ACSMedicinal
Chemistry-Letters

Effect of linker stereochemistry on the activity of indolinobenzodi-
azepine containing antibody-drug conjugates (ADCs)

Emily E Reid, Katie E Archer, Manami Shizuka, Alan Wilhelm, Nicholas C. Yoder, Chen
Bai, Nathan E. Fishkin, Luke Harris, Erin K. Maloney, Paulin Salomon, Erica Hong, Rui Wu,
Olga Ab, Shan Jin, Katharine C Lai, Surrina Sikka, Ravi V.J. Chari, and Michael L Miller

ACS Med. Chem. Lett., Just Accepted Manuscript « DOI: 10.1021/acsmedchemlett.9b00240 « Publication Date (Web): 10 Jul 2019
Downloaded from pubs.acs.org on July 11, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 5

oNOYTULT D WN =

ACS Medicinal Chemistry Letters

Effect of linker stereochemistry on the activity of
indolinobenzodiazepine containing antibody-drug conjugates (ADCs)

Emily E. Reid, Katie E. Archer, Manami Shizuka,” Alan Wilhelm, Nicholas C. Yoder, Chen Bai, Nathan
E. Fishkin,: Luke Harris, Erin K. Maloney, Paulin Salomon, Erica Hong,s Rui Wu, Olga Ab, Shan Jin,*
Katharine C. Lai, Surina Sikka, Ravi V.J. Chari, Michael L. Miller*

ImmunoGen, Inc., 830 Winter Street, Waltham, Massachusetts 02451, United States
KEYWORDS: Antibody-drug conjugates, ADCs, indolinobenzodiazepines.

ABSTRACT: Antibody-drug conjugates (ADCs) that incorporate potent indolinobenzodiazepine DNA alkylators as the payload component
are currently undergoing clinical evaluation. In one ADC design, the payload molecules are linked to the antibody through a peptidase-labile
L-ala-L-ala linker. In order to determine the role of amino acid stereochemistry on anti-tumor activity and tolerability, we incorporated L-
and D-alanyl groups in the dipeptide, synthesized all four diastereomers, and prepared and tested the corresponding ADCs. Results of our
preclinical evaluation showed that the L-ala-L-ala configuration provided the ADC with the highest therapeutic index (anti-tumor activity vs

toxicity).

Antibody-drug conjugates (ADCs) seek to improve the therapeutic
index of highly cytotoxic drugs by linking them to tumor-selective
monoclonal antibodies.!** For several years, the majority of ADCs
undergoing clinical evaluation used the microtubule interacting
agents maytansinoids and auristatins as the cytotoxic component.>®
In recent years, the emphasis has shifted to drugs with alternative
mechanisms of action, such as Topoisomerase 1 inhibition
(camptothecins) or DNA crosslinking (pyrrolobenzodiazepines,
PBDs).”# Emerging clinical data for ADCs of the PBD class
indicate that doses achieved in patients are quite low (0.04 — 0.3
mg/kg), with systemic toxicity often limiting dosing beyond 2
cycles.>!® We previously reported on a new class of DNA
interacting compounds, the indolinobenzodiazepines (termed
IGNs).!112 While the parent compounds in this class were potent
DNA crosslinkers, we found that simple controlled reduction of
one of the two imine moieties could change the mechanism of
action to DNA alkylation without the ability to crosslink. ADCs of
these alkylating IGNs (e.g. anti-FRo DGN549 shown in Figure 1)
were found to be only slightly less potent in vitro and in vivo than
those of the corresponding DNA crosslinkers, while being less
toxic in vivo. Importantly ADCs of alkylating IGNs were devoid of
the phenomenon of delayed toxicity noted for the crosslinking
version in mice.!?

Based on these findings, three ADCs of DNA alkylating IGNs have
been advanced to the clinic. The first one, IMGN779, uses a
disulfide linker, while the other two, IMGN632 and TAK164,
incorporate a dipeptide (L-ala-L-ala) linker.!!12 Previous reports on
ADCs of auristatins and maytansinoids with peptide linkages
indicate that the stereochemistry of the amino acids played a
significant role in determining in vivo tolerability. In the case of
auristatin ADCs, a number of different dipeptide linkages were
evaluated and, in general, conjugates that bore one D-amino acid in
the linker were better tolerated in mice. In a head-to-head
comparison, an auristatin F ADC with an L-Asn-D-Lys linker had
similar in vitro potency to that with an L-Asn-L-Lys, but the former
was 2-fold better tolerated in mice.!3 Also, the ADC with the L-
Asn-D-Lys linkage displayed the highest antitumor activity in vivo,

among a panel of eight different linkers tested. In the case of
maytansinoids, ADCs with the L-Ala-L-Ala or the D-Ala-L-Ala
linkage showed similar in vitro potency and in vivo efficacy.
However, the ADC with the D-Ala isomer in the linkage was
significantly less toxic in mice.!'4
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Figure 1. Structures of the anti-FRo. DGN549 ADC and its main
catabolite 13.

Based on these reports, incorporation of one D-amino acid in the
dipeptide linker provides a tolerability advantage without loss of
antitumor activity. The current study was designed to determine if
these findings could be extended to ADCs containing IGNs that
only alkylate DNA, and are incapable of crosslinking. We have
previously shown that the anti-FRa DGN549 ADC is catabolized
upon internalization into antigen-expressing cells, resulting in
scission of the amide bond between the anilino nitrogen and the L-
alanyl moiety to give the potent anilino metabolite 13.'> We have
also shown that this catabolite, when generated in antigen-positive
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cells can diffuse into, and kill, proximal antigen negative cells,
through a phenomenon called “bystander killing”, which results in
enhanced antitumor activity in vivo. Since bystander killing relies
on the release of a hydrophobic catabolite, such as 13, we used it as
a surrogate to assess whether the amide bond between the anilino
nitrogen and the amino acid is being cleaved in cells.!? The goal of

Scheme 1. Synthesis of ADCs 11a-d“

this study was to gauge the effect of the amino acid stereochemistry
in the dipeptide linker on bystander killing, in vivo efficacy and
tolerability of the ADCs. We synthesized IGNs bearing all four
diastercomers of the Ala-Ala linker (LL, DL, LD, DD) and
conjugated them to a monoclonal antibody. Here, we report the
results of our in vitro and in vivo evaluation of the ADCs.
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@ Reagents and Conditions: (a) EDC, HOBt, DIPEA, DMF, 85%, (b) H,, Pd/C, CH30H, 97% (c) mono methyladipate, EDC, HOBt, DIPEA,
DMF, 100%, (d) TFA, water, 100%, (e) (5-amino-1,3-phenylene)dimethanol, EEDQ, CH;0H, DCM, 36%, (f) methanesulfonic anhydride,
Et;N, DCM/DMF, 85%, (g) K,COs, KI, DMA, 52%, (h) NaBH(OAc);, DCE, ~25%, (i) LiOH, THF/water, (j) N-hydroxysuccinimide, EDC,

DCM, 26% over two steps.

An approach to the synthesis of ADCs (11a-d) bearing the four
diastereomeric dipeptides is shown in Scheme 1, exemplified by
the preparation of the L-ala-L-ala linker bearing compound IGN 10
which contains a N-hydroxysuccinimide (NHS) ester for
conjugation to an antibody. Coupling of (S)-tert-butyl 2-
aminopropanoate 1) with (S)-2-
(((benzyloxy)carbonyl)amino)propanoic acid (2) using HOBt
followed by hydrogenolysis with palladium on carbon gave the
desired enantomerically pure protected dipeptide 3. Further
coupling of 3 with monomethyladipate under similar HOBt
conditions, and deprotection of the t-butyl ester with TFA gave the
free carboxylic acid 4 which was in turn treated with (5-amino-1,3-
phenylene)dimethanol in the presence of EEDQ to give diol 5.
Conversion to the activated bis-mesylate 6 was accomplished
through the treatment of diol 5 with methanesulfonic acid in the
presence of triethylamine. With the synthesis of the
enantiomerically pure dipeptide spacer in hand the diimine
containing IGN dimer 8 was prepared in modest yield by treating
dimesylate 6 with two equivalents of the imine containing IGN
monomer 7 in the presence of potassium iodide and potassium
carbonate in dimethylacetamide.

We found that the best results to prepare the desired monoimine
containing dimer 9 were achieved using 0.95 equivalents of sodium
triacetoxyborohydride in dichloroethane followed by C18
purification to separate it from unreacted starting material and the

over-reduced diamine product. Finally, hydrolysis of the methyl
ester with lithium hydroxide and treatment with N-
hydroxysuccinimide gave the desired NHS ester 10 after
lyophilization. Through a similar set of chemical transformations
using the different enantiomers of amino acids 1 and 2 we were
able to prepare the other three diastereomeric NHS esters (DL, LD,
DD) of 10. With the successful preparation of the required NHS
esters each diastereomer was conjugated separately with an anti-
FRa antibody via lysine residues as described previously, giving
the resulting ADCs 11a-d in high yield.”> All conjugates were
found to have an average of ~2.7 IGNs per antibody, with >96%
monomeric purity by SEC analysis and contained less than 0.5%
unconjugated IGN (free drug).

Table 1. In Vitro Potency of Anti-FRa. ADCs 11a-d?

Anti-FRa ADC ICsy, pM

Page 2 of 5

Cell Line
ABC“ 11a 11b 11c 11d
KB >2,000k 7 8 5 9
T47D 100k 30 20 20 40
NCI-H2110 50k 80 300 250 7000
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“Number of antibody molecules bound per cell. “Cancer cell lines
were incubated with ADCs for 5 days at 37°C. ICs values were
determined using a WST-based cell viability assay.

All four anti-FRo ADCs were evaluated in vitro (Table 1) against
three cell lines expressing various levels of the targeted antigen. In
the higher expressing cell lines, KB and T47D, all four ADCs
demonstrated similarly high potency with ICs, values ranging from
5-40 pM. This cytotoxic effect was shown to be antigen-specific,
since the addition of excess unconjugated antibody (I puM)
abolished this activity. Interestingly, in the lower antigen
expressing cell line, NCI-H2110, there was an apparent preference
for anti-FRa. ADC 11a (L-ala-L-ala) as it was found be ~3-fold
more potent than ADCs 11b (D,L) and 11¢ (L,D), and almost 90
fold more potent than the completely unnatural D-ala-D-ala
containing dipeptide ADC 11d. These data seem to indicate that
peptide cleavage in the H2110 cell line to release the fully active
metabolite (13) occurs at different rates, favoring the natural
dipeptide configuration, though other factors are possibly involved
as well.
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Figure 2. Impact of stereochemistry on bystander activity.

We next evaluated the impact of the dipeptide linker
stereochemistry on bystander activity, using a mixture of FRo-
positive and FRa-negative 300.19 cells as previously described.!?
As shown in Figure 2, treatment with each of the four anti-FRa
IGN ADCs 11a-d at 0.2 nM resulted in 100% killing of the antigen
positive 300.19 cells (black bars), whereas the antigen negative
cells (blue bars) were unaffected. However, when FRo-antigen
positive and negative cells were co-cultured together (a mixture
containing 1000 antigen positive and 2000 antigen negative cells)
and then treated with the anti-FRo. IGN ADCs 11a-d, only ADC
11a (L-ala-L-ala) demonstrated strong bystander activity resulting
in complete killing of the proximal antigen negative cells (green
bars). Of all the anti-FRa IGN ADCs with an unnatural amino acid
(11b-d) only ADC 11e¢, possessing the natural L-alanyl peptide
adjacent to the aniline nitrogen which may be slightly susceptible
to peptidase cleavage, exhibited a low degree of bystander activity
where approximately 30% of the antigen negative cells were killed
whereas 11b and 11d were entirely devoid of any bystander
activity.

Encouraged by the similar in vitro potency of anti-FRo. IGN ADCs
11a and 11b towards target cells, and their significant difference in
bystander activity, we were interested in exploring the impact the
dipeptide linker had on in vivo efficacy and tolerability. Our hope
was that 11b would provide an ADC with activity similar to that of

11a but with improved tolerability. Thus, the antitumor activity of
these two ADCs was evaluated in SCID mice using the NCI-H2110
subcutaneous non-small cell lung xenograft model. As shown in
Figure 3, treatment with a single i.v. dose of either 0.3 or 1.5 mg/kg
ADC (equivalent to 5 and 25 pg/kg linked IGN, respectively)
resulted in drastically different antitumor activity. The anti-FRa
IGN ADC 11a was highly active at both doses exhibiting 5/6 CRs
at the lower dose and all animals were tumor-free at study end for
the high dose. In contrast, anti-FRo. IGN ADC 11b while highly
active at the higher dose of 1.5 mg/kg showed only 1/6 CRs and
was found to be inactive at the lower dose of 0.3 mg/kg. The
inactivity of 11b can presumably be attributed to its lack of
bystander activity as the NCI-H2110 model expresses antigen in a
heterogeneous manner (H-Score of 110) and thus requires
bystander killing to kill non-expressing cells.!> Interestingly,
despite these antitumor activity differences, both ADCs 11a and
11b were found to demonstrate a similar maximum tolerated dose
in mice of ~6 mg/kg (equivalent to ~100 pg/kg linked IGN).
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Figure 3. In vivo antitumor activity of ADCs 11a and 11b in
non-small cell lung cancer NCI-H2110 xenografts in SCID
mice.
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Figure 4. Structure of catabolite 12.

In an effort to understand the cellular metabolism of these anti-FRa.
IGN ADCs, FRa positive cells were treated with either ADC 11a
or 11b at 37°C for 24 hours and the catabolites were affinity
captured, extracted with acetone and concentrated. Analysis of the
catabolites isolated by UPLC/MS revealed that the only identifiable
catabolite for ADC 11b (D-ala-L-ala) was the IGN with the lysine-
linked intact dipeptide 12. As this carboxylic acid containing
catabolite would not be expected to be cell permeable, this could
explain the decreased bystander activity and antitumor activity of
anti-FRo IGN ADC 11b. In contrast, analysis of the catabolites for
ADC 11a showed only a small amount of the lysine-linked
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catabolite, with the majority of the catabolite found to be the fully
dipeptide cleaved aniline 13 which is known to be exquisitely
potent (4-20 pM) in many cell lines.!? Furthermore, aniline 13 was
identified as the only catabolite found when SCID mice bearing
FRa tumors were treated with anti-FRa IGN ADC 11a when those
tumors were excised, homogenized, and the catabolites were
extracted. Taken together, the presence of this cell permeable and
highly potent catabolite both in vitro and in vivo leads to the
observed high bystander and exceptional antitumor activity
described above.

In conclusion, we prepared ADCs of IGNs possessing all four
diastereomers (11a-d) of an ala-ala dipeptide linker attached at a
central aniline of the potent catabolite 13. All ADCs, regardless of
stereochemistry, were found to be potent in vitro in high antigen
expressing cell lines, however, in lower expressing cell lines and in
bystander studies there was a strong preference for 11a containing
the natural L-ala-L-ala dipeptide. Based on previous studies for
both the maytansinoids and auristatins, where improved tolerability
with similar antitumor activity was observed for dipeptides
possessing an unnatural D amino acid, we explored this comparison
for anti-FRa ADCs 11a (L,L) and 11b (D,L). In our studies we
found that the antitumor activity was quite different for these two
ADCs in a NCI-H2110 xenograft where 11a was highly active at
both doses tested and 11b was only active at the higher dose of 1.5
mg/kg. Interestingly, the decreased antitumor activity for 11b did
not lead to improved tolerability as 11a and 11b were found to have
identical MTDs in vivo. It is well known that only a small percent
of the ADC localizes at the tumor and bystander killing is an
important contributor to efficacy, especially in a heterogeneous
model. Thus 11a is more efficacious than 11b in vivo. A majority
of the administered ADC is taken up through pinocytosis by a
number of normal tissues, notably liver, where release of active
catabolite results in toxicity that turns out to be similar for 11a and
11b.
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