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ICOS is widely expressed in cutaneous T-cell lymphoma, and its targeting
promotes potent killing of malignant cells

Florent Amatore,1-3 Nicolas Ortonne,4 Marc Lopez,1 Florence Orlanducci,1 Rémy Castellano,1 Saskia Ingen-Housz-Oro,5
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Key Points

• ICOS is widely ex-
pressed by malignant
cells in the skin and blood
of patients with CTCL.

• Anti-ICOS ADCs have
antitumor potential
against CTCL cell lines
and patient-derived
xenografts.

The treatment of advanced-stage cutaneous T-cell lymphoma (CTCL) remains an unmet

medical need. Mogamulizumab, anti-KIR3DL2, and brentuximab vedotin (BV), an anti-CD30

antibody–drug conjugate (ADC) coupled with monomethyl-auristatin-E (MMAE), provided

encouraging results, but new targeted therapies are needed. Inducible T-cell costimulator

(ICOS), a T-cell costimulatory receptor, is a promising therapeutic target, not only because it

is expressed by malignant T cells in CTCL but also because of its connection with the

suppressive activity of regulatory T (Treg) cells. Immunohistochemical analysis revealed

that ICOSwaswidely expressed bymalignant cells in skin biopsy specimens from 52 patients

with mycosis fungoides and Sézary syndrome (SS), as well as in involved node biopsy

specimens from patients with SS. Furthermore, flow cytometry demonstrated its strong

expression by circulating tumor cells in all our patients with SS. Percentages of ICOS1 Treg

cells were significantly higher in patients with SS than in healthy donors. We then

investigated the preclinical efficacy of anti-ICOS ADCs generated by coupling murine anti-

ICOS monoclonal antibodies with MMAE and pyrrolobenzodiazepine. In 3 CTCL cell lines

(Myla, MJ, and HUT78), we observed a significant dose-dependent decrease in cell viability in

the presence of anti-ICOS ADCs. In addition, anti-ICOS-MMAE ADCs had an in vitro and in

vivo efficacy superior to BV in a mouse xenograft model (MyLa). Finally, we assessed the

efficacy of anti-ICOS ADCs in ICOS1 patient-derived xenografts from patients with SS and

angioimmunoblastic T-cell lymphoma. Collectively, our findings provide the preliminary

basis for a therapeutic trial.

Introduction

Primary cutaneous T-cell lymphomas (CTCLs) account for approximately two-thirds of all primary
cutaneous lymphomas,1 with mycosis fungoides (MF) and Sézary syndrome (SS) being the most
common subtypes.1 Both MF and SS are characterized by a monoclonal proliferation of mature T
helper lymphocytes in the skin. Tumor cells in MF are classically CD31CD41CD82, with frequent loss of
CD7.2 Sézary cells (circulating malignant lymphocytes) are CD41CD72 and/or CD41CD262 and
frequently express CD158k (KIR3DL2).3 CD158k is the most sensitive marker for detection of Sézary
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cells in the blood and skin.4-6 Programmed death 1 (PD-1) is
also expressed by the neoplastic T cells in the skin and blood7,8

and represents a useful marker for the diagnosis of SS skin
lesions.9 However, the phenotype of Sézary cells varies greatly
among patients.5,10

The treatment of advanced CTCLs remains an unmet medical need.
Brentuximab vedotin (BV),11 an anti-CD30 antibody–drug conjugate
(ADC) linked to monomethyl-auristatin-E (MMAE), does not deliver
significant long-term improvements in patient outcomes. More recently,
mogamulizumab12 and anti-KIR3DL213 provided encouraging results,
but new targeted therapies are needed.

In lymphomagenesis, tumoral T cells can overexpress both costimu-
latory receptors that allow them to survive, proliferate, and
resist apoptosis and coinhibitory receptors that are associated
with their functional exhaustion.14,15 In CTCLs, tumor growth
may be driven by both costimulatory and coinhibitory recep-
tors.16 On the one hand, tumoral and nontumoral CD4 T cells
in CTCLs express a wide range of coinhibitory receptors, such
as PD-1.16 On the other hand, in a small cohort of patients with
MF, immunohistochemical analysis also revealed the upregulation of
costimulatory receptors such as inducible T-cell costimulator
(ICOS) on the surface of malignant T cells.17 More recently,
analysis of epidermal and dermal explant cultures of skin biopsy
specimens from patients with CTCL revealed that there were more
ICOS1 T cells in CTCL samples than in samples from healthy donor
skin without, however, specifying the tumoral or reactive nature of
these lymphocytes.16

ICOS (CD278, AILIM, H4) is a costimulatory receptor for T-cell
enhancement and a member of the B7/CD28 receptor superfam-
ily.18 It is upregulated on activated T lymphocytes (CD4 and CD8
effector, follicular T helper [Tfh], and regulatory T [Treg] cells).
Naive T cells express low levels of ICOS but its expression is rapidly
induced after T-cell receptor engagement. Its unique ligand, ICOSL,
is expressed by antigen-presenting cells, B cells, and many non-
hematopoietic cells.19 The engagement of ICOS by its ligand
induces proliferation, survival, differentiation, and cytokine pro-
duction in order to potentiate the antigen-specific immune
response.

The high level of ICOS expression by Tfh-derived tumor cells has
been known for ;20 years.20,21 Malignant cells in angioimmuno-
blastic T-cell lymphoma (AITL) and primary cutaneous CD41 small/
medium T-cell lymphoproliferative disorder (PCSMTLPD) widely
express ICOS. Moreover, activated Treg cells also express ICOS,19

and ICOS1 Treg cells exhibit a higher immunosuppressive capacity
than ICOS2 Treg cells.22 Recently, Geskin et al23 identified a high
level of Treg cells in the blood of patients with SS. The inhibitory
impact of mogamulizumab on Treg cells partly explains its efficacy
in SS.24

ICOS is therefore a promising therapeutic target due to its wide
expression in several peripheral T-cell lymphomas (PTCLs), likely by
both malignant T cells and Treg cells. Our first objective was to
determine the expression of ICOS in the skin of patients with MF
and SS at different stages of the disease and in the blood of
patients with SS. Our second objective was to evaluate the efficacy
of anti-ICOS ADCs on CTCL cell lines and murine xenograft
models.

Materials and methods

Study design and population

We conducted a prospective multicenter study between November
2017 and October 2018.

Patients were .18 years old and signed written informed consent
forms prior to the initiation of any procedure related to the study.
The diagnosis of CTCL was carried out by a clinician and
a pathologist, both members of the French Cutaneous Lymphoma
Group (Groupe Français d’Etude des Lymphomes Cutanés). We
characterized each patient according to the 2018 WHO-EORTC
diagnosis and classification criteria.25 We then performed clinical
staging according to the revised staging system for CTCL based on
the tumor-node-metastasis-blood classification system.26 To
confirm a diagnosis of SS, the patient had to meet the criteria
of group B2 of the tumor-node-metastasis-blood classification.
For functional tests, patients with SS were included either at
initial diagnosis or at clinical and biological relapse (B2 criteria).
We excluded patients undergoing treatment with immunother-
apy or in a therapeutic trial.

Skin samples from 52 patients with CTCL at diagnosis (39 patients)
or in relapse (13 patients) were obtained by 4-mm punch biopsy
under local anesthesia then fixed with formaldehyde and embedded
in paraffin. Blood samples from 13 patients with SS consisted of
15 mL whole blood in EDTA tubes. Skin samples from 12 patients
with B-cell lymphoma, 14 patients with CD301 lymphoproliferative
disorder (LPD) (cutaneous anaplastic large cell lymphoma and
lymphomatoid papulosis), 12 patients with PCSMTLPD, and 13
patients with AITL were used as control. The clinical characteristics
of patients with CTCL and controls are summarized in supplemental
Table 1. The healthy volunteers were blood donors at the
Etablissement Français du Sang.

All patient tissue collection and research use adhered to protocols
approved by the institutional review and privacy boards at Institut
Paoli-Calmettes (ICOS-LYMPH-IPC2018003), Saint-Louis Hos-
pital, and the Henri-Mondor Hospital, in accordance with the
Declaration of Helsinki.

Generation of monoclonal antibodies (mAbs)

For the generation of anti-ICOS ADCs, a purified murine anti-ICOS
antibody generated in our laboratory27 was sent to Levena Biopharma
and Concortis Biotherapeutics (San Diego, CA) for coupling to MMAE
and pyrrolobenzodiazepine.

BV (anti-CD30-MMAE) and ado-trastuzumab emtansine (anti-HER2-
MMAE) were provided by our hospital pharmacy.

Cell culture

We used 3 CTCL cell lines: MyLa (from N. Ortonne, Department of
Pathology, Henri-Mondor Hospital, Créteil, France), MJ (American
Type Culture Collection [ATCC]) and HUT78 (ATCC). Myla and MJ
are MF cell lines, while HUT78 is a SS cell line. MyLa and HUT78
cells were cultured in RPMI 1640 medium (Life Technologies)
supplemented with 10% fetal calf serum, 2% L-glutamine, and 1%
pyruvate, and MJ cells were cultured in in Iscove modified Dulbecco
medium (Life Technologies) supplemented with 20% fetal calf
serum. The diffuse large B-cell lymphoma (Daudi, ATCC CCL-213)
and T-cell leukemia (Jurkat, ATCC TIB-152) cell lines were also
purchased from ATCC and were cultured in the same way as MyLa
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and HUT78 cells. The Jurkat cell line that was transfected to
express the ICOS receptor was named Jurkat-ICOS. The MyLa cell
line transfected to express luciferase (infection with lentivirus vector
expressing LUC2) was named MyLa-luciferase.

Patient-derived xenografts (PDXs) of AITL (DFTL 78024V1) and
SS (DFTL 90501V3) were obtained from the Dana-Farber Cancer
Institute (Boston, MA).28

Flow cytometry and immunochemistry

We used rabbit anti-ICOS antibodies (rabbit polyconal antibody
from Spring Biosciences [Abcam, Cambridge, United Kingdom] for
immunohistochemistry and SP98 rabbit mAb from Spring Bio-
sciences, with anti-rabbit Alexa488 secondary antibodies), as well
as mouse antibodies to PD-1 (NAT105, Abcam), CD4 (4B12,
Novocastra) (Leica Biosystems, Wetzlar, Germany), CD8 (C8/
144B, Dako) (Agilent Technologies, Santa Clara, CA), and FoxP3
(236A/E7, Abcam) for fluorescent multiplex staining using anti-
mouse Texas red secondary antibodies and 49,6-diamidino-2-
phenylindole for nuclear staining. All staining experiments were
done on 3-mm-thick sections from formalin-fixed paraffin-embedded
skin and node biopsy specimens, either manually or using the Bond
Max device (Leica Microsystems). The expression of ICOS and all
other markers was scored semiquantitatively and divided into 4
categories based on the proportion of positive cells within the
tumoral T-cell infiltrate (0, no staining; low expression, ,5%;
moderate expression, 5% to 50%; high expression, .50%).

For flow cytometry and functional tests, we used anti-ICOS 314.8
antibodies generated in our laboratory (for details, see Le et al27).
Other antibodies were purchased from Beckman Coulter (BC;
Brea, CA), Becton-Dickinson (BD; Franklin Lakes, NJ), Miltenyi
Biotech (Bergisch Gladbach, Germany), and eBioscience (San
Diego, CA), including CD45 KO (BC), CD3 percpCy5.5 (BD),
CD4 Pacblue (BD), CD7 FITC (BD), CD26 allophycocyanin
(APC) (Miltenyi), CD14 APCH7 (BD), CD158e/k phycoerythrin
(PE) Vio770 (Miltenyi), CD52 PE (Miltenyi), CD56 APC-Vio770
(Miltenyi), CD19 APC (BD), CD20 PE (BC), CD25 PE-Cf 594
(BD), and FoxP3 FITC (eBioscience).

Flow cytometric analyses were performed on a FACS Canto II (BD
Biosciences, San Jose, CA) cytometer. The raw data generated
were analyzed with DIVA FACS Canto II software version 8.0.1.

Measurement of cell line viability in the presence

of ADCs

Cell viability was measured with alamarBlue (Biosource, Carlsbad,
CA). After 4 to 5 days of cell exposure to ADCs, alamarBlue was
added. After 4 hours of incubation at 37°C, fluorescence was
measured by a luminometer (OPTIMA, BMG Labtech) at a wave-
length of 560 nm, as recommended by the manufacturer.

Animals and xenograft models

All experiments were done in agreement with the French guidelines for
animal handling, the ARRIVE guidelines, and approved by local ethics
committee (agreement no. APAFIS#6069-2016071216263470 v3).

Nonobese diabetic severe combined immunodeficiency g (NSG/
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) male mice of 6 to 8 weeks of
age were used for mouse studies and were obtained from Charles
Rivers (l’Arbresle, France). Mice were housed under sterile conditions
with sterilized food and water provided ad libitum and were maintained

on a 12-hour light and 12-hour dark cycle and under temperature and
humidity control. Cages contained an enriched environment with
bedding material.

Mice were given subcutaneous injections of 8 million Myla or
MylaLuc cells in phosphate-buffered saline. Tumor growth was
monitored by measuring with a digital caliper and calculating tumor
volume (length3 width2 3 p/6). When tumors reached an average
size close to 100 mm3, mice were randomized (n 5 7 per group)
and used to determine the treatment response. Treatments with
ADCs were injected IV into the caudal vein. BV and anti-ICOS
ADCs were administered at the same dose (3 mg/kg) and ado-
trastuzumab emtansine at 10 mg/kg. Bioluminescence analysis was
performed using a PhotonIMAGER (Biospace Laboratory, Nesles-
la-Vallée, France) following addition of endotoxin-free luciferin
(30 mg/kg). After completion of the analysis, mice autopsies were
performed, and organ luminescence was assessed. Daily monitor-
ing of mice for symptoms of disease (tumor volume .1500 mm3,
significant weight loss, ruffled coat, hunched back, weakness, and
reduced mobility) determined the time of killing for injected animals
with signs of distress. Survival curves were estimated by the Kaplan-
Meier method and compared using the log-rank test.

To explore the efficiency of ADC treatments on lymphoma progression,
we used PDXs of AITL (DFTL 78024V1) andSS (DFTL 90501V3). For
each PDX, 100000 to 500000 cells from the PDXs were injected IV
into the caudal vein of NSG mice without prior in vitro culture. When
micewere engrafted (humanCD451 cells detected in peripheral blood
by flow cytometry), they were treated in the same manner as previously
described.

Statistical analysis

All data were analyzed with the GraphPad Prism program (Graph-
Pad Software, San Diego, CA). An unpaired nonparametric Student
t test with level of significance set at P , .05 was used to compare
the in vitro efficacy of the antibody of interest and its control. The
grouped efficacy analyses were performed with a 2-way analysis of
variance test. IC50 (median inhibitory dose) was calculated with
nonlinear regression. The in vivo survival curves were compared
with the log-rank test (Kaplan-Meier).

Results

ICOS is widely expressed by malignant cells in the

skin of patients with MF and SS

We used immunohistochemistry to study ICOS expression in skin
biopsies of 52 patients with CTCL. In 5 patients with SS, we also
analyzed concomitant core biopsies from histologically proven
involved nodes with tumor T-cell invasion at histological evaluation
(pN3). We measured the ICOS expression of the CD31 tumoral
T-cell population which was characterized morphologically (nuclear
atypias) and phenotypically (pan-T-cell antigen loss among CD2,
CD5, CD7; PD-1 expression for SS samples; CD30 expression for
primary cutaneous CD301 T-cell LPDs).

Atypical lymphocytic infiltrates in 61% of 23 patients with early-
stage MF (stages IA to IIA, without large cell transformation)
showed moderate to high ICOS expression. Tumoral cells from
75% of the 12 patients with transformed MF had moderate to high
expression of ICOS. Finally, ICOS was highly expressed by 15 out
of 17 of the skin biopsies of patients with SS (88%) (Figure 1A-B).
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As expected, ICOS was poorly expressed in B-cell lymphoma
and widely expressed in PCSMTLPD and AITL tumoral infiltrates.
Interestingly, tumoral cells of CD301 LPD exhibited a low
expression of ICOS. Moreover, ICOS was expressed by atypical
lymphocytes in all the 5 nodes with SS involvement, being highly
expressed in 4 of them. Therefore, ICOS expression increases with
the progression of the disease and becomes widely expressed in
SS, both in the skin and nodes.

Double-staining experiments were performed in both skin and
lymph node samples from these 5 patients to further character-
ize ICOS expression by neoplastic T cells and the microenvi-
ronment (Figure 1C). We observed that most atypical CD41 T cells
(.50%) expressed ICOS, as well as most PD-11 atypical cells,

except for 1 patient with a low to moderate ICOS expression. In the
latter, all ICOS1 lymphocytes coexpressed PD-1. A high PD-1
expression was found in all skin and node sample, and ICOS1

PD-12 lymphocytes appeared to be absent or very rare (,5%).
Only very few (,5%) ICOS1CD81 T cells could be identified
in the tumor microenvironment (TME) in 3 node samples. Small
to moderate amounts of CD41 T cells appeared to be ICOS2

in the skin and node samples. A low proportion of FoxP31 Treg
lymphocytes were identified in 3 cases, both in the skin and
lymph nodes for 2 and only in the node for one. A low to
moderate proportion of them expressed ICOS (Figure 1D).
Thus, ICOS expression appears mainly restricted to neoplastic
CD41 T cells, with rare ICOS1CD81 T cells or FoxP31 Treg
cells in the TME.
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Figure 1. ICOS expression by malignant T cells in CTCL skin biopsy specimens at different disease stages. (A) Percentage of patients with ICOS1 tumoral cells,

determined by immunohistochemical analysis of ICOS expression in skin samples of 23 patients with early-stage MF, 12 with transformed MF, 17 with SS, 12 with B-cell

lymphoma, 14 with CD301 LPD (cutaneous anaplastic large cell lymphoma and lymphomatoid papulosis), 12 with PCSMTLPD, and 13 with AITL. Cutaneous B-cell lymphoma

skin samples were used as negative controls, whereas PCSMTLPD and AITL were positive controls. (B) Immunohistochemical analysis of the expression of ICOS in epidermal

or dermal CD31CD41 infiltrating lymphocytes. (C) Double-staining experiments using immunofluorescence with anti-mouse Texas red anti-rabbit Alexa Fluor 488 as secondary

antibodies and 49,6-diamidino-2-phenylindole for nuclear staining in skin (line 1) and lymph node samples (lines 2 and 3) from 3 different patients with SS. Arrowheads identify

cells with a single-marker expression; green arrowheads show ICOS1 cells, and red arrowheads show CD81 cells (line 2) and CD41 cells (line 3). (D) Double-staining

immunohistochemical analysis of skin and node samples of 5 patients with SS. The percentage of patients with ICOS1/CD41, ICOS1/CD81, ICOS1/FoxP31, and

ICOS1/PD-11 cells in the skin and node tumoral infiltrate is represented. cALCL, cutaneous anaplastic large cell lymphoma.
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ICOS is widely expressed by malignant cells in the

blood of patients with SS

ICOS expression by circulating malignant cells was then evaluated
using flow cytometry. To ensure the most specific selection of
Sézary cells, we considered CD41KIR3DL21 T cells with loss of
either CD7 or CD26 to be malignant cells. Figure 2A shows the
distribution of lymphocyte populations in 13 patients compared
with 12 healthy volunteers. In patients, the median percentage of
malignant CD41 T cells (Sézary cells) among all lymphoid cells
was 53.1% (35.9%-71%), meaning that 64% of all CD41 T cells
in patients were malignant cells. Treg cells (CD41CD251FoxP31)
accounted for 2% of all lymphocytes (ie, 4.3% of nontumoral
lymphocytes); this was 3.4% in healthy donors. In addition, natural

killer lymphocytes made up 2.4% of all lymphocytes in patients
(5% of nontumoral lymphocytes) compared with 5.5% in healthy
donors. Natural killer lymphocytes did not express ICOS (data not
shown).

Expression of ICOS by circulating tumor cells was found in all
patients. The expression was strong; 69%6 7.3% of tumor cells
expressed ICOS vs 38.8% 6 7.1% of nontumoral CD41 cells in
patients (P , .009; 95% confidence interval [95% CI], 8.654-
51.55) and 31% 6 3.2% of CD41 cells in healthy volunteers
(P , .0001; 95% CI, 20.29-46.34) (Figure 2B-C). In patients,
14.4% 6 2.7% of Foxp31CD251CD41 Treg cells expressed
ICOS compared with 5.6%6 1.2% in healthy volunteers (P5 .04)
(Figure 2D-E).
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Figure 2. ICOS expression of malignant cells in the blood of patients with SS. (A) Percentages of lymphoid cell populations within peripheral blood of 13 patients with

SS and 12 healthy donors using flow cytometry. NK, natural killer. (B) Gating strategy for Sézary cells (CD41CD158k1CD72) by flow cytometry for a representative patient.

(C) Flow cytometric evaluation of ICOS expression in patients with SS and healthy donors. Percentage of ICOS1 cells among Sézary CD41 T cells and nontumoral CD41

T cells. Sézary cells were defined as CD41, KIR3DL21, CD72, or CD41, KIR3DL21, CD262. Nontumoral CD41 T cells are KIR3DL22. Approximately 70% of Sézary cells

expressed ICOS compared with ,40% of nontumoral CD41 cells in patients and CD41 cells in healthy donors. (D) Gating strategy for Treg cells (CD41FoxP31CD251)

by flow cytometry for a representative healthy donor and patient. (E) Percentage of ICOS1 Treg cells in patients with SS and healthy donors. ***P , .001; **P 5.001-.01;

*P 5 .01-.05. IC, isotypic control.

27 OCTOBER 2020 x VOLUME 4, NUMBER 20 TARGETING ICOS IN CUTANEOUS T-CELL LYMPHOMA 5207



Anti-ICOS ADCs mediate killing of MyLa, MJ, and

HUT78 cell lines

We first tested anti-ICOS ADCs on MF (MyLa and MJ) and SS
(HUT78) cell lines to ensure their functionality. ICOS expression
was strong on MyLa (mean fluorescence intensity [MFI] ratio 5
143.9) and MJ (MFI ratio 5 96) but low on HUT78 (MFI ratio 5
4.5). CD30 was highly expressed in all 3 cell lines (Figure 3A;
supplemental Figure 1).

We observed a significant dose-dependent decrease in cell viability
in the presence of anti-ICOS-MMAE ADCs in the MyLa and MJ cell
lines (Figure 3B-C). In the MyLa cell line, anti-ICOS-MMAE ADCs
had a better but not statistically significant different IC50 values than
BV (8.2 ng/mL and 30.6 ng/mL, respectively). In MJ cells, the anti-
ICOS-MMAE ADCs tended to be less effective than BV. This
difference could be explained by the fact that anti-ICOS mAbs were
internalized more in MyLa cells than in MJ cells, while the opposite
occurred for anti-CD30 mAbs (supplemental Figure 2).

In HUT78 cells, BV is less effective than in MyLa and MJ (IC50 5
251.9 ng/mL), and anti-ICOS-MMAE ADCs exhibit no activity
(Figure 3D). Indeed, HUT78 cell line displays resistance to MMAE,
as IC50 values of free MMAE were 8.2e-007 mM and 0.001 mM in
MyLa and HUT78 cells, respectively (supplemental Figure 3).
However, anti-ICOS-pyrrolobenzodiazepine ADCs mediate potent
killing of the cells, suggesting that anti-ICOS ADCs coupled with
a well-adapted drug could be effective even with low levels of
ICOS expression.

Finally, we assessed the specificity of ADCs by testing the anti-
ICOS ADCs on Jurkat and Jurkat-ICOS cells (Figure 3E-F). IC50

values of all the ADCs are summarized in Figure 3G.

In vivo, anti-ICOS-MMAE ADCs are superior to BV in

terms of overall survival (OS) and prevents the

development of metastases

Mice subcutaneously engrafted with 8.106 MyLa cells were randomly
assigned to 3 groups: anti-ICOS-MMAE ADC, BV, and anti-HER2
(ado-trastuzumab-emtansine) ADC.

Mice treated with anti-HER2 ADCs died between days 10 and
12. A rapid decline in tumor volume occurred after treatment
with anti-ICOS-MMAE ADCs or BV (Figure 4A). Subcutaneous
tumor volumes were no longer noticeable from the 15th day
after the first injection, with no significant difference between
the 2 treatments. Tolerance was excellent, with no evidence of
ADC toxicity in treated mice. Interestingly, anti-ICOS-MMAE
ADCs provided a longer OS than BV (hazard ratio, 15.2; 95%
CI, 3.2-71.1; P , .0006) (Figure 4B). The median survival in the
BV group was 35 days and was not reached in the anti-ICOS
ADC group.

In a second experiment, we aimed to monitor the development of
metastases using MyLa-luciferase cells. Twenty-seven mice were
engrafted and treated under the same conditions as in the first
experiment. On day 25, 7 mice from each group were euthanized
and their organs were scanned with the luminometer to detect the
presence of metastases. The other mice were maintained until day
40 to detect in vivo the onset of subcutaneous recurrence. On day
25, all mice in the anti-HER2 group had metastases in the lungs,
liver, and spleen. In the BV group, ;50% of mice had $1

metastasis in 1 of these 3 organs. In the anti-ICOS-MMAE group,
the organs did not exhibit significant bioluminescence (Figure 4C-E).
On day 40, subcutaneous recurrence was perceived in vivo in mice
of the BV group, while mice in the anti-ICOS group were still in
remission (Figure 4F).

Anti-ICOS-MMAE ADCs have a potent in vivo efficacy

in PDXs of ICOS1 lymphomas

To improve the predictive value of our preclinical model, we assessed
the efficacy of anti-ICOS-MMAEADCs in ICOS1 PDXs from patients
with SS and AITL.

ICOS1 PDXs from patients with SS were IV injected into 14 NSG
mice. On day 40 after engraftment, we observed a brutal and rapid
increase in the number of Sézary cells. We took blood samples from
each mouse and quantified the number of circulating tumor cells to
evenly distribute the living mice into 2 groups of 7 mice: the anti-
ICOS-MMAE ADC group and the anti-HER2 ADC control group.
Fifteen days after treatment, the mice were euthanized, and we
quantified the number of malignant cells in the blood and organs by
flow cytometry. We observed a reduced number of tumor cells in
the blood, bone marrow, and spleen of the anti-ICOS ADC group
(Figure 5A-C). Anti-ICOS ADCs here show a rapid and significant
efficacy, suggesting that this therapeutic strategy could be used in
patients with advanced SS.

In a second experiment, ICOS1 PDXs from patients with AITL
were IV injected into NSG mice. We subsequently took blood
samples to detect tumor cells by flow cytometry. The first tumor
cells were detected on day 21 after transplantation, so treat-
ments began on day 22. Mice were treated with anti-ICOS-
MMAE ADCs, vincristine (positive control, with the same mode of
action as MMAE), or saline solution (NaCl à.9%). Median survival
in the negative control and vincristine groups was 67 and 68
days, respectively. Median survival in the anti-ICOS group was
not reached. The better survival of mice treated with anti-ICOS
ADC compared with those receiving saline solution was highly
significant (P , .0001) (Figure 5D). No evidence of ADC toxicity
was observed in treated mice. On day 120, the mice treated with
anti-ICOS ADCs were in complete remission, since no blasts
were detectable (data not shown).

Discussion

This study presents the preclinical efficacy results of anti-ICOS
ADCs and demonstrates their excellent antitumor potential under
several complementary experimental conditions in the context of
both CTCL and AITL.

We report for the first time the strong and constant expression of
ICOS by circulating Sézary cells, the most severe form of CTCL.
In MF skin biopsy specimens, the expression of ICOS appears to
increase with disease severity. It should be noted that in early
forms of MF, tumor infiltration is mainly composed of the TME’s
lymphocytes and that this balance is reversed in late forms of the
disease.29

Further studies are needed to assess the predictive potential
of ICOS expression on the evolution and prognosis of CTCL. In
many solid cancers, such as melanoma,30 breast cancer,31

gastric cancer,32 and clear cell renal cell carcinoma,33 the
expression of ICOS by TME Treg cells is associated with poor
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prognosis. The prognostic impact of ICOS has not been
evaluated in malignant hematological diseases.

We have shown that anti-ICOS ADCs are effective in ICOS-
expressing lymphoma cell lines and PDXs. It is to be expected that
they will induce depletion of not only malignant CD41 T cells and

Treg cells but also nonmalignant CD41 and CD81 T cells expressing
ICOS. Here, we show that nonmalignant CD41 T cells of patients
with SS represent only ;30% of all lymphocytes, of which 30%
to 40% express ICOS. Moreover, CD81 T cells represent ,10%
of lymphocytes (the CD4/CD8 ratio is classically.10:1 in SS). In
CTCL, CD81 T cells infiltrating the TME are known to be poorly
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cytotoxic.34 In addition, we only identified very few ICOS1CD81

T cells in the TME of SS samples, both in the skin and nodes.
Although our work was not designed to evaluate the immunomod-
ulatory effect of targeting ICOS with ADCs, we can hypothesize
that anti-ICOS mAbs would only inhibit part of the CD41 and CD81

lymphocyte pool, and the latter are not effective actors in antitumor
immunity in CTCL.

Treg cells are a subpopulation of CD41CD251FoxP31 T cells that
prevent immune responses to self-antigens, provide immunosup-
pression, and hence participate in tumor immune escape. Among
them, intratumoral ICOS1 Treg cells have a stronger suppressive
ability than their ICOS2 counterparts.35 By secreting interleukin-10
and transforming growth factor b, ICOS1 Treg cells inhibit most
innate and adaptive immune cells.36 Studies of various histological
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(B) OS curves (Kaplan-Meier) comparing the effect of anti-ICOS and anti-CD30 ADCs. The difference between the 2 curves is significant (P 5 .0006). (C-E) Detection of the

development of bioluminescent MyLa metastases in 26 mice assigned to 3 groups and treated with anti-HER2, anti-CD30, or anti-ICOS ADCs in lungs (C), spleen (D), and
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detected in the anti-CD30 ADC group (arrow). ***P , .001. D, day.
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types of cancer have highlighted the significant numbers of Treg
cells in the peripheral blood and TME of patients.37 Moreover, Le
et al27 demonstrated that follicular B-cell lymphomas generate Treg
cells via the ICOS/ICOSL pathway. Here, a significantly higher
percentage of Treg cells expressed ICOS in patients with SS than
in healthy donors. Targeting ICOS could induce Treg cell depletion,
which may improve immune profiles, but further work to address this
hypothesis is needed.

ICOS also has an important role in the differentiation and activation
of T cells into Tfh cells.38 Indeed, ICOS mediates the differentiation
of Tfh cells through activation of phosphatidylinositol 3-kinase,
which promotes persistent motility of T cells.39 Moreover, costimu-
lation via ICOS induces secretion of interleukin-21 and CXCR5
expression, which are both required for the differentiation and
maintenance of Tfh cells and germinal centers and, therefore,
the differentiation of B cells.40 As a matter of fact, the clinical
phenotype of ICOS knockout includes common variable immunode-
ficiency and opportunistic infections.41 The immunosuppressive
potential of ICOS inhibition in patients with CTCL is difficult to
predict because, as mentioned above, the T-cell effector immunity of
these patients is basically impaired. However, prevention of herpes
virus and Pneumocystis jirovecii infections in clinical practice would

be necessary as in patients on rituximab or long-term systemic
corticosteroid therapy.

The rationale for targeting ICOS with ADCs arises from the intrinsic
internalizing capacity of ICOS. Indeed, ICOS is rapidly internalized
in response to ICOSL engagement, which is necessary for proper
T-cell responses.42 Moreover, unlike antibody-dependent cellular
cytotoxicity– and phagocytosis-inducing mAbs, ADCs act directly
on tumor cells; the disadvantage is a cumulative toxicity due to the
coupled drug, but the advantage is the rapidity of efficiency.
Therefore, anti-ICOS ADCs could be used to obtain complete
remission before an allograft of hematopoietic stem cells or in cases
where a severe clinical manifestation of the disease requires rapid
efficacy. Optimizing ADCs to reduce their toxicity and improve their
effectiveness is currently under investigation.43,44

Our results could be extended to the spectrum of follicular variant
PTCL and AITL. These systemic lymphomas, which are the most
prevalent, have a poor prognosis, with an OS at 5 years of ;30%
and a current chemotherapy regimen that is ineffective in most
patients.45,46 For instance, a phase 1 trial evaluating the tolerance
of an antagonistic anti-ICOS antibody with an antibody-dependent
cellular cytotoxicity effect, MEDI-570, in patients with relapsed or
refractory follicular variant PTCL or AITL was recently initiated
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(NCT02520791). To our knowledge, there are no published
preclinical data on this mAb or anti-ICOS ADCs.

There is a real unmet need in the treatment of both CTCL and
Tfh PTCL. ICOS is a promising therapeutic target, because it is
expressed both by tumor T cells and Treg cells. Our results, which
expand the strong and frequent expression of ICOS to CTCL, as
well as the preclinical efficacy of anti-ICOS ADCs, provide the
preliminary basis for a therapeutic trial.
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de Marseille, INSERM U1068, 27 Blvd Leı̈ Roure, CS 30059,
13273 Marseille Cedex 09, France; e-mail: florent.amatore@
inserm.fr.

References

1. Swerdlow SH, Campo E, Pileri SA, et al. The 2016 revision of theWorld Health Organization classification of lymphoid neoplasms.Blood. 2016;127(20):
2375-2390.

2. Jawed SI, Myskowski PL, Horwitz S, Moskowitz A, Querfeld C. Primary cutaneous T-cell lymphoma (mycosis fungoides and Sézary syndrome): part I.
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