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ARTICLE INFO ABSTRACT

Keywords: Refractory T cell acute leukaemias that no longer respond to treatment would benefit from new modalities that
Leukaemia target T cell-specific surface proteins. T cell associated surface proteins (the surfaceome) offer possible therapy
cp7 targets to reduce tumour burden but also target the leukaemia-initiating cells from which tumours recur. Recent
:Etcibo dy studies of the T cell leukaemia surfaceome confirmed that CD7 is highly expressed in overt disease. We have used

an anti-CD7 antibody drug conjugate (ADC) to show that the binding of antibody to surface CD7 protein results
in rapid internalization of the antigen together with the ADC. As a consequence, cell killing was observed via
induction of apoptosis and was dependent on cell surface CD7. The in vitro cytotoxic activity (ECsg) of the anti-
CD7 ADC on T cell acute leukaemia (T-ALL) cells Jurkat and KOPT-K1 was found to be in the range of 5—-8 ng/
mL. In a pre-clinical xenograft model of human tumour growth expressing CD7 antigen, growth was curtailed by
a single dose of ADC. The data indicate that CD7 targeting ADCs may be developed into an important second
stage therapy for T cell acute leukaemia, for refractory CD7-positive leukaemias and for subsets of acute myeloid

T cell leukaemia
Intracellular drug delivery

leukaemia (AML) expressing CD7.

1. Introduction

T-cell acute lymphoblastic leukaemia (T-ALL) is an aggressive ma-
lignancy that occurs in all age groups. It represents 10 %-15 % of pe-
diatric ALLs and 20 % of adult ALLs [1,2]. T-ALL in children and younger
adults is usually treated with high dose of chemotherapy resulting in
survival rates of approximately 80 %. Adult patients suffer a much lower
5-year overall survival rate of around 50 %. Further, relapsed T-ALL is
particularly difficult to salvage with 20 % for paediatric and less than 7
% for adult patients surviving at 5 years [3,4], implying that
chemo-resistant minimal residual disease persists as leukaemia initi-
ating cells (LICs) after primary treatment and propagates relapsed dis-
ease. Cancer therapy has been revolutionized in the past few years both
in oncology and hematology because of recent developments in immu-
notherapy. In addition to providing novel therapeutic agents, immu-
notherapy could help reduce the side effects often associated with

conventional chemotherapeutic treatments, which are usually
non-specific and affect normal cells. However, novel therapeutic choices
are limited. An anti-CD52 antibody, alemtuzumab [5], currently in
development, has only demonstrated modest activity and causes sig-
nificant side effects.

T-ALL is commonly associated with chromosomal translocations and
rearrangements including LMOI1, LMO2, HOX11/TLX1, TAL1/SCL,
TAL2, LYL1 and BHLHBI [6-13], resulting in their aberrant expression
in developing thymocytes and blocked differentiation of T-cell pro-
genitors [14]. The lymphoblasts in T-ALL have variable expression of
CDla, CD2, CD3, CD4, CD5, CD7 and CD8. CD7 is a transmembrane
glycoprotein that starts to appear in the early stages of T cell differen-
tiation from stem cells and expression persists to the mature T-cells.
Although also expressed on normal T cells, CD7 is absent in a subset of
normal CD4-positive T cells [15]. CD7 is thought to be involved in T-cell
and T-cell/B-cell interactions during early lymphoid development and

* Corresponding author at: Weatherall Institute of Molecular Medicine, MRC Molecular Haematology Unit, University of Oxford, Oxford, OX3 9DS, UK.

E-mail addresses: jing.zhang3@ucb.com (J. Zhang), terry.rabbitts@icr.ac.uk (T.H. Rabbitts).

1 Jing Zhang: UCB Pharma, 216 Bath Road, Slough, SL1 3WE, UK.

2 Arvind Jain: Sun Pharma Advanced Research Company Ltd., Sun Pharma Road, Tandalja, Vadodara- 390012, India.
3 Sabine Milhas: Vertex Pharmaceuticals, 88 Jubilee Avenue, Milton Park, 0X14 4RW, UK.

https://doi.org/10.1016/j.leukres.2021.106626

Received 27 March 2021; Received in revised form 11 May 2021; Accepted 14 May 2021

Available online 18 May 2021
0145-2126/© 2021 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license


mailto:jing.zhang3@ucb.com
mailto:terry.rabbitts@icr.ac.uk
www.sciencedirect.com/science/journal/01452126
https://www.elsevier.com/locate/leukres
https://doi.org/10.1016/j.leukres.2021.106626
https://doi.org/10.1016/j.leukres.2021.106626
https://doi.org/10.1016/j.leukres.2021.106626
http://crossmark.crossref.org/dialog/?doi=10.1016/j.leukres.2021.106626&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Zhang et al.

has been recognized as a co-stimulatory molecule with CD3, CD45, PI3K
[16-18]. Investigations into T-cell leukaemia-initiating cells (T-LICs)
suggested that CD7 is highly expressed on almost all T-ALL patient
samples together with other LIC-associated cell surface markers
including CD53, CD59a and GPR56 [19]. In addition, the CD34 and CD7
double positive cells also demonstrated leukaemia initiating activity in
contrast to the CD34+/CD7— sub-population. [20]. In addition to
T-ALL, CD7 is also expressed in about 30 % of AML cells [21,22].

A series of studies focused on conjugating immunotoxins to anti-CD7
antibodies in various forms, including a mouse monoclonal antibody
[23], single-chain Fv [24] or nanobody [25], have been carried out
aiming to treat T cell malignancies. Despite the potent effect on CD7
positive cells both in vitro and in vivo, none of these immunotoxins have
been approved for clinical use. A phase I clinical trial of an
anti-CD7-ricin A-chain showed two partial responses and one minimal
response in five patients receiving maximally tolerated dose (MTD).
However, vascular leak syndrome (VLS) occurred as a dose-limiting
toxicity (DLT) [26], potentially due to the ricin A-chain immunotoxin,
which damages human endothelial cells [27]. Therefore, new thera-
peutic agents with enhanced safety and potency profiles would be
beneficial for treating T-ALL. Antibody-drug conjugates (ADCs) are one
option and have been the focus of intense interest as a means to provide
selective tumour killing with increased efficacy and fewer side effects
than standard of care chemotherapies. ADCs comprise a monoclonal
antibody (or antibody fragment) that targets a tumour-associated anti-
gen, conjugated via a chemical linker to a highly cytotoxic entity.
Binding of the antibody to the cell surface triggers internalization, and
processing within endosomes or lysosomes releases the potent cell
killing molecule. Combining the targeting power of an antibody with a
potent cytotoxic agent makes it possible to eradicate cancer cells more
effectively and selectively, while reducing the side effects which un-
dermine patient quality of life. Monomethyl auristatin E (MMAE) is a
highly-toxic anti-mitotic agent that blocks the polymerization of
tubulin, resulting in suppression of tumour cell viability. MMAE cannot
be used as a drug per se due to its high toxicity, however, ADCs
employing MMAE have been shown to be highly effective [28]. MMAE
has been tested with various antibodies resulting in three FDA approved
ADCs, Brentuximab vedotin (anti-CD30), polatuzumab vedotin
(anti-CD79b), enfortumab vedotin (anti-Nectin-4) and several other
ADCs in different stages of development [29].

ADCs require efficient internalization and a stable linker for drug
conjugation that is cleavable only in cells. We have conjugated MMAE to
a chimaeric anti-human CD7 bivalent antibody using the highly stable
PermaLink® bioconjugation chemistry [30] and an intracellular cleav-
able peptide spacer. We demonstrate that this anti-CD7-ADC shows
specific and potent cytotoxic activity against CD7-expressing cells both
in vitro and in vivo. With further development, this CD7 targeting ADC
could be an effective treatment for CD7-expressing cancers.

2. Material and methods
2.1. Cells and tissue culture

Jurkat, KOPT-K1 cells and human PBMC cells were cultured in
RPMI1640 medium supplemented with 10 % FBS (Sigma F7524) and
Penicillin Streptomycin (Gibco 15140-122). A549, A549-CD7 and
SKBR3 cells were cultured in DMEM (Gibco 31966-021) medium sup-
plemented with 10 % FBS and Penicillin Streptomycin.

2.2. Generation of stable cell line A549-CD7

The pcDNA3.1-ZEO CD7 vector (gift from Dr. Linda Baum) was
linearized at the BglII restriction site and transfected into a total of 5 x
105 A549 cells using lipofectamine 2000. Cells were sorted into 96-well
plates at 1 cell per well using flow cytometry. Stable clones were selected
with 100 pg/mL of zeocin (Gibco R25001). The expression of CD7 was
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confirmed by anti-CD7 antibody and flow cytometry (Supplementary
Fig. S2 and Supplementary Table S1).

2.3. Antibody production

The variable regions of anti-CD7 from pET26b anti-CD7 scFv cys
vector (gift from Georg Fey) were amplified using PCR and cloned into
VH-expression vector VHExpress, which incorporates the human Cyl
gene and Vk-expression vector VKExpress, which carries human Ck gene
[31]. The sequence of the final anti-CD7 IgG is shown in Supplementary
Fig. S5. The expression vectors were linearized by EcoRI digestion and
transfected into NSO cells using Neon Transfection System (Thermo
Fisher Scientific) according to the manufacture’s protocol. A total of 2 x
10° NSO cells were resuspended with 0.1 mL of buffer R and transfected
with a mixture of 500 ng of linearized anti-CD7-VH vector and 50 ng of
linearized anti-CD7-Vk vector at the setting of 1350 V, 20 ms, 2 pulses.
Stable cell lines were selected with 0.4 mg/mL G418 and tested for IgG
antibody expression by immunoblotting using goat anti-human IgG (H +
L) HRP-coupled secondary antibody (Invitrogen 31410). An
IgG-producing clone NSO_anti-CD7_6 was used for antibody production
by culturing in CD Hybridoma Medium (Gibco 11279023) supple-
mented with 8 mM of GlutaMAX (Gibco 35050038), cholesterol lipid
(Gibco 12531018) and Penicillin Streptomycin (Gibco 15140-122) for 7
days in roller bottles. The supernatant was collected, cleared by
centrifugation (30 min, 4000 g) followed by passing through a 0.22 ym
filter. The antibody-containing supernatant was applied to a HiTrap
Protein G HP column (GE Healthcare 17040501) and purified using
AKTA (GE Healthcare). The antibody was eluted with 0.1 M glycine-HCl
(pH 2.7). The eluate was immediately neutralized with 1 M Tris—HCl
(pH 9.0), concentrated and then buffer exchanged to PBS pH 7.4 (Gilbco
10010-015) using Amicon centrifugal filter units (EMD Millipore
UFC901008). The purified antibody was reduced with 5 % of 2-Mercap-
toethanol (Sigma-Aldrich M3148) and analysed using 12 % SDS-PAGE.

2.4. Labeling of the anti-CD7 IgG with Alexa Fluor 488

The purified anti-CD7 (human IgG) antibody was buffer exchanged
to 0.1 M sodium bicarbonate buffer pH 8.3, and concentrated to 10 mg/
mL using Amicon centrifugal filter units. 1 mg of the antibody was
conjugated with 0.1 mg of Amine-reactive dye Alexa Fluor 488 5-SDP
Ester (Life Technologies A30052) at room temperature for 1 h. The
excess dye was removed by dialysis against PBS pH 7.4. The Alexa Fluor
488 labelled antibody was concentrated using Amicon centrifugal filter
units.

2.5. Live cell image of the anti-CD7 internalization

The RPMI1640 medium containing 10 % (vol/vol) fetal bovine
serum was cooled to 4 °C prior to the experiment. Jurkat cells were
prepared at 5 x 10° cells/mL in the cold medium. The Alexa Fluor 488-
labeled anti-CD7 antibody was added to the cell suspension at the final
concentration of 10 pg/mL and incubated on ice for 30 min followed by
washing and resuspending cells at 2 x 10° cells/mL in ice-cold medium.
The antibody-bound-cells were transferred to a p-slide 8 well chamber
(ibidi 80821) and incubated at 37 °C and 5 % COx, for live cell imaging.
Images were collected at 5 s intervals for 20 min using a DeltaVision
Elite Imaging System.

2.6. Generation of antibody-PermaLink-MMAE conjugates

Purified anti-CD7 antibody was reduced and conjugated to
PermalLink-PEG4-Val-Cit-PAB-MMAE using the conditions described in
Supplementary Table S2. The conjugate (0.92 mg/mL, 6.2 pM) was
isolated from the excess linker-toxin and organic solvent into PBS using
desalting columns following manufacturer’s instructions. The sample
was analyzed by HPLC using polymer-linked reverse-phase (PLRP) to
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establish the drug-antibody ratio (DAR) of the ADC. The ADC and
antibody protein concentrations were determined using UV spectros-
copy and the Asgy nm extinction coefficients 213320 M~ em ™! or 1.42
(A0.1 %).

Herceptin (Roche) was reduced and conjugated to PermaLink-PEG4-
Val-Cit-PAB-MMAE using the conditions described in Supplementary
Table S4. The ADC (1.81 mg/mL, 12.4 pM) was isolated from the excess
linker-toxin and organic solvent into PBS using desalting columns
following manufacturer’s instructions. The sample was analyzed by
HPLC using PLRP to establish the DAR of the ADC.

2.7. Internalization assay

Jurkat, KOPT-K1 or MOLT4 cells were seeded in 75 cm? cell culture
flasks at 2 x 10° cells/mL and incubated at 37 °C, 5 % CO-, overnight. A
total of 2 x 10° cells was resuspended in 200 pL of PBS with 10 % FBS in
a centrifuge tube and incubated with 1 pg of purified anti-CD7 antibody
on ice for 30 min. The cell suspension was split into two aliquots of 10°
cells: one aliquot was kept on ice and one was incubated at 37 °C for 90
min. Both aliquots of cells were washed once with 5 mL ice-cold PBS +
10 % FBS and collected by centrifuging for 5 min at 4 °C, 200xg. Cells
were fixed with 4 % formaldehyde at room temperature for 15 min and
transferred onto coverslips with a Cytospin. Cells were permeabilized
with 0.5 % Tween in PBS for 15 min and blocked with blocking buffer
(PBS with 10 % FBS and 0.1 % Tween) for 30 min at room temperature.
The endosomal marker EEA1 or lysosomal marker LAMP1 were labelled
with primary antibodies (Cell Signaling, 1:200 dilution) for 1 h. Cells
were then incubated with a mixture of anti-rabbit secondary antibody
and anti-human secondary antibody (Invitrogen, 1:200 dilution) for
another 1 h. Coverslips were washed 3 times with PBS and then mounted
with DAP-containing Fluoromount-G (SouthernBiotech 0100-01) over-
night. Slides were analyzed using a Zeiss 880 inverted LSM confocal
microscope with a 63x objective. Primary antibodies: EEA1 Rabbit mAb:
Cell Signaling 3288S, LAMP1 Rabbit mAb: Cell Signaling 9091S. Sec-
ondary antibody: Alexa Fluor 594 donkey anti-rabbit IgG (H + L) anti-
body: Invitrogen A-21207, Alexa Fluor 488 goat anti-human IgG (H + L)
antibody: Invitrogen A-11013. The number of surface-CD7 molecules on
each type of cells, determined by the antibody binding capacity, was
estimated using BD Quantibrite Beads (Supplementary Table S1).

2.8. Viability assays

Cell viability was measured using the CellTiter-Glo luminescent cell
viability assay (Promega G7573). Cells were cultured at 5 x 10* cells/
mL in 100 pL of growth medium in 96-well plates and incubated for 72 h.
For viability assay, 100 pL of CellTiter-Glo reagent was added to each
well and mixed by gentle shaking. The plate was incubated at room
temperature for 10 min and the luminescence recorded using a plate
reader (PerkinElmer, 2103 Envision).

2.9. Cell apoptosis assay

Cells were plated at 5 x 10*/mL and treated with 1 pg/mL of anti-
CD7 or 1 pg/mL of anti-CD7-MMAE or 5 pM of etoposide for 24 h at
37 °C. Following the treatment, cells were counted to have 5 x 10* cells
per staining reaction. Each cell aliquot was washed in 3 mL of buffer (10
mM HEPES, pH 7.4, 140 mM NacCl, 2.5 mM CacCl,), pelleted at 200 x g
for 5 min at 4 °C and resuspended in 100 pL of buffer containing 5 pL of
FITC Annexin-V (BD 556420). Cells were stained with Annexin V on ice
for 15 min before washing with 3 mL of buffer. Finally, cells were
resuspended in 0.5 mL of fresh buffer containing 0.25 pg of 7-AAD (BD
559925), incubated on ice for another 10 min and processed to flow
cytometric analysis without washing using Attune NxT flow cytometer
(ThermoFisher).
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2.10. In vivo experiments

Mouse xenografts were carried out by Axis Bioservices. A total of 25
male athymic nude mice aged 5—8 weeks and weighing approximately
27-35 g were used for the study. Animals were housed in IVC cages (up
to 5 per cage) with individual mice identified by tail mark. All animals
were allowed free access to a standard certified commercial diet and
sanitised water during the study. All protocols used in this study were
approved by the Axis Bioservices Animal Welfare and Ethical Review
Committee, and all procedures were carried out under the guidelines of
the Animal (Scientific Procedures) Act 1986. A total of5 x 10° A549-
CD7 cells (1:1 with Matrigel) were implanted onto the flank of male
athymic nude nu/nu mice using a 23-gauge needle. Once tumours
reached 100—150 mm? the mice were randomly assigned to treatment
groups (Fig. 5A) and received a single dose of drug as indicated. Tu-
mours were measured 3 times per week and were allowed to grow for up
to 36 days.

3. Results
3.1. Internalization of anti-CD7 antibody

Recombinant anti-human CD7 antibody was produced from NSO
stable cells in a chemically defined medium. The VH and VL chains from
an anti-CD7 single chain Fv (a gift from Dr. Georg Fey) were cloned into
a human IgG1 expression plasmid system [31] and stably transfected
into NSO cells as described in Methods. The antibody was purified from
the cell culture using a protein G column and analyzed on 12 %
SDS-PAGE (Supplementary Fig. S1A). The specific binding of the puri-
fied antibody was confirmed using CD7-expressing T cell lines (Jurkat,
MOLT4 and KOPT-K1) and a lung cancer cell line (A549) that was stably
transfected to express CD7 (A549-CD7), compared with CD7-negative
cells (A549, or the breast cancer cell line SKBR3) (Supplementary
Fig. §2). The binding of control ADC, anti-Her2-MMAE, to these cells
was also analyzed (Supplementary Fig. S2). The relative numbers of CD7
molecules on the surface of the T cell lines compared to A549-CD7 were
estimated by flow cytometry (Supplementary Table S1).

The ability of CD7-anti-CD7 interaction to cause internalization was
analyzed using confocal microscopy and time lapse videos. As shown in
Fig. 1, binding of anti-CD7 to Jurkat (Fig. 1A), KOPT-K1 cells (Fig. 1B)
and to human peripheral blood mononuclear cells (Fig. 1C, PBMC)
resulted in internalization of the antibody and co-localization with the
endosome/lysosome compartments within 90 min when incubated at 37
°C. Essentially no CD7 internalization was observed at the same time
when the cells were incubated at 4 °C. The internalization of the surface
CD7, following binding to the bivalent anti-CD7 antibody, occurs by
capping and internalization of the surface-bound antibody shown using
live-cell imagining (Supplementary video S1).

3.2. Generation and characterization of anti-CD7 antibody drug
conjugates

The anti-CD7-MMAE ADC (Supplementary Fig. S1B) was generated
by conjugating MMAE molecules to the cysteine residues in the hinge
region of the anti-CD7 antibody via PermaLink® bioconjugation chem-
istry and a cathepsin B cleavable peptide linker, which facilitates the
release of the MMAE inside the endosome/lysosome upon internaliza-
tion of the ADC into the target cell [32] (Supplementary Fig. S1C). The
anti-CD7 IgG was successively reduced and conjugated to
PermalLink-PEG4-Val-Cit-PAB-MMAE using the conditions described in
Supplementary Table S2. The conjugate was isolated from the excess
linker-toxin and organic solvent into PBS using desalting columns. The
sample was analyzed by HPLC using polymer-linked reverse-phase
(PLRP) to establish the drug-antibody ratio (DAR) of the ADC (Supple-
mentary Table S3). The DAR was estimated to be 2.6 by PLRP (Sup-
plementary Fig. S3). The consequence of conjugation on antigen binding
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was evaluated by binding either anti-CD7-MMAE or unconjugated
anti-CD7 antibody to Jurkat, MOLT-4 and KOPT-K1 cells, which
endogenously express CD7 (Supplementary Fig. S2). Both anti-CD7
antibody and anti-CD7-MMAE bound specifically to the CD7 positive
cells.

3.3. Cytotoxicity of CD7+ cells caused by anti-CD7-MMAE ADC in vitro

The cytotoxicity of anti-CD7-MMAE was assessed in vitro in the A549-
CD7 cell line and was highly active (Fig. 2A) but showed no activity on
the parental A549 cells that lack human CD7 expression (Fig. 2B). This
further demonstrates that the cytotoxic effect was dependent on specific
binding through the antibody component of the conjugate. In addition,

EEA1/LAMP1
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Fig. 1. Internalization of anti-CD7 antibody by
T cells and human PBMC.

T cell lines Jurkat (A), KOPT-K1 (B) and human
PBMC (C) were incubated with anti-CD7
chimeric antibody for 1.5 h at 4 °C or 37 °C.
Cells were fixed and incubated with a mixture of
rabbit monoclonal antibodies binding to the
endosomal marker EEA1 and the lysosomal
marker LAMP1. The bound antibodies were
detected by incubation with Alexa Fluor 488-
labeled (green) secondary anti-human antibody
(detecting anti-CD7) or Alexa Fluor 594-labeled
(red) secondary anti-rabbit antibody (detecting
anti-EEA1 and anti-LAMP1). Cell nuclei were
stained using DAPI (blue). The merged images
(right hand panels) show co-localization of
internalized anti-CD7 antibody and endosome/
lysosome proteins (yellow).

Merge

the anti-CD7 antibody alone did not show cytotoxicity in either cell line.
(Fig. 2A, B). The effect of anti-CD7-MMAE was compared to anti-Her2-
MMAE ADC in the two human T-ALL cell lines expressing surface CD7
(Jurkat and KOPT-K1) and a breast cancer cell line (SKBR3) that is
epidermal growth factor receptor 2 (HER2)-positive and CD7 negative.
The anti-CD7-MMAE has an ICsg of 5.4 ng/mL and 8.1 ng/mL on Jurkat
or KOPT-K1 cells respectively (Fig. 2C, D), but is not active on SKBR-3
breast cancer cells (Fig. 2E). By contrast, SKBR3 cells are killed by the
anti-Her2-MMAE (ICs¢ is 4.8 ng/mL). The anti-Her2 ADC completely
kills SKBR3 while CD7 ADC only reaches 80-90 % loss of viability in the
T cells as well as in the A549-CD7 lung cell line. This could be due to
relative sensitivities of the different cell lines to MMAE. There is no
correlation between ICs and level of CD7 expression on cells like A549-
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Fig. 2. Anti-CD7 ADC is cytotoxic to cells
expressing CD7.

Anti-CD7-MMAE ADC or anti-CD7 IgG were
incubated with A549 cells expressing human
CD7 (panel A), A549 cells (panel B), Jurkat T
cells (panel C), KOPT-KI T cells (panel D), with
increasing doses as shown on the x axis. In
addition, the T cell lines (C and D) were incu-
bated with anti-Her2-MMAE. The breast cancer
cell line SKBR3 (E) was incubated with all three
antibodies/ADCs. The cell viabilities were
measured using CellTitreGlo assays and the
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CD7 (with 144,000 molecules of CD7, Supplementary Table S1) that
show ICsp = 9.4 ng/mL in comparison to Jurkat cells with ICso = 8.2 ng/
mL (with 7960 CD7 molecules per cell, Supplementary Table S1). The
similar potency of anti-CD7-PermaLink-MMAE on cells with lower and
higher target expression shows that there is a threshold expression level
of CD7 required to deliver enough MMAE to induce cell death.

We analyzed the mechanism of cell cytotoxicity via an Annexin V and
7-amino-actinomycin D (7-AAD) binding assay. FITC-labeled Annexin V
was used to identify apoptotic cells by binding to phosphatidylserine,
which is translocated to the external leaflet of the plasma membrane
during cell apoptosis. The 7-AAD discriminates between intact and dead
cells by staining the DNA of the dead cells. More than 50 % of Jurkat
cells or KOPT-K1 cells undergo apoptosis (Fig. 3A, B) suggesting the
anti-CD7 ADC induces programmed cell death.

Log Concentration (ng/ml)

- Anti-CD7-MMAE
- Anti-CD7

- Herceptin-MMAE

3.4. Localization and internalization of anti-CD7 ADC in vivo

The cell-based assays demonstrate that the anti-CD7-ADC is a potent,
specific cytotoxic reagent for CD7-expressing cells (Fig. 2). We examined
the properties of systemically delivered ADC in a transgenic mouse
strain (hCD7 Tg mice) that expresses human CD7 in leucocytes, partic-
ularly in the spleen [33]. hCD7 mice were injected with anti-CD7 anti-
body or anti-CD7-MMAE or PBS and sacrificed 48 h after injection.
Splenocytes were prepared and stained with FITC-labelled anti-human
Ig antibody (to detect injected chimaeric anti-CD7 antibody or ADC) and
FITC-labelled anti-CD7 antibody to detect transgenic CD7 expression.
The anti-human Ig secondary antibody was observed to bind splenocytes
from the mice injected with anti-CD7 antibody or anti-CD7-MMAE, but
not with PBS, indicating the injected antibody or ADC was localized to
the CD7 on the splenocytes and continued to be replaced by fresh
circulating antibody as it becomes internalized. This was supported by
our finding that FITC-labelled anti-CD7 antibody could only bind to
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Fig. 3. ADC cytotoxicity occurs by apoptosis
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splenocytes from the hCD7 transgenic mice injected with PBS but not
with anti-CD7 or anti-CD7 ADC (Fig. 4A).

The fate of the injected ADC was determined by isolating splenocytes
from ADC-injected hCD7 mice and carrying out immunofluorescence
with anti-EEA1 and anti-LAMP1 (Fig. 4B, C) or anti-human Ig antibody
(to detect injected ADC, Figure D, E) and These data show that the ADCs
internalize and co-localize with endosome and lysosome markers.

3.5. Anti-CD7-MMAE ADC activity in cancer-derived
xenotransplantation mouse model

The therapeutic potential of anti-CD7-MMAE was assessed in vivo
using a cancer cell line derived xenograft model. A549-CD7 cells were
implanted sub-cutaneously and when tumours reached a visible size
(approximately 100—150 mm?), the mice were injected with a single
dose of anti-CD7 antibody or anti-CD7-MMAE ADC (Fig. 5A) and growth
was measured for 36 days. All treatments were generally well tolerated,
with no adverse effects on animal appearance or behaviour during the
study. The mean bodyweight of all treatment groups increased
throughout the study (Supplementary Fig. S4). The tumour growth
curves are shown in Fig. 5B. Treatment with anti-CD7 antibody at 2 mg/
kg did not result in a significant reduction in tumour growth in com-
parison with vehicle treated controls (p = 0.597 (Table 1)). Treatment
with anti-CD7 antibody at 10 mg/kg and treatment with anti-CD7-
MMAE at 2 mg/kg and 10 mg/kg resulted in a significant reduction in
tumour growth in comparison with vehicle treated controls (p = 0.016,
p = 0.013 and p = 0.010 respectively (Table 1)). The increase of ADC
dose to 10 mg/kg had a marginal increased effect as the saturation dose

is between 2 mg/kg and 10 mg/kg and thus higher doses are unable to
deliver more MMAE into the tumour and induce greater cell killing. CD7
antibody at 2 mg/kg had little effect on tumour growth while the ADC at
2 mg/kg shows a substantial inhibitory effect when compared to vehicle.
These data show that targeting surface expressed CD7 with ADC, even at
a single dose, was effective in inhibiting the growth of sub-cutaneous
tumours. The moderate inhibitory effect of dosing antibody at 10 mg/
kg was probably due to the athymic nude mice still having NK cells and
macrophages present which may induce antibody-dependent cellular
toxicity [34].

4. Discussion

CD7 is highly expressed on the cell surface of most, if not all, human
T-cell acute lymphoblastic leukaemia cells as well as on the leukaemia
initiating cells, making it an attractive therapeutic target for T-ALL.
Although CD7 is also expressed on normal T cells and NK cells, it is
absent on at least a sub-population of mature T cells [15], which could
help in maintaining immune functions after treatment with CD7 tar-
geting agents. In addition, CD7 expression level has been found to be
significantly upregulated in T-ALL cells compared to normal
CD7-positive T cells [19]. Recent studies also revealed that approxi-
mately 30 % of AML cells are CD7-positive, suggesting these AML pa-
tients could also benefit from anti-CD7 ADC treatments [21,22]. Several
CD?7 targeting reagents have been developed over the past decades in
various forms including mouse monoclonal antibody [23], single-chain
Fv [24], and llama-derived VHH nanobody [25]. While the monoclonal
anti-CD7 antibody only showed weak inhibition of tumour growth [23],
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. . . Fig. 4. Localization study of anti-CD7 and anti-
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Fig. 5. Anti-CD7-MMAE affects growth of CD7-

A' Group | n Treatment Group Dose Dosing route Dosing occasions expressing human cancer cell xenografts.
Athymic nude mice were subcutaneously
1 5 Vehicle n/a iV, Single dose implanted with A549-CD7 cells and randomly
assigned to treatment groups when the tumours
2 5 Anti-CD7 2 mg/kg iV, Single dose reached 100—150 mm®. Animals were intrave-
nously injected with a single dose of PBS
3 5 Anti-CD7 10 mg/kg iV, Single dose (vehicle), anti-CD7 antibody, and anti-CD7-
MMAE ADC on day 1 via tail vein (A). The
4 5 Anti-CD7-MMAE 2 mg/kg iV Single dose tumour growth was measured for 36 days (B)
Values shown are mean + SEM; n = 5 for all
5 5 Anti-CD7-MMAE 10 mg/kg i.v. Single dose groups.

B.

Tumour volume (mm?)
1200
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Days after drug treatment
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Anti-CD7 10mg/kg
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Table 1
Mean starting and final volumes (Day 36) of A549-CD7 tumours implanted
subcutaneously in male athymic nude mice dosed with anti-CD7 or anti-CD7-
MMAE.

Treatment Treatment n Mean Mean p-value T/C
Group Starting Final compared Value
Volume Volume to vehicle (%)
mm?> (Day 36) control
(SEM) mm?® (Day 36)
(SEM)
1 Vehicle 5 137.6 1227.9 n/a n/a
(20.6) (110.8)
2 Anti-CD7 5 125.2 1055.8 0.597 (ns) 85.4
2 (15.9) (284.7)
mg/Kg
3 Anti-CD7 5 126.3 694.1 0.016 (*) 52.1
10 (15.0) (129.5)
mg/Kg
4 Anti-CD7- 5 127.5 607.9 0.013 (*) 44.1
MMAE 2 (14.4) (151.1)
mg/Kg
5 Anti-CD7- 5 129.6 594.6 0.010 (**) 42.6
MMAE 10 (12.1) (142.2)
mg/Kg

some immunotoxins-conjugated to anti-CD7 agents demonstrated
cell-killing effects on CD7 positive cells but with unacceptable toxicity
[26]. ADC technologies promise to greatly improve efficacy and
off-target toxicities as they rely on tumour specific delivery of a highly
potent toxin. A critical factor for the success of an ADC is the efficient

28 31 34 37

Anti-CD7-MMAE 2mg/kg
Anti-CD7-MMAE 10mg/kg

internalization of antigen-ADC complexes to deliver sufficient intracel-
lular concentration of payload to kill target cells [35].

The combination of the monoclonal antibody and the potent cyto-
toxic drug results in a therapeutic with a highly desirable pharmaco-
dynamic profile if the drug remains stably linked to the antibody until
the ADC is processed within the target cell, the specific delivery of anti-
cancer drug minimizes dose-limiting toxicity and maximizes therapeutic
effects. Potent cytotoxic molecules such as microtubule destabilizers
(MMAE, MMAF, DM1 and DM4) and DNA-damaging drugs (duo-
carmycin, PBDs and calicheamicin) are too toxic to be used as free drugs.
Conjugating these highly potent molecules to antibodies can achieve
specific killing of target cancer cells that express the antigen. This
approach has resulted in the approval of several ADCs for use in various
indications, such as Trastuzumab emtansine (anti-Her2-DM1) [36],
Brentuximab vedotin (anti-CD30-MMAE) [28] and Gemtuzumab ozo-
gamicin (anti-CD33-calicheamicin) [37].

Since the CD7 antigen is widely expressed in T cell acute leukaemia
and in at least one third of AML, we have employed an anti-CD7 ADC to
evaluate the potential of ADCs as an important second stage therapy for
T cell acute leukaemia. The anti-CD7-MMAE ADC was designed by
linking the potent cytotoxic molecule MMAE with a human IgG1-based
chimaeric antibody recognizing CD7 to create the ADC. The linkage of
MMAE was made using the highly stable PermaLink® conjugation
chemistry [30] which is a cysteine-specific, vinyl pyridine-based
chemistry that demonstrates inherent conjugation stability and is not
susceptible to drug de-conjugation as it does not undergo the
retro-Michael reaction [38]. This allows the potent cytotoxic agent,
MMAE, to be safely circulated until the ADC locates CD7-expressing
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tumour cells. The anti-CD7-MMAE ADC undergoes rapid internalization
once bound to the CD7 antigen on target cells and is trafficked into ly-
sosomes where ADC processing occurs. Cathepsin cleavage of the val-cit
moiety followed by self-immolation of the p-aminobenzyl (PAB) spacer
releases free toxin leading to cell death by apoptosis.

We have observed that anti-CD7-MMAE ADC displays a potent and
selective effect against CD7-expressing cells both in vitro and in vivo.
CD7-expressing T cell lines, such as Jurkat and KOPT-K1, are sensitive to
the ADC with an ICs of less than 10 nanogram per milliliter (8.1 ng/mL
and 5.4 ng/mL respectively). The growth of CD7-negative cells was not
affected by ADC at microgram per milliliter levels. The efficacy of the
anti-CD7 ADC, compared to mice treated with antibody alone, was
assessed in immunodeficient mice implanted with the CD7 transfected
A549 (A549-CD7) cell line. The anti-CD7 antibody is specific to the
human antigen expressed in the xenograft and does not cross react with
mouse CD7. The treatments were generally well tolerated as decreases in
body weight (used as an indirect measure of toxicity) were not observed
during the study. Treatment with anti-CD7 alone at 2 mg/kg did not
result in a significant reduction in tumour growth in comparison with
vehicle treated controls. Mice received single doses of ADC (either 2 mg/
kg or 10 mg/kg) and both resulted in a significant reduction in tumour
growth in comparison with the vehicle treated control group. However,
tumour regression was not observed even at the dose of 10 mg/kg and
there was only a marginal decrease in tumour growth when the dose was
increased from 2 mg/kg to 10 mg/kg, suggesting that the saturation dose
in the A549-CD7 CDX model had been reached. By increasing the DAR of
future ADCs, an improvement in in vivo efficacy could be achieved by
allowing more payload per antibody to be delivered to the tumour at the
saturation dose. In addition, utilising more potent payloads with alter-
native modes of action, such as pyrrolobenzodiazepine, could lead to an
improvement in efficacy and expand the scope of anti-CD7 ADCs. There
was also some effect of the anti-CD7 antibody alone at 10 mg/kg (p
value 0.016) as this dose also slows growth but less substantially than
the ADC (p value 0.010). The recipient mice for this study were homo-
zygous nude mice that retain NK cells and macrophages. These innate
immunity cells are probably responsible for the non-ADC induced
tumour inhibition effect via antibody-dependent cell-mediated
cytotoxicity.

While several ADCs have been developed and have achieved various
levels of success in treating leukaemia, few of them focused on T-ALL.
We expect that ADCs could prove to be important therapeutic options for
treating T-ALL, and all CD7-expressing leukaemias including the rele-
vant AMLs. In particular, this has great potential for relapsed, refractory
disease in which patients have few further treatment options. There is no
significant CD7 expression on most hematopoietic progenitor cells (16).
Therefore, an immunotoxin directed against CD7 has a promising range
of prospective applications against T-cell neoplasms. Although a greater
fraction of T-cell leukaemias and some cases of AML express CD7 on
their surface, the CD7 ADC would still avoid eliminating all normal T
cells important for the maintenance of relevant immune functions,
because it would spare the CD7-negative subset of normal T-lymphoid
cells (23). Finally, future ADC designs could incorporate antibodies
binding to TCR receptor constant regions. There are two human TCRB
constant regions (Cf1 and Cp2) [39] and an antibody that binds only to
Cp1 that has been incorporated into CAR-T cells [40]. A bispecific
anti-CD7/anti- Cp1 antibody would have the added advantage of only
targeting those T cells expressing Cf1 (tumours and normal T cells) and
not those expressing Cf2. This would leave a functional T cell population
after therapy which would be hugely beneficial for older T-ALL patients.
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