-Ly1 and with
primary human B-ALL cells (FACS-sorted for CD70 negativity)
(supplemental Figure 7A-B). Blocking CD70 signaling by anti-
CD70 mAb (41D12D)*>%? resulted in decreased frequencies of
IFN-y* CD107a™ double-positive NK cells (Figure 7A). CD70
blocking slightly increased the frequency of Annexin V* NK cells
(Figure 7B). In contrast, the frequency of Annexin V' B cells did
not change upon CD70 blocking, indicating that CD27 forward
signaling did not trigger antiapoptotic mechanisms in our model
(supplemental Figure 7C). Despite the decrease of CD107a" NK
cells upon CD70 blocking, the lysis of the Oci-Ly1 and K562 cells
was independent of CD70 reverse signaling (supplemental
Figure 7D-E). Blocking important effector molecules of NK cells
revealed that cytotoxicity against Oci-Ly1 cells was mediated by
granzyme B but not the interaction of Fas ligand (FasL) and Fas
receptor (Fas) (supplemental Figure 7F).

To study CD70 reverse signaling in human NK cells in vivo, we
established a human B-ALL xenograft in immunocompromised NSG
mice. The transplanted B-ALL cells expressed CD27 but not CD70
(supplemental Figure 7B). Recipient mice were monitored by repetitive
bleedings until they had 5% to 10% of ALL engraftment (Figure 7C).
Then, FACS-sorted CD27-negative allogenic human NK cells were

Figure 4 (continued) of AKT and ERK was assessed by FACS. (G-H) MFI of p-AKT* and p-ERK " NK cells. (I) Representative FACS plots of p-AKT and p-ERK expression in NK
cells 15 minutes after stimulation. Data are shown as mean + SEM of triplicates and are representative of 3 different experiments. Statistics: Student t test (B-E), 2-way ANOVA

(G-H). stim, stimulation.
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Figure 5. CD27-trunc expression on lymphoma cells increases NK cell numbers and function. (A) Volume of Q2A-CD27-trunc and Q2A-empty lymphomas after 12
days SC injection into BL/6 mice. (B) Representative FACS plot showing frequency of NK cells in lymphoma-infiltrating leukocytes. (C) Numbers of lymphoma-
infiltrating NK cells. (D) Frequency of Annexin-V " NK cells. (E) Frequency of KLRG1" NK cells. (F-G) Cell suspensions from tumors at day 12 were restimulated with
PMA/ionomycin or anti-Ly49D—activating mAb, in the presence of anti-CD70 blocking antibody (FR70) or control I9G, and IFN-y and CD107« expression was analyzed
on CD19~ CD3™ NK1.1" NK cells by FACS. (F) Numbers of IFN-y" NK cells. (G) Numbers of CD107a™ NK cells. (H) Histogram showing the expression of IFN-y in
lymphoma-infiltrating NK cells after PMA/ionomycin restimulation, for 3 tumor samples in each condition. (I) A MFI, [MFI-stimulated — MFI-unstimulated], of IFN-vy in
Q2A-empty and Q2A-CD27-trunc lymphoma-infiltrating NK cells. Data are shown as mean = SEM of 3 animals in each group (A-l) and are representative of 3

independent experiments. Statistics: Student t test (A,C-G,1).

adoptively transferred into ALL-bearing recipients. Mice were ran-
domized to either treatment with blocking anti-CD70 Ab°*>* or isotype
control (Figure 7C). Blocking the CD27/CD70 interaction significantly
reduced the number of total human NK cells (Figure 7D) as well as
the frequency of IFN-y™ and IFN-y"CD107a " human NK cells in
spleen (Figure 7E-F; supplemental Figure 7G). In addition, treatment
with anti-CD70 mAb reduced the IFN-y production per NK cell
(Figure 7G). Similarly to the experiments with syngenic tumors, CD70
reverse signaling did not increase the frequency of CD107a " NK cells

(Figure 7H). The CD70/CD27 interaction increased survival of the
transferred NK cells as indicated by lower frequencies of Annexin V™
cells (Figure 7I). However, the frequency of apoptotic malignant
B cells remained unchanged in anti-CD70 Ab or immunoglobulin
G (IgG)-treated mice. The comparable survival of malignant B
cells is probably due to the low effector:target ratio (1:1000, ~3 X
10* NK cells: ~4 X 107 B cells in spleen) and to the short timespan
of interaction with malignant cells. Importantly, CD70 expression on
NK cells was only detectable in anti-CD70—treated but not in control
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Figure 6. CD27 expression on lymphoma cells
prolongs survival. (A-D) Kaplan-Meier survival curves A B
of BL/6 (A), RAG ™/~ (B), RAGyc ™/~ (C), and CD70 '~ o,
(D) mice, injected IV with Q2A-CD27-trunc or Q2A- BL/6 RAG
empty lymphoma cells. (E-G) Kaplan-Meier survival 100 4 100 A
curve of 303 patients with Burkitt lymphoma and ) )
DLBCL in correlation with the expression of CD27 °-:- 759 °-:- 759
(CD27" n = 268, CD27"°" n = 35) (E), CD56 (CD56" S g4 * S 50 .
n = 201, CD56"" n = 102) (F), and NKG2D (NKG2D" E E
n = 272, NKG2D"" = 31) (G). (H) Correlation analysis a3 25 a3 25
of expression of NK cell marker NKG2D and CD27 in
lymphoma patients. Data are shown as mean + SEM 0 T T T 0 T T T T T
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animals, indicating ligation in vivo (Figure 7J; supplemental
Figure 7H*"). Similarly, CD70 was highly expressed on mRNA Discussion

level in NK cells in peripheral blood of B-ALL patients at diagnosis,
but CD70 surface expression as analyzed by FACS was low,
suggesting CD70 engagement in vivo in patients (supplemental
Figure 8A,C,D). Together, these studies with allogenic NK cells in
human B-ALL xenografts confirm that CD27 expressed on
malignant B cells induces activation and survival of CD70-
expressing NK cells.

One major reason for NHL development is the escape of transformed
B cells from the constant immunosurveillance by immune cells. The
incidence of Epstein-Barr virus (EBV)-associated aggressive NHL is
substantially increased in immunodeficient patients.*>> EBV-derived
antigen LMP1 expressed in B cells is a strong lymphoma-associated
antigen that activates specific cytotoxic T cells. Recently, Afshar-Sterle
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Figure 7. CD70 reverse signaling in human NK cells. (A-B) CD70-negative- CD27-positive- Oci-Ly1 or primary B-ALL cells (patient 1, supplemental Table 1) were
cocultured with FACS-sorted CD27-negative NK cells from healthy donors at a ratio of 5:1, in the presence of blocking anti-CD70 antibody or IgG. After 48 hours, IFN-y and
CD107a expression was analyzed. (A) Frequency of IFN-y* CD107a™ NK cells. (B) Frequency of Annexin-V* NK cells. (C-J) Human B-ALL cells (5 X 10°%; patient 2;
supplemental Table 1) were injected IV into NSG mice and analyzed for engraftment in blood at the time points indicated. B-ALL-bearing mice with 5% to 10% engraftment
were injected IV with FACS-sorted human NK cells (5 X 10°) and treated with anti-CD70 or IgG for 48 hours. (D) Human CD56" CD3~ NK cell numbers in spleens of B-
ALL-bearing mice 2 days after NK cell transfer. (E-l) Restimulation of CD19-MACS—depleted splenocytes with PMA/ionomycin. (E-F) Frequencies of IFN-y* (E) and IFN-y*
CD107a* (F) human NK cells. (G) A MFI, [MFI-stimulated — MFI-unstimulated], of IFN-y in NK cells. (H) Frequency of CD107a™ NK cells. (I) Frequency of Annexin-V* NK
cells. (J) MFI of CD70 on NK cells. Data are shown as mean + SEM of triplicates per group in panels A-B and 3 animals per group in panels C-J representative of 3
independent experiments. Statistics: Student ¢ test (A-B,D-J). hNK, human NK; PB, peripheral blood.

et al demonstrated that T cells prevent spontaneous lymphoma devel- and cytokine-mediated cytotoxicity may contribute to the immune
opment caused by mutations that block an intrinsic cellular differen-  control of lymphoma cells.””® B-cell lymphomas frequently exhibit a
tiation pathway by FAS ligand-mediated cytotoxicity.”® However, ~downregulation of immunogenic molecules, such as MHC and
other effector functions such as killing through perforin and granzyme  costimulatory molecules that render them unrecognizable for effector
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T cells. " Altered immunogenicity of malignant B cells strongly
indicates that lymphoma cells are under a selective pressure to escape
the immunosurveillance by the adaptive immunity. Unlike T cells, NK
cells do not need tumor antigen presentation to be activated; however,
they integrate danger signals that they receive through their activating
and inhibitory receptors.®>*

Although the role of cytotoxic T and NK cells in the immunosur-
veillance of lymphoma is well documented, the molecular mechanisms
regulating the immune control are poorly understood. We here analyzed
the role of CD27 expression on malignant B cells in the immuno-
surveillance of B-cell malignancies. CD27 usually acts as areceptor, and
intracellular signaling leads to antiapoptotic and proliferative signals. It
is therefore conceivable that similar to normal lymphocytes, CD27
signaling on malignant B cells leads to lymphoma progression.>'*
However, many members of the TNFR ligand family, such as CD40L,
LIGHT, and also CD70, have been reported to have reverse signaling
activity and are involved in the activation of lymphocytes.?>74
Aberrant expression of CD70 and CD27 on both lymphoma and
lymphoma-infiltrating immune cells leads to simultaneous signaling
downstream of both cellular receptors. Therefore, in order to study
CD70 reverse signaling in immune cells, independently from the
forward signaling of CD27 in lymphoma cells, we established an
experimental tumor model in which CD27 signaling is blocked, yet a
cellular ligand for CD70 on immune cells is provided. Blocking CD27
signaling was fulfilled by expressing a cytoplasmic deletion mutant of
CD27 receptor (CD27-truncated) on FACS-sorted CD27- and CD70-
double-negative lymphoma cells from Ep-myc transgenic mice.
However, in this experimental setting, we cannot exclude upregulation
of CD27 or CD70 in vivo. Therefore, a fibrosarcoma cell line, which
lacks both CD27 and CD70, was used to unambiguously assess CD70
reverse signaling. Our results revealed that CD70 reverse signaling
increased the numbers of tumor- or lymphoma-infiltrating activated NK
cells leading to improved tumor control. Analysis of tumor-infiltrating
NK cells revealed that CD70 reverse signaling reduced apoptosis and
increased effector function, as analyzed by IFN-y production after in
vitro restimulation. In the Burkitt lymphoma-like model, the improved
NK cell-mediated immune control significantly prolonged survival.
Similarly, CD70 reverse signaling induced IFN-y production and
reduced apoptosis of human NK cells in vitro. In agreement with our
experimental data, an explorative analysis of an mRNA expression
array of DLBCL and Burkitt lymphoma from patients confirmed a
better prognosis for patients with CD27"€"-expressing lymphomas.
Although we cannot distinguish between CD27 expressed on
lymphoma-infiltrating immune cells and malignant B cells, the
majority of the analyzed cells in the array represent malignant cells.
Moreover, sCD27 as an indicator of CD27 ligation clearly correlates
with lymphoma load.® Importantly, the level of CD27 expression in
the lymphoma samples correlated with NK cell infiltration, as
analyzed by the expression of the NK cell marker NKG2D. In
addition, we documented an important role of CD70 reverse
signaling in the activation of and survival of NK cells in a human
B-ALL xenograft model. Consistent with our hypothesis, patients
lacking functional CD27 or CD70 are at risk to develop aggressive
B-cell lymphoma.®*> However, because the CD27/CD70 interac-
tion is crucially involved in the immune control of EBV,% these
studies do not allow the determination of a direct role of the CD27/
CD70 signaling on the immune control of the lymphoma.

In vitro activation by agonistic CD70 mAbs in combination with the
NK stimulating antibody anti-Ly49D suggested that intracellular CD70
reverse signaling is mainly mediated via the AKT pathway. Similarly,
the AKT pathway is involved in CD70 reverse signaling in CD70
transgenic B cells in vivo, whereas in contrast to this model, we could
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not document a role of the ERK signaling pathway.*’ This discrepancy
may be due to the different lymphocyte subset studied or to higher
expression levels of CD70 in the transgenic model. Our results are in
agreement with earlier in vitro experiments documenting that CD70 can
act as a signal-transducing molecule in activated CD70" NK cells.*’
Our in vivo experiments suggested that CD70 reverse signaling led to
NK cell activation and survival but did not enhance the activity of
cytotoxic T cells. This result was surprising because both MC57
fibrosarcoma and Q2A lymphoma cells expressed MHC-class I, and
CD70 reverse signaling has also been documented in T-cell clones and
Jurkat cells in vitro.*> However, our results suggest that tumor-
infiltrating effector T cells are less dependent on CD70 reverse
signaling. Our hypothesis is in line with a recent report indicating that
CD27 rather than CD70 on T lymphocytes is crucial for T-cell activity
against EBV-induced lymphomas.®®

The CD70/CD27 signaling axis is a promising target for cancer
immunotherapy. CD70-transfected dendritic cells and agonistic CD27-
specific antibodies are currently tested in preclinical and clinical
trials.”°® In addition, due to the very limited expression on acti-
vated lymphocytes and on some tumor cells, strategies to target CD70-
expressing cells with immunoconjugates or antibodies with enhanced
antibody-dependent cellular cytotoxicity are exploited.*">* We recently
documented that CD27 signaling increases the frequency of regulatory
T cells in solid tumors and promoted tumor growth.** Therefore,
blocking CD27 signaling led to rejection of tumors that are mainly
controlled by cytotoxic T cells. In addition, in chronic myelogenous
leukemia, CD27 signaling increased the expansion of leukemia stem
cells and led to disease progression.%” Our current study now indicates
that CD70 reverse signaling in NK cells increases the immune control of
CD27-expressing lymphoma cells. Bidirectional activity of the CD27/
CD70 axis indicates that strategies that therapeutically target the CD70/
CD27 axis in cancer immunotherapy are different depending on the
cancer type and the preexisting antitumoral immune response.
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