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IgG antibodies contain a conserved N-glycan on the Fc domain. The structures of the glycan play
an important role in modulating an antibody’s effector functions. The Fc N-glycans also provide a
suitable site for functionalization and conjugation of antibodies in a site-specific manner. The
Wang lab have recently developed a general chemoenzymatic method for Fc glycan remodeling
through endoglycosidase-based deglycosylation and reglycosylation. My thesis research focuses
on three projects: Project 1, development of a site-selective conjugation method for synthesizing
antibody-drug conjugates (ADCs); Project 2, application of the method for improving antibody’s
complement-dependent cytotoxicity (CDC); Project 3, exploration of a dual functionalization

method for enhancing internalization and lysosomal delivery of antibodies.

Optimizing the synthesis for site-specific antibody conjugates using the glycan remodeling
strategy is the first part of my thesis. We developed a facile synthetic strategy to functionalize
glycan oxazolines from sialoglycan, which are the key donor substrates for enzymatic Fc glycan
remodeling. An efficient chemoenzymatic method based on the EndoS2-D184M was also

developed to functionalize therapeutical antibodies with different Clickable groups including



azide-, cyclopropene-, and norbornene-tags. Homogenous antibody-drug conjugates (ADCs), with
drug-antibody ratio of 4 were successfully obtained through three different Click reactions on the
tags introduced. Comparison experiments indicated that the ADCs generated by these three Click

reactions showed potent cancer cell killing activity and excellent serum stability.

Complement-dependent cytotoxicity (CDC) is a major effector function for antibodies to deplete
target cells. But for the IgG antibodies, which is the most widely used isotype for therapeutic
antibodies, potent complement activation is restricted. With our optimized conjugation method,
we constructed structurally well-defined antibody-aGal and antibody-rhamnose conjugates, which
were designed to recruit natural anti-aGal and anti-rhamnose antibodies for enhancing CDC, using
trastuzumab as a model antibody. Our preliminary in vitro study indicated that the antibody-
rhamnose cluster conjugates could mediate potent CDC activity against targeted cancer cell with

high selectivity.

Since the rate of receptor internalization is a key factor for the selection of druggable antigen,
enhancing the internalization efficiency could improve the efficacy of the ADC and possibly
broaden the druggable antigens for ADCs. At the same time, the lysosomal delivery of ADCs could
enhance their pharmaceutical efficacy. Therefore, we introduced a pair of orthogonal Click groups
on the sialo-complex type glycan (SCT), and we used one of the clickable groups to ligate the
drug, while using another one to carry an internalizing factor. This platform provided great
flexibility to test out different combinations of antibodies, cytotoxic drugs, and internalizing
factors. To date, preliminary cell-based studies have indicated that could improve the toxicity of a

cetuximab based ADC with mannose-6-phosphate as an auxiliary internalization factor.
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Chapter 1: A Brief Overview of Antibody-Drug Conjugates

1.1 Mechanism of Action for Modern Antibody-Drug Conjugates

Antibody-drug conjugation was one of the most promising strategies for
selective delivery of highly toxic drugs into malignant tumor cells, thanks to the high
specificity of antibodies. ! Proposed mechanism is shown in Figure 1-1a, which usually
includes the following steps: 1) the antibody in ADC binds to cell surface cancer-
related antigen; 2) the antigen-ADC complex gets internalized by endosome-lysosome
pathway; 3) the linker gets cleaved; 4) the cytotoxic drug dissociates and circulates in
cytoplasm; and 5) the drug acts on DNA or tubulin (depending on the nature of the
drug), leading to apoptosis. 2> As a result, ADCs can expand the therapeutic windows
of traditional drugs by increasing local drug concentration and reducing the lowest
effective dose. ADCs can also reduce systematic toxicity and increase maximum
tolerated dose. %> Recently, this concept was also applied to the treatments of infection
caused by bacteria. %7 ADCs are typically constructed with the selection of four major
components: the antibody, the linker, the conjugation chemistry, and the drug (toxin,
Figure 1-1b). 2 All the four components are important for the efficacy of a given ADC.
In this project, my research is to develop methods for site-specific antibody-drug
conjugation through Fc glycan remodeling. My research focuses on design and
evaluation of the ligation chemistry coupled with enzymatic Fc glycan remodeling of

antibodies, using commercially available antibodies and drugs as the modeling systems.
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1.2 Antibody-Drug Conjugates Currently Approved by FDA

So far 12 ADCs have been currently approved by FDA (Figure 1-2), and about
300 more ADCs are in pre-clinical or clinical development. These include:
Gemtuzumab-Ozogamicin for treatment of acute myeloid leukemia, Inotuzumab-
Ozogamicin for patients with mature B-cell acute lymphoblastic leukemia,
Brentuximab-Vedotin targeting Hodgkin’s lymphoma (HL) and anaplastic large cell
lymphoma (ALCL). Gemtuzumab-Ozogamicin, developed by Wyeth (purchased by
Pfizer in 2009), was the first ADC approved by FDA in 2000. However, this ADC was
voluntarily withdrawn in 2010 for its lack of improvement over standard chemotherapy.
Interestingly, it was approved by FDA again in September 2017 with modified dosage
for the same use. This first-generation ADC contains an anti-CD33 monoclonal
antibody (mAb), a cleavable hydrazine linker, and the calicheamicin as the cytotoxic
drug, which was conjugated to the antibody through a random lysine coupling (Figure

1-2). 438

The second FDA-approved ADC was Brentuximab-Vedotin, developed by
Seattle Genetics and Takeda in 2011. Brentuximab-Vedotin was recognized as a
second-generation ADC, which consists of an anti-CD30 mAb, a protease-cleavable
linker, and the MMAE (a microtubule inhibitor) as the payload which was conjugated
to the antibody via cysteine alkylation with maleimide. The same payload was also
used for three other ADCs: Polivy, Padcev, and Tivdak, targeting CD79b, Nectin4, and
tissue actor respectively (Figure 1-2). % ° The other second-generation ADC,
Trastuzumab-Emtansine, which was developed by Genentech and Roche, got its

approval in 2013. It consists of an anti-HER2 mAb, a non-cleavable thioether linker,
3



and the Mertansine (a microtubule inhibitor) as the warhead through random lysine
ligation chemistry. **8

In August 2017, FDA approved the fourth ADC, Inotuzumab Ozogamicin,
which was developed by Pfizer with an anti-CD22 mAb using the same payload design

(Figure 1-2). 34310

In 2019, Enhertu, developed by Daichi Sankyo and AstraZeneca was approved
by FDA for treatment of adult patients with unresectable or metastatic HER2+ breast
cancer. In 2020, this ADC was further approved for treatment of patients with HER2-
mutated non-small cell lung cancer. This ADC utilize an anti-HER2 antibody, the same
as Brentuximab-Vedotin, but carrying 8 DXd molecules as the cytotoxic warhead via
cysteine alkylation with maleimide (Figure 1-2). The Dxd is a topoisomerase I (TOP1)
inhibitor, which is responsible for relaxing DNA supercoiling generated by
transcription, replication. In 2020, Trodelvy developed by Immunomedics and Gilead
Sciences was approved by FDA for treatment of patients with triple-negative breast
cancer. This ADC consists of an anti-Trop2 antibody and on average 7.6 SN-38
molecules as the cytotoxic payloads via cysteine alkylation with maleimide (Figure 1-
2). SN-38 is also a TOP1 inhibitor, which was conjugated to the antibody with an acid-

sensitive hydrolysable linker for subsequent bystander effects. * % °

In 2020, FDA also approve another ADC, Blenrep, for the treatment of relapsed
or refractory multiple myeloma. It was developed by GlaxoSmithKline that is
composed of an afucosylated anti-B-cell maturation antigen (BCMA) antibody and

about 4 MMAF molecules connected with non-cleavable linker. Like MMAE, MMAF



is also an inhibitor for microtubule polymerization. *!'! Due to the charge on the C-
terminus phenylalanine, MMAF has much lower cell permeability than MMAE, which

makes it suitable for the treatment of blood cancers, despite its higher ICso values. *®

More recently, FDA approved Zynolonta for the treatment of relapsed or
refractory large B-cell lymphoma in 2021. This ADC consists of an anti-CD19
antibody, on average 2.3 pyrrolobenzodiazepine (PBD) molecules as the cytotoxic
payload, which selectively alkylates and crosslink the minor groove of DNA. The drug
was conjugated to the antibody with a Val-Ala cleavable linker via cysteine alkylation

with maleimide (Figure 1-2). %8
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1.3 Site-specific ADCs based on Protein Engineering

Despite the impressive development in this field, all the FDA-approved ADCs
and most of the ADCs in the pipeline have been made through nonspecific ligation
chemistry such as random lysine ligation and cysteine ligation. ' Take ADCs with
random lysine ligation as an example, when the drug to antibody ratio (DAR) is four,
there could be more than thousands of regioisomers, since the ligation could occur at

any four sites from forty reactive lysine residues on IgGs. '? Studies showed that the



heterogeneity of these regioisomers not only resulted in difference in efficacy and
serum half-life, but also caused problems such as aggregation and varied antigen
affinity. ' '>'5 In addition to the problems in pharmacokinetics and therapeutic
properties, the heterogeneity also raises concerns about consistency in production. '?
Therefore, it is of great interest to develop methods to generate site-specific linked

antibody-drug conjugates.

Currently, a majority of the explorations and developments to achieve site-
specific ADCs were based on protein engineering, such as engineered cysteines,
enzyme-directed modification, and unnatural amino acid incorporation. * % # (Figure
1-3) The site-specific ADCs with two engineered reactive cysteine residues, named
THIOMABSs, was reported by Mallet and coworkers to have noticeable improved
therapeutic index in animal models than second generation ADCs with higher DAR '°.
One particular drawback of THIOMABs was the conjugation chemistry used to
generate the ADC: the thiosuccinimide bond formed between the thiols and alkyl
maleimides is reversible, especially in physiological conditions, which results in

measurable drug loss during circulation. *

A promising method to solve this problem was developed by Strop and
coworkers in 2013. They genetically introduced a specific amino acid sequence, the
glutamine tag, LLQG, while the ligation of the payload was catalyzed by bacterial
transglutaminases between glutamine side chains and primary amines. '® The resulting
ADC demonstrated similar performance as THIOMABs but the amide linkage was

more stable than the thiol-maleimide linkage. '* '® Apart from the potential



immunogenicity of the sequence, this method often requires the removal of the Fc N-
glycosylation for best ligation yield, which could influence the serum stability of the

ADCs.'?

Genetically encoded unnatural amino acid (UAA) incorporation was another
method to construct site-specific ADCs, which was reported by Professor Peter G.
Schultz in 2012. With their orthogonal amber suppressor tRNA/aaRS pair technology,
they successfully introduced a p-acetylphenylalanine into different chosen sites on the
surface of Anti-HER2 antibody. The resulting ADCs showed much improved
cytotoxicity, pharmacokinetic and serum stability, when compared to second
generation ADCs. '*!7 The site-specific conjugates have been proved to be a valuable
tool for researchers in many different fields. However, the effort required to initiate the
stable expression of each of the UAA-containing mAbs was enormous compared to
other methods. Besides, the biology of UAAs is not fully understood yet, and the

unnatural amino acids could be immunogenic in humans. ' 4
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1.4 Site-specific ADCs based on Glycoengineering

Glycoengineering is emerging as a promising general approach to generate site-
specific ADCs. All human IgG antibodies possess a conserved N-glycosylation site at
the N297 residue in the Fc domain, where antibodies bind to various receptors (Figure
1-4). % 1214 18 The biosynthesis of the N-glycan of N-Glycoproteins starts in the
endoplasmic reticulum (ER), where a dolichol-linked oligomannose precursor,
GlcsManoGleNAca, is assembled in multiple steps by enzymes on ER membrane. This
precursor is transferred by an oligosaccharyltransferase (OST) to the consensus
sequence(Asn-X-Ser/Thr, where X can be any amino acid except Proline) on the
conserved glycosylation site in the Fc of antibodies. When the antibody is correctly

folded, the precursor is trimmed to MansGlcNAcz. Then the antibody is translocated to
9



the Golgi apparatus, where the N-glycan is further processed into various glycoforms
by a panel of glycosidases and glycosyltransferases to generate a mixture of glycoforms
in most cases. !5 1

Periodate oxidation of the core fucose on the N-glycan reported by O’Shannessy
and co-workers in 1984 was the first attempt to achieve site specific antibody
conjugate. '>2° But the oxidant, NalOa, used to generate the aldehyde could also
oxidize methionine on proteins and compromise protein functions. !> !4 In 2013, Senter
and coworkers reported constructing ADC through incorporated 6-thiofucose in
antibody expression cell culture. ! However, the fucose analogue was not incorporated
in all antibodies, and the average DAR was about 1.3. 2! Glycosyltransferase and
sugar-nucleotides with bioorthogonal groups were also utilized by multiple groups to

site-specifically functionalize the N-glycan by multiple groups. 223
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Figure 1-4. Site-specific ADCs based on Fc glycan modification. a) NalO4 oxidation
of core fucose, b) NalO4 oxidation of sialic acid, ¢) NalO4 oxidation of sialic acid, d)
Enzymatic incorporation of C2-Keto-Gal, ¢) Enzymatic incorporation of C9-N3-Sia.

In 2012, Wang group reported a novel method to produce homogenous antibody

glycoforms by cleaving the heterogeneous glycans from commercially available
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antibodies with wild-type endoglycosidase S (Endo-S), followed by transglycosylation
reaction with Endo-S mutant and chemically synthesized glycan oxazolines. The same
group also demonstrated that a fully synthesized Mans-N3, which was a truncated N-
glycan with two azide handles, could be installed onto the antibody in a site-specific
manner. 2 (Figure 1-5) Davis and coworkers applied this chemoenzymatic
methodology to produce homogenous ADCs. Instead of using synthetic glycan, they
used amine coupling reaction to install handles for click reaction onto the carboxylate
groups on sialylated complex type glycan (SCT) obtained from natural sources. >’ This

method was also utilized by multiple other groups across the world. 283!

Endo-S WT Y Endo-S D233A _
e | N}Fﬁ%&Mm
3

Figure 1-5. Site-specific antibody functionalization via chemo-enzymatic Fc glycan
remodeling

mv

1.5 Recent Development of Dual-functionalized Antibodies

Recently, significant amount of effort has been invested into the developments
of homogeneous multi-functionalized ADCs for different purposes. Schultz and
coworkers initiated the field in 2013 by genetically encoding a pair of orthogonally
labeled UAAs simultaneously. UAAs with keto side chain and azido side chain had
been coupled with oxime ligation and copper-free click reaction respectively, to obtain
a homogenous fluorescence labeled ADC *2. Several other groups also achieved similar
results with their own methodologies ** **. Bradley group took this concept one step

further: they labeled the drug part and antibody part of the ADC with two types of
11



radioactive isotopes, and for the first time, studied the drug release process of ADC in
animal models *. Due to the difference in drug sensitivities within heterogeneous
tumor cell population, complementary drug combinations were administrated in almost
all current cancer chemotherapies. Therefore, complementary drugs compacted in one
ADC is also an area of hot pursuit. Huang and co-workers showcased their dual-drug
ADCs with one kind of drug linked to the functionalized N-glycan with antibody glycan
remodeling strategy, and another drug conjugated with non-specific lysine ligation.?®
In 2017, Senter and coworkers reported a homogenous dual-drug ADCs based on dual-
cysteine multiplexing carrier, which demonstrated significant improvement in

t 3°of drug resistant cancer cell lines in mouse model.>’ In 2018, Bruins and

treatmen
coworkers used a cyclopropanated trans-cyclooctene (cpTCO) based unnatural amino
acid in the heavy chain and azide on the Fc N-glycan to achieve dual-functionalized
antibody.*> During the time we are working on this project, a similar study was

published by Yamazaki and coworkers. They used azide and tetrazine functionalized

linker and transglutaminase to conjugate it to an anti-HER2 antibody.*8

1.6 Our Plan to Generate Site-Specific Dual-functionalized Antibody Conjugates

Site-specific ADCs have significant advantages in in vivo efficacy, tolerability
and therapeutic index over commercially available ones based on random

conjugation.!'® 15 %

. My thesis research focuses on development of a site-selective
conjugation method for synthesizing ADCs, utilizing this method for improving

therapeutic antibody’s CDC, and exploration for enhancing ADC internalization and

lysosomal delivery with the dual functionalization method.

12



As a foundation of the thesis, an efficient method was developed to
functionalize the SCT with different clickable groups including azide-, cyclopropene-,
and norbornene-tags. Homogenous ADCs, with drug-antibody ratio of 4, were
successfully obtained through three different click reactions on the tags introduced. A
comparison cell-based study indicates that the ADCs generated by the three click

reactions all showed potent cancer cell killing activity and excellent serum stability.

With this conjugation method, we also constructed structurally well-defined
antibody-aGal and antibody-rhamnose conjugates, which were designed to recruit
natural anti-oGal and anti-rhamnose antibodies for CDC, using trastuzumab as a model
antibody. Our preliminary in vitro study indicates that the resulting conjugates could

mediate potent CDC activity against targeted cancer cell with high selectivity.

In addition, by introducing a pair of orthogonal Click groups on the SCT, a
highly homogenous dual-functionalized antibody could be obtained by the optimized
Fc N-glycan remodeling method. Since the rate of receptor internalization is a key
factor for the selection of druggable tumor antigen, enhancing the internalizing speed
by a ligand could improve the efficacy of the ADC and possibly broaden the druggable
antigens for ADCs.*® 404> Therefore, we plan to use one of the Clickable groups to
ligate the drug, while using another one to carry an internalizing factor. Also, this
method that enables simultaneously delivery of complementary drugs could provide a
platform to study the synergy of small molecule drugs in targeted therapies. This dual
drug ADCs could be a valuable approach to overcoming drug resistance problems in

treatments of tumors and other infectious diseases.
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Chapter 2: One-Pot Conversion of Free Sialoglycans to
Functionalized Glycan Oxazolines and Efficient Synthesis of
Homogeneous Antibody-Drug Conjugates Through Site-Specific
Chemoenzymatic Glycan Remodeling

Part of this work was published in in Bioconjugate Chemistry (2021, 36, 1888-1897)

2.1 Introduction

Antibody—drug conjugates (ADCs) are a class of therapeutic agents that explore
the specificity of antibodies to deliver highly toxic drugs to respective antigen-
expressing cells to achieve targeted cell killing.** ** So far twelve ADCs have been
approved by US FDA for the treatment of cancers and many more are in the pipelines.”
45 Many factors contribute to the overall in vivo efficacy of an ADC. In addition to the
choice of antibody, payload, and linker, the way how antibody is conjugated to the drug
also plays an important role in dictating the therapeutic outcome of ADCs. The first
generation ADCs have been produced through nonspecific conjugations at lysine
and/or reduced cysteine residues, which usually result in heterogeneous mixtures of
ADC entities that may differ in drug-to-antibody ratios (DARs), sites of attachment,
stability, and pharmacokinetic properties.* ** To overcome the issues of reproducibility,
stability, and potential side effects associated with heterogeneous conjugations, the next
generation of ADCs has been focused on site-specific conjugations that provide
homogeneous conjugates with well-defined pharmacological properties and improved
therapeutic index.'> !> 3% Significant progress has been made in recent years in the
development of site-specific antibody-drug conjugation strategies** Some examples

include: the introduction of unnatural amino acids or unpaired cysteines for subsequent
14



chemoselective ligation,'> !> 45! the selective C-/N-terminal modifications,’* >* the

55

disulfide reduction/rebridging strategy,’* and the transglutamidase-mediated

chemoenzymatic ligation.>¢

In addition to the site-selective modifications on amino acid residues of the
protein domains, another approach is to conjugate drugs at the highly conserved N-

glycans located at Asn-297 of the Fc domain !% 7

. Since all IgG antibodies carry the
conserved Fc N-glycans and they are spatially distant from the antigen-binding region,
a unique advantage of the Fc glycan-mediated conjugation is that it does not modify
the protein parts and the attachment of the drug to the Fc glycans usually will not
interfere with the Fab-mediated antigen binding. Early attempt to functionalize the Fc
glycans through oxidation of adjacent diols of terminal monosaccharides, have
provided mixtures of conjugates due to the heterogeneity of the glycoforms and the
oxidation at different sugar units.’>% The use of the galactosyltransferase mutants
capable of accommodating modified UDP-galactose derivatives as the donor substrates
has enabled the incorporation of a selected tag at the Fc glycans for subsequent site-
specific conjugation with modified cytotoxic agents.?!: 2> 61> ©2 Nevertheless, this
approach usually requires the trimming of the heterogeneous Fc N-glycans to the
terminal GlcNAc-glycan forms and, due to the moderate efficiency of the mutant
enzyme on the unnatural sugar nucleotide substrate, a large excess of modified sugar
nucleotide and enzyme as well as long incubation time are usually needed to drive the

reaction, which often leads to incomplete reaction and thus heterogeneity of the

products.
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On the other hand, the endoglycosidase-catalyzed glycan remodeling strategy
63.64 enabled by the discovery of the Endo-S and Endo-S2 glycosynthase mutants for
efficient glycosylation without product hydrolysis,®>%” has provided a promising
method for generating homogenous glycoforms including ADCs.!% 28 57 6870 Thjg
method includes three key steps: the synthesis of selectively tagged glycan oxazoline
as donor substrates, the enzymatic transfer of the tagged glycans to Fc-deglycosylated
antibodies, and the Click drug conjugation. While this method has demonstrated
promise for constructing ADCs, the synthesis of the selectively tagged glycan
oxazolines remains to be improved,*”’! and the requirement of a large excess of glycan
oxazolines and a relatively long incubation time to drive the reaction, partially due to
the moderate activity of the Endo-S D233Q mutant,® leads to side reactions on the
antibody that needs significant optimizations.%® 7 In this paper, we report a facile one-
pot synthesis of functionalized glycan oxazolines carrying azide-, cyclopropene-, and
norbornene-tags, respectively, from free natural sialoglycans and their use for antibody
glycan remodeling catalyzed by the Endo-S2 D184M mutant with minimized non-
enzymatic side reactions.®® The optimized chemoenzymatic method enabled a highly
efficient synthesis of selectively tagged antibodies which are readily used for site-
specific antibody-drug conjugation. We also performed a comparative study of three
Click methods for conjugating the drug to make homogeneous antibody-drug
conjugates (Figure 2-1) and evaluated the in vitro cytotoxicity of the resulting ADCs.

The one-pot synthesis of functionalized glycan oxazolines, coupled with the efficient

Endo-S2 D184M-catalyzed Fc glycan remodeling and Click drug conjugation, provides
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a general and efficient approach to producing structurally well-defined, homogeneous

antibody-drug conjugates.

1
One-pot R OH
TS Ree o
R HO - >

Free N-glycan N (} Endo-S2 D184M
Functionalized
N-glycan oxazoline
1 1 R? 2
RS R Click R R
B —
R R RZ R2
Functionalized mAbs Site-specific ADCs
R' = g— spacer—Ns» g—spacerA , or g—spacer\di\
R? = g_ spacer— MMAE BMacicnac @ Man O Gal Arc ®s.

Figure 2-1. A general approach for the glycan-mediated site-specific antibody-drug
conjugation via different Click reactions

2.2 Results and Discussion

Improved synthesis of azide-tagged sialylated N-glycans from free sialoglycans.

Davis and co-workers have previously reported that free sialylated N-glycan
could be functionalized by amide coupling between the terminal sialic acids and a
tagged amine using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM) as the coupling reagent. But a large excess of an azide-tagged

amine (20 eq.) and DMTMM (40 eq.) at an elevated temperature should be applied to
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give a moderate yield (72%).° We first repeated the coupling reaction using DMTMM
and an azide-PEG-NH2 under a similar condition. Unexpectedly, we found that the
amide coupling was accompanied by the simultaneous formation of a glycoside derived
from DMTMM, giving the 4,6-dimethoxy-1,3-5-triazin-2-yl a-glycoside (2-2) instead
of the free reducing glycan (2-3) (Scheme 2-1). Glycoside 2-2 was purified by HPLC
in excellent yield and its identity was verified by ESI-MS and NMR analysis. Indeed,
Shoda and co-workers have previously reported that reducing sugars can be converted
to 4,6-dimethoxy-1,3-5-triazin-2-yl a-glycoside using DMTMM in the presence of a
base catalyst such as 2,6-lutidine in an aqueous solution.”> ”* We speculated that the
large excess of the azido-PEG-NH2 might serve as the base to promote the formation
of the glycoside. Interestingly, the a-glycoside (2-2) could be readily converted to the
corresponding free reducing N-glycan by treatment with 0.1% TFA for 16 hours at rt.
Recently, Manabe and co-workers have reported that coupling of the N-glycan (2-1)
and amine NH2-(CH2CH20)3CH2CH2-N3 using DMTMM as the dehydrating agent
under the previously described conditions failed to give the expected coupling product,
but the wuse of a phosphonium salt-based reagent, (benzotriazol-1-yloxy)
tris(pyrrolidino)-phosphonium hexafluorophosphate (PyBOP), provided the desired
sialic acid and amine coupling product in 57% yield.”! The resulting azide-tagged

antibody has been successfully used for making antibody-drug conjugates.”

To optimize the amide coupling reaction without the a-glycoside formation, we
reasoned that the pH of the reaction, the reaction temperature, and the quantity of the
azido-PEG-NH2 and DMTMM might be important factors to modulate the outcome. A

searching of the reaction conditions, including varying the pH (pH 5-10), the amount
18



of the azido-PEG-NH2 (3-20 equiv.), and the temperature (30-60 °C), we found that the
pH was critical, and a basic condition led to significant formation of the by-product,
the 4.6-dimethoxy-1,3-5-triazin-2-yl a-glycoside (2-2). We observed that keeping a
slightly acidic condition (pH = 5.5), combined with the use of a significantly reduced
amount of azido-PEG-NH2 and DMTMM and an elevated temperature, gave the best
coupling yield of the tagged glycan (2-3) without formation of the a-glycoside (2-2).
Thus, treatment of the sialoglycan (2-1) with 3 equivalents of azido-PEG-NH:2 and a
total of 10 equivalents of DMTMM (added in two portions) in an aqueous buffer (pH
5.5) at 50 °C for 6 h gave the desired amide product (2-3) in a 92% yield after G15 gel
filtration (Scheme 2-1). The functionalized glycans were readily converted to the
corresponding  glycan  oxazolines in water by wusing 2-chloro-1,3-
dimethylimidazolinium chloride (DMC) as the dehydrating reagent, following the

previously reported procedures.’?
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Scheme 2-1. Synthesis of functionalized N-glycans using DMTMM coupling.

A “one-pot” and optimized synthesis of the functionalized /N-glycan oxazolines.

The chemoenzymatic Fc glycan-specific conjugation requires the synthesis of
the functionalized glycan oxazolines as the key donor substrate >’. As the DMTMM-
catalyzed amine coupling under the above-described conditions gave almost
quantitative transformation to the azide-tagged N-glycan, we attempted to develop a
strategy to directly synthesize the azide-tagged glycan oxazoline from the
corresponding sialylated N-glycans in a “one-pot” manner, which are key donor
substrates for the endo-glycosynthase mutant-catalyzed glycan remodeling and

19,57, 65,66 " We sought to combine the N-glycan

conjugation of antibodies
functionalization and oxazoline formation in a one-pot manner by tuning the reaction

conditions, including the pH, temperature, and reagents (Scheme 2-2). The DMTMM
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catalyzed amide formation reaction was carried out first under a slight acidic condition
(pH 5.5) at 50 °C, and the reaction was monitored by HPLC until its completion within
6 h. Then, the reaction mixture was cooled on ice, and TEA (70 equiv.) and DMC (30
equiv.) were added. The formation of the corresponding sugar oxazoline product was
complete within 30 min at 0 °C. The oxazoline was purified with P2 size exclusion
chromatography to remove all other smaller molecules, affording the pure azide-tagged
glycan oxazoline (2-4a) in 86% isolated yield. Compared with the previous method,
this facile one-pot functionalization-oxazoline formation procedure significantly
simplified the protocol, resulting in a much-enhanced overall yield (Scheme 2-2). An
attempt to use DMC/TEA under either acidic or basic conditions failed to provide the
amine coupling product (data not shown). Thus, DMTMM appeared to be an
appropriate dehydrating reagent to enable the “one-pot” conversions. Similarly, the
cyclopropene- and norbornene-modified N-glycan oxazolines, 2-4b and 2-4¢ were
synthesized in a one-pot” manner in excellent yields, which are two different partners

for chemo-selective Click reactions (Scheme 2-2).
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Scheme 2-2. One-pot transformation of free sialoglycans into functionalized glycan
oxazolines.
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Site-specific Fc glycan remodeling with the functionalized glycan oxazolines

using Endo-S2/Endo-S2 mutants.

We have previously reported the generation and use of Endo-S mutants for site-
specific Fc glycan remodeling of intact antibodies with natural and azide-modified N-
glycan oxazolines . The Endo-S D233Q mutant has been used for glycan remodeling
followed by Click reactions to produce antibody-drug conjugates 2% %74 Since the
Endo-S D233Q catalyzed enzymatic glycan transfer is relatively slow, the reaction
condition should be optimized to minimize non-enzymatic side reactions 74, On the
other hand, we have reported that the glycosynthase mutant (D184M) derived from
Endo-S2, another antibody-specific endoglycosidase from Streptococcus pyogenes of
serotype M49 demonstrates significantly enhanced glycosylation efficiency and much
reduced reaction time without detectable side reactions for antibody Fc-glycan
remodeling % ¢ 7>, Thus, we examined the feasibility of Endo-S2 D184M mutant to
transform antibody with the functionalized glycan oxazolines, using trastuzumab
(Herceptin), an anti-epidermal growth factor receptor 2 (HER-2) therapeutic
monoclonal antibody, as a model for testing the Fc glycan remodeling and antibody-
drug conjugation. Thus, recombinant trastuzumab was treated with an immobilized
wild-type Endo-S2 to give the deglycosylated antibody (Fuca 1,6 GIcNAc-trastuzumab,
2-6). The wild-type enzyme was readily removed by simple centrifugation after
reaction. It should be mentioned that since Endo-S2 is such an efficient
endoglycosidase for Fc deglycosylation, the use of immobilized Endo-S2 for
deglycosylation is important, as any trace amount contamination of Endo-S2, e.g., from

trace Fc-associated co-purification in the protein A purification steps, could result in
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slow hydrolysis of the final product during transglycosylation and/or in storage ¢’. The
Fucal,6GlcNAc-trastuzumab (2-6) was purified by affinity chromatography on a

protein A column, the identity of which was verified by LC-ESI-MS analysis (Figure

Immobilized
Endo-S2 Endo-S2 D184M
_—
Glycan oxazoline 5, 6,7
R-
R-

Scheme 2-3. Chemoenzymatic glycan remodeling using the Endo-S2/Endo-S2 D184M
enzyme pair for site-specific introduction of functional tags in the antibody.

2-2).

PPy
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Figure2-2. LC-MS analysis of the deglycosylated trastuzumab (Fucal,6GlcNAc-
trastuzumab, (2-6).

The Endo-S2 D184M catalyzed transglycosylation of Fucol,6GIcNAc-
trastuzumab (2-6) with the respective functionalized glycan oxazoline (2-4a-¢) was
performed in a Tris buffer (100 mM pH 7.2) at 30 °C, and the reaction was monitored
by LC-ESI-MS analysis of intact antibodies. We found that under the above conditions,
only 20 molar equivalents of the azide-glycan oxazoline (2-4a) per antibody and less
than 0.5% (by weight) of the Endo-S2 mutant would be sufficient for achieving
essentially quantitative glycosylation within 20 min to give the azide-tagged antibody
(2-7a) (Scheme 2-3). The enzymatic reaction was equally efficient for the
cyclopropene- and norbornene-modified glycan oxazolines (2-4b and 2-4c¢) to provide
the cyclopropene- and norbornene-tagged antibodies (2-7b and 2-7c¢), respectively

(Scheme 2-3). The final products were purified by affinity chromatography on a protein
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A column in an excellent isolated yield. The identity and homogeneity of the tagged
antibodies (2-7a, 2-7b and 2-7¢) were confirmed by LC-ESI-MS analysis (Figure 2-
3A-C) of both the intact antibodies and the Fc domains released by IdeS treatment
(Figure 2-3D-F). The observed molecular mass (deconvolution data) of 2-7a, 2-7b, and
2-7¢ was 151025 Da, 150587 Da, and 150630 Da, which matched well with their
calculated value of 151022 Da, 150589 Da, and 150629 Da, respectively. In addition
to the intact antibody analysis, LC-ESI-MS analysis of the monomeric Fc domain of 2-
7a, 2-7b and 2-7c released from IdeS treatment further confirmed the site-selectivity
and homogeneity of the final products (Figure 2-3). The raw LC-ESI-MS data were
shown in Figure 2-4, Figure 2-5. Notably, previous studies have reported that in the
case of the Endo-S D233Q catalyzed glycosylation of the GlcNAc(a1,6Fuc)-antibody
(2-6), a relatively large excess of the glycan oxazolines (up to 100 equivalents in
multiple additions) and large amount of the enzyme (up to 20% by weight) are required
to drive the relatively slow reaction to completion, which leads to accumulation of non-
enzymatically modified antibody products without optimization of the reaction

conditions.®® 7476
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Figure 2-3. LC-ESI-MS analysis of the functionalized intact antibodies (2-7a,2-7b and
2-7¢) and the Fc domains released by IdeS treatment. A) the deconvoluted mass of
intact antibody 2-7a; B) the deconvoluted mass of intact anibody 2-7b; C) the
deconvoluted mass of intact antibody 2-7¢. D) the deconvoluted mass of the Fc domain
of antibody 2-7a; E) the deconvoluted mass of the Fc domain of antibody 2-7b; F) the
deconvoluted mass of the Fc domain of antibody 2-7c.
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Figure 2-4. LC-ESI-MS analysis of the intact functionalized antibodies A)
deconvoluted mass and raw data of intact 2-7a; B) deconvoluted mass and raw data of
intact 2-7b; C) deconvoluted mass and raw data of intact 2-7c.
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Figure 2-5. LC-ESI-MS analysis of the Fc domains released by IdeS treatment of the
functionalized antibodies A) deconvoluted mass and raw data for Fc domains of 2-7a;
B) deconvoluted mass and raw data for Fc domains of 2-7b; C) deconvoluted mass and
raw data for Fc domains of 2-7c.

To verify the difference in efficiency of the Endo-S D233Q and Endo-S2
D184M catalyzed glycosylations with the selectively modified glycan oxazolines, we
performed a side-by-side comparative analysis of the enzymatic glycosylation using

the azide-modified glycan oxazoline (2-4a) as the donor substrate. We found that under
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an optimized condition (molar ratio of glycan oxazoline 2-4a to antibody 2-6, 20:1;
antibody concentration 25 mg/mL; Tris buffer, pH 7.2; incubation at 30 °C), the Endo-
S2 D184M catalyzed reaction gave essentially quantitative conversion to the expected
glycosylated antibody product (2-7a) (M = 151024, Figure 2-6B) within 20 min
without any side reactions, while the Endo-S D233Q catalyzed reaction required 80
min for completion. Interestingly, even in the case of Endo-S D233Q mutant, we
detected only trace amount of non-enzymatic glycation, with an addition of an extra
glycan moiety (M = 153601, Figure 2-6F). This result was contradictory to the
previously reported relatively slow reactions with Endo-S D233Q mutant and the side
reactions when large amount of glycan oxazolines, longer reaction time, and higher pH
were applied. ® 7% 7 taken together, these results indicate the high efficiency of the
Endo-S2 D184M-catalyzed glycosylation for introducing the functionalized glycans

into intact antibodies.
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Figure 2-6. The progress of the transglycosylation reactions catalyzed by EndoS2-
D184M and EndoS-D233Q. Img 2-6, 25 mg/mL, 20 eq. 2-4a, 100 mg/mL, final
enzyme concentration 0.1 mg/mL. LC-ESI-MS intact antibody analysis of the reaction
mixtures at 20 minutes intervals. A) the deconvoluted mass of 2-6; B) the deconvoluted
mass of the reaction mixture catalyzed by EndoS2-D184M at 20 min; C) the
deconvoluted mass of the reaction mixture catalyzed by EndoS-D233Q at 20 min; D)
the deconvoluted mass of the reaction mixture catalyzed by EndoS-D233Q at 40 min;
E) the deconvoluted mass of the reaction mixture catalyzed by EndoS-D233Q at 60
min; F) the deconvoluted mass of the reaction mixture catalyzed by EndoS-D233Q at

80 min.
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Synthesis of homogeneous antibody-drug conjugates via Click reactions.

In this study, we selected monomethyl auristatin E (MMAE) as the payload for
making the antibody-drug conjugates (ADCs). MMAE, coupled with the valine-
citrulline cleavable linker, has been used as the payload in four FDA-approved ADCs
4. 45 Also, ADCs based on auristatin and trastuzumab have been tested effective
against T-DM1 resistant cell lines ’7. The Click reactions between azide-tagged
antibody and dibenzylcyclooctyne (DBCO) have been widely used to generate ADCs
28,62, 74,78 Recently, the inverse electron demand Diels—Alder (iEDDA) reaction has
also been applied to synthesize site-specific ADCs” ¥, Despite the impressive
progress, a side-by-side comparison of these different Click reactions in ADCs have
not been performed. It is of high interest to see if the distinct Click linkages will make
difference in cancer cell killing performance of the resulting ADCs. To construct the
antibody-drug conjugates with the three distinct Click conjugations, we synthesized
two functionalized MMAE derivatives, the DBCO-modified MMAE (2-8) and the
tetrazine-modified MMAE (2-9) as distinct Click partners for the strain-promoted
alkyne-azide cycloaddition reaction and the inverse electron demand Diels-Alder
reaction, respectively. A cathepsin B cleavable valine-citrulline linker was introduced
in the construct with a self-immolation spacer > #'. Then the DBCO or the tetrazine
moiety was linked to MMAE to give the DBCO- and tetrazine-modified MMAE (2-8

and 2-9), respectively.
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Scheme 2-4. Synthesis of homogeneous ADCs through Click reactions.

The conjugation between the azide-tagged antibody (2-7a) and the DBCO-
modified MMAE (2-8) was carried out in 30% DMSO at r.t. with a final concentration

of the antibody at 2 mg/mL and 20 molar equivalents of the payload per Click handle

32



being used (Scheme 2-4). The reaction was monitored by LC-ESI-MS, which indicated
the completion of conjugation with 8 h to give ADC 2-10a. The conjugation between
the cyclopropene- or norbornene-tagged antibody (2-7b or 2-7¢) and the tetrazine-
modified MMAE (2-9) was performed under the same conditions as described for the
preparation of ADC 2-10a. We found that the reaction between the cyclopropene-
antibody (2-7b) and the tetrazine-modified MMAE (2-9) went very fast, which took
less than 4 h for completion to give the ADC (2-10b). This result was consistent with
previous observations ”°. On the other hand, the Click reaction between the norbornene-
tagged antibody (2-7¢) and the tetrazine-modified MMAE (2-9) was relatively slow,
which required 16 h to go to completion to give the conjugate (2-10¢) (Scheme 4). The
final products (2-10a, 2-10b, and 2-10c¢) were purified by protein A affinity
chromatography and their identity was confirmed by LC-ESI-MS analysis (Figure 2-
7). The ESI-MS analysis of the intact ADCs (Figures 2-7 A-C) showed that the
observed deconvolution data matched well with the expected mass of the intact ADC
and that each ADC carried 4 payloads, giving a drug-to-antibody ratio (DAR) of 4. The
ESI-MS analysis of the monomeric Fc domain released by IdeS treatment of the intact
ADCs (Figures 2-7 D-F) further confirmed that the MMAE was site-specifically
attached to the Fc domain of the antibody. The original data on the ESI-MS analysis of
the intact antibodies and the Fc domains of ADCs 2-10a, 2-10b and 2-10¢ were shown
in Figures 2-8 and 2-9. It should be mentioned that a minor peak corresponding to a
loss of 762 Da from the intact antibody or the Fc domain was observed in the ESI-MS
spectra (Figure 2-7). This species was presumably generated by fragmentation at the

aminobenzyl carbamate moiety in the linker of the ADCs. Similar fragments have been

33



observed in the ESI-MS analysis of ADCs with the same moiety in the linkers in a

previous report 3.
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Figure 2-7. LC-ESI-MS analysis of the intact antibody-drug conjugates (2-10a, 2-10b
and 2-10c¢) and the Fc domains released by IdeS treatment. A) the deconvoluted mass
of intact ADC 2-10a; B) the the deconvoluted mass of intact ADC 2-10b; C) the
deconvoluted mass of intact ADC 2-10c¢. D) the deconvoluted mass of the Fc domain
of 2-10a; E) the deconvoluted mass of the Fc domain of 2-10b; F) the deconvoluted
mass of the Fc domain of 2-10¢. Asterisked peaks indicate the ion fragments derived
from the intact antibody or its Fc domain, which corresponds to a loss of 762 Da.
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Figure 2-8. LC-ESI-MS analysis of the intact antibody conjugates A) deconvoluted
mass and raw data of intact antibody 2-10a; B) deconvoluted mass and raw data of
intact antibody 2-10b; C) deconvoluted mass and raw data of intact antibody 2-10c.
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Figure 2-9. LC-ESI-MS analysis of the Fc domains released by IdeS treatment of the
antibody-drug conjugates A) deconvoluted mass and raw data for Fc domains of 2-
10a; B) deconvoluted mass and raw data for Fc domains of 2-10b; C) deconvoluted
mass and raw data for Fc domains of 2-10c.

Finally, ESI-MS analysis of the protein backbone of the intact antibody and the
Fc domain after PNGase F treatment to remove the modified Fc N-glycans further
confirmed that there were no additional modifications of the protein backbone except

the MMAE attachment to the Fc glycans (Figures 2-10, Supporting Information). To

verify if there was any aggregation of the synthetic antibody-drug conjugates, we
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performed size exclusion chromatography of the three ADCs (2-10a, 2-10b, and 2-
10c). We found that ADC 2-10a did not have any aggregation, while ADCs 2-10b and
2-10c generated by the tetrazine-based Click reaction showed about 8% aggregation
product (Figure 2-11), indicating some difference in the stability of the respective
conjugates. We also examined the serum stability of the three ADCs (2-10a, 2-10b,
and 2-10c) using rat serum as a model system. We found that after incubation of the
synthetic ADCs with the rat serum at 37 °C for 3 days, there was no payload coming
off from the antibody conjugates as indicated by the LC-ESI-MS analysis of the
antibodies and the conjugates (Figure 2-12). These results suggested that the antibody-

drug conjugates constructed by the present method had a reasonable serum stability.
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Figure 2-10. LC-ESI-MS analysis of the intact antibody backbones after PNGase F
treatment of the antibody-drug conjugates. A) deconvoluted mass and raw data of intact
antibody 2-10a; B) deconvoluted mass and raw data of intact antibody 2-10b; C)
deconvoluted mass and raw data of intact antibody 2-10c.
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Figure 2-11. Size exclusion chromatography for the ADCs (2-10a, 2-10b and 2-10c).
A) size exclusion chromatography for 2-10a; B) size exclusion chromatography for 2-
10b; C) size exclusion chromatography for 2-10c¢.
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Figure 2-12. Serum stability results. A) the deconvoluted mass of 2-10a incubated in
rat serum for 72 hours; B) the deconvoluted mass of 2-10a at 0 hour; C) the
deconvoluted mass of 2-10b incubated in rat serum for 72 hours; D) the deconvoluted
mass of 2-10b at 0 hour; E) the deconvoluted mass of 2-10¢ incubated in rat serum for
72 hours; F) the deconvoluted mass of 2-10¢ at 0 hour.

Evaluation of the in vitro cytotoxicity of the ADCs.

To compare the potency of the ADCs synthesized with different Click reactions,
we studied the in vitro cytotoxicity of ADCs with SK-BR-3 (high HER-2 expressing)

and T47D (low HER-2 expressing) cells. For the SK-BR-3 cell line, our ADCs
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demonstrated a dose-dependent killing of the antigen-positive cells (Figure 2-13A).
Meanwhile, the low HER-2 expressing T47D cells were insensitive to the ADCs up to
1 pg/mL (Figure 2-13B). These results suggest the antibody retains its high specificity
on HER? after all the modifications. The ICso of the antibody-drug conjugates (2-10a,
2-10b, and 2-10c¢) against SK-BR-3 cells were measured as 13.9 ng/mL, 15.4 ng/mL,
and 21.8 ng/mL, respectively, (corresponding to 88 pM, 162 pM, and 138 pM,
respectively). The data indicated that the azide-alkyne MMAE conjugate (2-10a) was
a slightly better than the cyclopropene- or norbornene-tetrazine MMAE conjugates (2-
10b and 2-10c¢) for cell killing. However, the ICso data (100-200 pM) are quite
comparable to those MMAE-based ADCs with similar DARs % 747”7 The results
from the present side-by-side comparison study suggest that the ADCs generated by
the two different types of Click reactions (SPAAC vs. iEDDA reactions) are equally
efficient for target cell killing. Taken together, the results suggest that the one-pot
synthesis of functionalized glycan oxazolines coupled with the efficient Endo-S2
D184M-catalyzed Fc glycan remodeling and Click drug conjugation provides a general
and efficient approach to producing structurally well-defined, homogeneous antibody-

drug conjugates with high potency.
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Figure 2-13. Cytotoxicity assays of the antibody-drug conjugates with the SK-BR-3
(HER2 overexpression) and the T47D (HER2 low expression) cancer cell lines. All
assays were performed in triplicate.

2.3 Conclusion

An efficient, Fc glycan-mediated chemoenzymatic method for site-specific
antibody-drug conjugation is described. This improved approach is enabled by the
optimized synthesis of selectively modified glycan oxazolines from free sialoglycans
in a one-pot manner and the use of the highly efficient endoglycosidase mutant (Endo-
S2 D184M) for transferring the tagged glycans to provide the selectively tagged
antibodies ready for Click drug conjugation. The enhanced enzymatic activity of the
Endo-S2 D184M mutant over the previously used Endo-S D233Q mutant for
transferring the selectively modified glycans permits the use of much less amount of
glycan oxazolines with much shorter reaction time to complete the enzymatic reaction,
thus minimizing the potential non-enzymatic side reactions. The homogeneous ADCs
constructed by the present method showed excellent serum stability and demonstrated
potent and selective cytotoxicity against HER2-overexpressing cancer cells. This
improved method is also quite flexible for introducing different tags into an antibody,

allowing site-specific payload conjugation with different Click reactions to construct
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homogeneous antibody-drug conjugates. This research was published in Bioconjugate

Chemistry in 2021.32

43



2.4 Experimental Procedures

Materials and Methods.

Chemicals, reagents, and solvents were purchased from Sigma—Aldrich and/or
TCI, and used as received unless otherwise specified. Monoclonal antibody Hercptin
was purchased from Premium Health Services Inc. (Columbia, MD). All moisture
sensitive reactions were carried out under argon atmosphere, using standard Schlenk
techniques. All anhydrous solvents were prepared and stored according to standard
procedures. Thin-layer chromatography was performed on silica gel 60-F2s4 on glass
plates (Merck) and revealed with p-anisaldehyde stain. Silica gel (200—425 mesh) used
in flash chromatography for large-scale reactions was purchased from Sigma-Aldrich.
Columns for flash chromatography for small-scale reactions were performed on Isolera
One system with ZIP KP-Sil columns (Biotage) with elution condition specified for
each target compound. Solvent gradients were given refer to stepped gradients and
concentrations are reported as % v/v. Preparative HPLC was performed with Waters
1525 Binary HPLC pump coupled with 2489 UV/Vis Detector under UV 214 nm and
280 nm with a Waters Symmetry C18 column (7 pm, 19 x 300 mm) using water
containing 0.1% trifluoracetic acid as phase A, MeCN containing 0.1% trifluoracetic
acid as phase B. Semi-preparative HPLC for the toxic payloads was performed on the
same instrument with an Aglient Eclipse XDB-C18 column (5 pm, 9.4% 250 mm) using
water containing 0.1% formic acid as phase A, MeCN containing 0.1% formic acid as

phase B .
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Purification of sialoglycans and proteins using AKTA prime plus FPLC system.

The FPLC system (GE Healthcare) was used for purification of the SCT, mono-
functionalized SCT equipped with HiTrap Q XL 2 x 5 mL (GE Heatlthcare), antibodies
with HiTrap Protein A HP 1 mL (GE Heatlthcare), and Endo-S2 WT with Histrap HP
histindine-tagged protein purification columns 5 mL (GE Healthcare). Concentration

of antibodies and enzymes was determined by NanoDrap 200c (Thermo Scientific).

LC-ESI-MS analysis of glycans and MMAE derivatives

LC-MS for glycans, glycopeptides and payload derivatives were performed on
HPLC-SQ2 detector (Waters) with a Waters XBridge C18 column (3.5 pm, 2.1x 50
mm) using water containing 0.1% formic acid as phase A, MeCN containing 0.1%
formic acid as phase B. Analytical HPLC for modified N-glycans was performed on
the same instrument equipped with a Waters XBridge BEH130 C18 column (3.5 pm,
4.6 x 250 mm) for modified glycans with a linear gradient of acetonitrile (0—60%, v/v)
with water containing FA (0.1%) over 30 min at a flow rate of 0.5 mL/min under UV
214 nm. The analytical HPLC for payload derivatives was analyzed with an Aglient
Eclipse SDB-C18 column (5 pm, 3.0x 250 mm) under UV 214 nm and 280 nm with

methods specialized for each compound.

LC-ESI-MS analysis of intact antibody derivatives.
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LC-ESI-MS analysis of intact tagged antibodies and antibody-drug conjugates
was performed with Exactive Plus Orbitrap Mass Spectrometer (Thermo Scientific)
equipped with a Waters XBridge BEH300 C-4 column (3.5 pm, 2.1 x 50 mm) with
gradient elution of water containing 0.1% formic acid as phase A, MeCN containing
0.1% formic acid as phase B. Mass spectra were deconvoluted using MagTran (ver
1.03 b2). For the antibody Fc analysis, the antibody samples in PBS were incubated
with Ide-S at 37 °C for 2 hours. The samples were analyzed by with Exactive Plus
Orbitrap Mass Spectrometer (Thermo Scientific) equipped with an Agilent Poroshell
300SB C8 column (5 um, 1.0 x 75 mm) with gradient elution of water containing 0.1%
formic acid as phase A, MeCN containing 0.1% formic acid as phase B. Mass spectra

were deconvoluted using MagTran (ver 1.03 b2).

LC-ESI-MS analysis of Fc domains released by IdeS treatment.

The antibody samples in PBS were incubated with IdeS at 37 °C for 2 h. The
samples were analyzed by with Exactive Plus Orbitrap Mass Spectrometer (Thermo
Scientific) equipped with an Agilent Poroshell 300SB C8 column (5 um, 1.0 x 75 mm)
with gradient elution of water containing 0.1% formic acid as phase A, MeCN

containing 0.1% formic acid as phase B. Mass spectra were deconvoluted using

MagTran (ver 1.03 b2).
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NMR analysis.

'H, 13C, and 'H-'H COSY NMR spectra were recorded on 400 MHz or 600
MHz spectrometer (Bruker) with CDCl3, MeOD-d4, D20 or DMSO-ds as the solvent
(solvent residue peak 7.26, 3.31,4.79, 2.50 ppm). All '*C NMR spectra were performed
with proton decoupling, and all chemical shifts are reported in part per million (ppm)
and referenced to residual solvent. 'H-NMR chemical shifts were recorded relative to
the solvent residual peak (CDCl3 at 7.26 ppm, MeOD-ds at 3.31ppm, D20 at 4.79 ppm,
DMSO-ds at 2.50 ppm). '*C NMR chemical shifts are reported relative to the solvent
residual peak (CDCls at 77.00 ppm, MeOD-d4 at 49.00 ppm, DMSO-ds at 39.51 ppm).
The number of protons (n) corresponding to a resonance signal was indicated by nH

and spin-spin coupling constants (J value) recorded in Hz.

Preparation of free sialoglycan (SCT) from the sialoglycopeptide (SGP) isolated

from chicken egg yolks.

Isolation of the sialoglycopeptide (SGP) from chicken egg yolks. SGP was
isolated from chicken egg yolk powder according to the previously reported
procedure.®® ESI-MS: [M + 2H]** calcd. for Ci112H191N15070*", 1433.59 (100%); found

(m/z), 1433.81.

Enzymatic cleavage of SGP to produce the sialoglycan (2-1). SGP (150 mg)

was dissolved in 3 mL pH 7.4 PBS buffer, 500 pug of Endo-S2 wild type was added to
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the solution (substrate to enzyme ratio, 300 to 1). The reaction mixture was incubated
at 37 °C for 16 hours, the digestion can be checked with LC-SQ2. After the digestion
was complete, the reaction mixture was purified by G-15 column to remove salts and
most of the peptide. The elutes were concentrated and loaded to a HiTrap Q XL 2 x 5
mL column. The column was eluted with a linear gradient of 200 mM NaCl (0—40%,
v/v) with water over 60 min. The fractions were checked with p-anisaldehyde stain, the
glycan containing fractions were collect and lyophilized. The solid was dissolved in 1
mL water and desalt with G-10 column. The fractions containing the free glycans were
pooled and lyophilized to give the N-glycan (2-1) as a white powder (86 mg, 81 %

yield). ESI-MS: [M + 2HJ** calcd for C76H127N5057°", 1010.86; found (m/z), 1011.03,.

Endo-S2 overexpression, purification and immobilization

Endo-S2 WT overexpression. Endo-S2 with His10-tag was overexpressed and
purified following the previously reported procedure. 3 From 800 mL of cell culture,
32 mg of the Endo-S2 WT was isolated. The purity was checked by SDS-PAGE. The

activity was tested with SGP cleavage reaction.

Immobilization of Endo-S2 WT on agarose resin. The immobilization was
carried out following the manufacturer’s instructions. A mixture of NHS-activated
agarose resin (150 mg) and Endo-S2 WT (2.5 mL, 14 mg) was incubated at r.t. in a
column for 2 h. Then the column was washed and the flow-through was collected to

measure the free enzyme that was not immobilized, which was used to determine the
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loading ratio with Bradford protein assay. The resin was washed with 3 mL PBS buffer
twice. And then 3 mL of the Quenching Buffer (1 M Tris) was added. The mixture was
mixed end-over-end for 20 min at room temperature. The resin was washed with 3 mL
PBS buffer, and stored in pH 7.4 PBS buffer with 0.5% NaNs at 4 °C. About 7 mg of
the enzyme was immobilized, and the suspension was aliquoted into 7 tubes. The
activity of the immobilized enzyme was determined by an enzymatic deglycosylation

reaction of IVIG, with 100:1 substrate to enzyme ratio.

Synthesis of the functionalized SCT and cytotoxic payloads

Synthesis of alkene-based linkers

Q Propyne, Rh(OAc), O DIBAL-H
kj\o/\ W)J\O/\ V\OH

2-11 212 213

NO,
1. 0 /©/ o
CI)J\O VOJ\N/\/\/NHz
g H

NH
2. H2N/\/\/ 2

Linker b

Scheme 2-5. Synthesis of the cyclopropene-functionalized amine.

Synthesis of ethyl-2-methylcycloprop-2-ene-1-carboxylate (2-12) 35. A 100

mL 2-neck round bottom flask with Rh(OAc)2 (442 mg, 1.00 mmol, 5 mol %) powder
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was fitted with a dry ice condenser and exchanged to argon. Dry CH2Cl2 was added to
the flask, then the cold trap was cooled by dry ice/acetone. Propyne (about 10 mL) was
condensed into the flask. The round bottom flask was then lowered into a water bath
(20 °C). Ethyl diazoactate (2.4 mL, 23 mmol) was added to the mixture dropwise over
1 hour with rapid stirring. The reaction was stirred at r.t. for another hour, and TLC
analysis suggested the reaction was completed. The product was purified by flash silica
gel column chromatography by pentane with a linear gradient of diethyl ether (0-15%,
v/v) over 15 column volumes (CV). After careful evaporation, compound 2-12 was
isolated as a colorless oil (2.3 g, 79%). 'H NMR (CDCl3, 600 MHz) § = 1.24 (3H, t,J
= 7.1 Hz, CH2CH3), 2.11 (1H, s, CHCO), 2.16 (3H, s, CH3C=), 4.12-4.14 (2H, m,
CH>CH3), 6.34 (1H, d, J = 0.6 Hz, CH=C). 1*C NMR (150 MHz, CDCl3) ¢ = 9.98,
13.88, 19.58, 59.66, 94.22, 111.16, 175.97. DART-TOF: [M + H]" calcd for C7H1102",

127.08; found (m/z), 127.05.

Synthesis of (2-methylcycloprop-2-en-1-yl) methanol (2-13). In a 250 mL 2-
neck round bottom flask, 2-12 (3.8 g, 30 mmol, 1 eq) was dissolved in 40 mL CH2Cl2
under argon. With fast stirring, DIBAL-H (45 mL of 1M solution in CH2Cl2, 45 mmol,
1.5 eq) was added dropwise to the above solution over 30 min at -10 °C. The mixture
was stirred for another 30 min at -10 °C when the TLC showed the reaction was
complete. Then the reaction mixture was quenched carefully by H20 (2 mL), NaOH (2
mL, 1 M solution in H20), and H20 (4.6 mL). The mixture was stirred for a further 2
hours at room temperature before it was diluted with 400 mL CH2Cl2 and dried over

MgSOs. The organic solution was carefully concentrated to 10 mL then purified by
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flash silica gel column chromatography with pentane with a linear gradient of diethyl
ether (0-40%, v/v) over 15 CV. The desired cyclopropene alcohol 2-13 was isolated as
a colorless oil (1.5 g, 56%). 'H NMR (CDCls, 600 MHz) J = 1.67 (1H, td, CHCO),
2.15 (3H, s, CH3C=), 3.47-3.58 (2H, m, CH2CH3), 6.63 (1H, s, CH=C). DART-TOF:

[M + H]" caled for CsHoO", 85.06; found (m/z), 85.02.

Synthesis of (2-methylcycloprop-2-en-1-yl)methyl 4-
aminobutyl)carbamate (Linker b). To the solution of 2-13 (1.50 g, 17.8 mmol, 1 eq)
in 40 mL CH:2ClIz, DIPEA (13.8 g, 110 mmol, 6 eq) was added, followed by the addition
of 4-nitrophenyl chloroformate (10.7 g, 53.1 mmol, 3 eq) at room temperature. After
the reaction was stirred for 8 hours, TLC shows the complete consumption of 2-3. The
mixture was added dropwise to a solution of 1,4-diaminobutane (4.7 g, 54 mmol, 3 eq)
in 100 mL CH2Cl2 over 30 min at 0 °C. The reaction was completed after stirred at
room temperature for 6 hours. After TLC confirmed the complete consumption of the
starting material, the reaction mixture was washed with brine (50 mL) three times. Then
it was concentrated purified by flash silica gel column chromatography by ethyl acetate
and methanol (6:1 — 3:1, v/v, with 1% TEA). The product Linker b was isolated as a
slightly yellow oil (1.5 g, 42% over two steps). 'H NMR (MeOD-ds, 600 MHz) § =
1.51-1.53 (4H, m, NH.CH2CH2CH>), 1.63 (1H, td, CHCH20), 2.15 (3H, s, CH3C=),
2.68 (2H, t, J=6.6 Hz, NH.CH>), 3.12 (2H, t, J = 6.6 Hz, CPNHCH>), 3.80-3.97 (2H,
m, CH>CH3), 6.65 (1H, s, CH=C). '3C NMR (150 MHz, MeOD-d4) 6 = 11.59, 18.36,
28.32,30.53,41.44,42.07,73.02, 102.90, 122.24, 159.44. HR-ESI-MS: [M + H]" calcd

for C1oH19N202", 199.1441; found (m/z), 199.1436 [M + H]".
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Scheme 2-6. Synthesis of the norbornene functionalized amine.

Synthesis of norbornenyl N-hydroxysuccinimidyl ester (2-15). To the
solution of 2-14 (1.26 g, 10.1 mmol, 1 eq) and N-hydroxysuccinimide (1.15 g, 10.0
mmol, 1.1 eq) in 20 mL CH2Clz, EDC (2.10 g, 10.9 mmol, 1.2 eq) was added at 0 °C.
The reaction was stirred at room temperature for 3 hours before TLC confirmed its
completion. The reaction mixture was washed with brine (50 mL) three times and dried
over MgSOa. Then the product was concentrated and used without further purification.
The '"H NMR spectra agreed with the reported data. 'H NMR (CDCl3, 400 MHz) 6 =
1.43-1.45 (2H, m), 1.52-1.55 (1H, m), 2.05 (1H, m), 2.49 (1H, m,), 2.83 (4H, s,
COCH>), 3.00 (1H, s, =CHCH), 3.12 (1H, s, =CHCH), 3.80-3.97 (2H, m, CH2CH3),

6.12-6.21 (2H, m, CH=C).

Synthesis of norbornenyl-amine (Linker c¢). The solution of 2-15 (1 eq) in
CH2Cl2 (40 mL) was added dropwise to a solution of 1,4-diaminobutane (2.4 g, 27
mmol, 3 eq) and DIPEA (3.5 g, 27 mmol, 3 eq) over 30 min at 0 °C. The reaction was
completed after stirred at room temperature for 6 hours. After TLC confirmed the
complete consumption of the starting material, the reaction mixture was washed with
brine (50 mL) three times. Then it was concentrated purified by flash silica gel column

chromatography by ethyl acetate and methanol (6:1 — 3:1, v/v, with 1% TEA). The
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product Linker ¢ was isolated as a slightly yellow oil (835 mg, 44% over two steps).
"HNMR (MeOD-ds, 600 MHz) 6 = 1.28 (2H, m), 1.55 (4H, m, NH2CH2CH>CH>), 1.69
(1H, m), 1.84 (1H, m), 2.10 (1H, m), 2.76 (2H, t, J = 6.6 Hz, NH2CH>), 2.78 (1H, s,
=CHCH), 2.84 (1H, s, =CHCH), 3.19 (2H, t, NBNHCH>), 6.14 (2H, s, CH=C). 13C
NMR (150 MHz, MeOD-d4) 6 =27.77,29.09, 31.23, 39.99, 41.48, 42.76, 45.24, 47.08,
137.31, 139.00, 178.45. HR-ESI-MS: [M + H]" calcd for CioH19N202", 199.1441;

found (m/z), 199.1436.

Synthesis of the azide-, cyclopropene- and norbornene-modified /V-glycans and V-

glycan oxazolines

Synthesis of the Di-N3-SCT-DMT (2-2). To a mixture of 2-1 (10 mg, 20
mg/mL) and N3-linker-NH2 (30 mg, 20 eq), DMTMM (55 mg, 40 eq) was added into
a buffer (PBS, pH7.4). The reaction mixture was incubated at 37 °C for 16 h and
monitored with LC-MS. After the completion of reaction, the product was purified with
size-exclusion column (G135, Bio-Rad) to give white power (12.6 mg, 93%). 'H NMR
(D20, 400 MHz) 6 = 1.77 (2H, m, H3fax, H3f ax), 1.92, 1.94, 1.95 (15H, 3s, 5 x CH3),
2.602 (2H, dd, H3feq, H3f¢q), 3.37-3.47 (12H, m, H4c, H4c’, H2e, H2e’, 2 x CH2NH,
2 x CH2N3), 3.48-3.63 (59H, m, H4a, H5a(B), H5b, H5¢’, H6c, H6c’, H4d, H4d’, H5d,
H5d’, H3e, H3e’, H6e, H6e’, H4f, H4f*, H7f, H7f", HOf, H9f*, 10 x CH20CH2), 3.61—
3.75 (10H, m, H3a, H6a, H3b, H5c, H2d, H2d’, H3d, H3d’, H6f, H6f), 3.76-3.89
(25H, m, H2a, H6’a, H4b, H6b, H6’b, H3c, H3c’, H6’c, H6’c’, H6d, H6d’, H6’d,

H6’d’, H4e, H4e’, H5e, H5¢’, H6’e, H6’e’, H5f, H5f", H8f, H&f", H9’f, H9’f"), 4.03
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(1H, br s, H2¢”), 4.11 (1H, br s, H2c), 3.90 (6H, s, 2 x OCH3 on DMT), 4.18 (1H, br s,
H2b), 4.34 (2H, d, J1>= 8.0 Hz, Hle, Hle’), 4.50 (2H, br s, H1d, H1d"),, 4.70 (1H, d,
H1b), 4.86 (1H, s, Hlc’), 5.05 (1H, s, Hlc), 6.41 (1H, d, Ji> = 3.2 Hz, Hla(a)). 1*C
NMR (100 MHz, D20) 6 =21.62,21.98,37.77, 38.30,46.22,49.71,49.73, 51.26, 54.17,
55.42, 59.74, 61.19, 62.21, 62.59, 66.56, 67.38, 67.90, 68.05, 68.70, 68.77, 69.11,
69.15, 70.23, 70.64, 72.03, 73.07, 73.94, 80.03, 80.37, 98.95, 103.21, 168.66, 172.86,
174.25, 174.56. ESI-MS: [M + 2H]*" caled for CiosHis0N16067>", 1369.0596; found

(m/z), 1369.0471.

Synthesis of the Di-N3-SCT (2-3). SCT 2-1 (58.2 mg, 28.8 umol, 1 eq) was
dissolved in 200 uL 50mM Phosphate Buffer in a 1 mL glass vial with a stirring bar.
N3-PEGs-NH: (Linker a, 26.4 mg, 86.4 umol, 3 eq) was added to the solution, and the
pH was adjusted to 5 by adding 2 M HCI solution. DMTMM (39.7 mg, 144 umol, 5
eq) was added. The reaction was stirred at 50 °C for 3 hours. Another portion of
DMTMM (39.7 mg, 144 umol, 5 eq) was added, and the reaction was heated for another
3 hours. HPLC was used to confirm the completion of the reaction. If there is still some
DMT remains, TFA solution was added, the solution was stirred at room temperature
for 3 hours. Once its completed, the mixture was centrifuged at 14000 rpm for 5 min,
the supernatant was purified by G-15 size exclusion column. The glycan containing
fractions were collected and lyophilized to afford 2-2 (70.6 mg, 92 %). "H NMR (D-0,
600 MHz) 6 = 1.76 (2H, dd, J = 12.3 Hz, H3fax, H3f ax), 1.90, 1.95, 1.97 (15H, 3s, 5
CHs), 2.62 (2H, t, J = 12.7 Hz, H3feq, H3feq), 3.39-3.47 (12H, m, H4c, H4c’, H2e,

H2e’, 2 x CHaNH, 2 x CHaN3), 3.48-3.63 (59H, m, H4a, H5a(B), H5b, H5¢’, Héc,
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Héc’, H4d, H4d’, H5d, H5d’, H3e, H3e’, Hoe, H6e’, H4f, H4f*, H7f, H7f*, HOf, HOf",
10 x CH20CHz»), 3.61-3.75 (10H, m, H3a, H6a, H3b, H5c, H2d, H2d’, H3d, H3d’,
Hof, H6f), 3.76-3.93 (25H, m, H2a, H6’a, H4b, H6b, H6’b, H3c, H3¢’, H6’c, H6'¢’,
Heéd, H6d’, H6’d, H6°d’, H4e, H4e’, HSe, HS5e’, H6’e, H6’e’, H5f, H5f”, H8f, H8f”,
H9’f, H9’f"), 4.03 (1H, br s, H2¢”), 4.11 (1H, br s, H2c), 4.18 (1H, br s, H2b), 4.36
(2H, d, Ji12=7.8 Hz, Hle, Hle*), 4.51 (2H, d, J;,2=6.3 Hz, H1d, H1d"), 4.53 (0.3H, d,
Hl1a(p)), 4.70 (1H, d, H1b), 4.86 (1H, s, H1c’), 5.05 (1H, s, Hlc¢), 5.13 (0.7H, d, Ji1.2 =
2.7 Hz, Hla(a)). *C NMR (150 MHz, D20) 6 = 21.85, 21.97, 37.76, 38.29, 49.71,
51.25, 53.13, 54.17, 55.61, 59.60, 59.72, 59.92, 61.18, 61.25, 62.20, 62.59, 65.21,
65.28, 65.50, 66.54, 66.85, 66.90, 67.37, 67.88, 68.03, 68.67, 68.76, 69.08, 69.10,
69.14, 69.45, 69.80, 70.21, 70.63, 71.25, 71.61, 71.68,71.90, 72.01, 72.42, 73.06,
73.92, 74.00, 75.81, 75.98, 79.39, 79.76, 80.03, 80.29, 80.37, 90.04, 94.46, 96.53,
98.84,98.92,98.95,99.09, 99.99, 103.19, 168.63, 174.05, 174,15, 174.30, 174.53. ESI-

MS: [M + 2H]*" caled for CiooH175N13065%", 1299.5405; found (m/z), 1299.

One-Pot Synthesis of Azide Functionalized SCT-oxazoline (2-4a). SCT 2-1
(60.0 mg, 29.7 umol, 1 eq) was dissolved in 200 uL 50 mM Phosphate Buffer in a 1
mL glass vial with a stirring bar. N3-PEGs-NH:z (Linker a, 27.4 mg, 89.1 pmol, 3 eq)
was added to the solution, and the pH was adjusted to 5 by adding 2 M HCI solution.
DMTMM (40.1 mg, 148 umol, dry powder, 5 eq) was added. The reaction was stirred
at 50 °C for 3 hours. Another portion of DMTMM (40.1 mg, 148 umol) was added,
and the reaction was heated for another 3 hours. HPLC was used to confirm the

completion of the reaction. If there is still some DMT remains on the reducing end,
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TFA solution was added, the solution was stirred at room temperature for 3 hours. The
reaction mixture was neutralized cooled on ice for 30 min. Triethyalamine (TEA, 212
mg, 2.08 mmol, 70 eq) was added to the solution, followed by 2-chloro-1,3-
dimethylimidazolinium chloride (DMC, 150 mg, 0.891 mmol, 30 eq). The mixture was
allowed to react on ice for 30 min. The mixture was centrifuged at 14000 rpm for 3 min
before it was purified by P-2 size exclusion column with 0.1% TEA as the eluent. The
glycan containing fractions were lyophilized with addition of 5 uL. IM NaOH to yield
2-4a as a white powder (62.6 mg, 82%). 'H NMR (D20, 600 MHz) = 1.76 (2H, t, J
= 12.3 Hz, H3fax, H3fax), 1.90, 1.95, 1.97 (15H, 3 s, 5 x CH3), 2.62 (2H, t, J = 12.7
Hz, H3feq, H3f¢q), 3.39-3.47 (12H, m, H4c, H4c¢’, H2e, H2e’, 2 x CH2NH, 2 x CH2N3),
3.48-3.63 (59H, m, H4a, H5a(p), H5b, H5¢’, H6c, Hoc’, H4d, H4d’, H5d, H5d’, H3e,
H3e’, Hoe, H6e’, H4f, H4f*, H7f, H7f, HOf, H9f", 10 x CH20OCH2), 3.61-3.75 (10H,
m, H3a, H6a, H3b, H5c, H2d, H2d’, H3d, H3d’, H6f, H6f"), 3.76-3.93 (25H, m, H2a,
Hé6’a, H4b, H6b, H6’b, H3c, H3c’, H6’c, H6’c’, H6d, H6d’, H6’d, H6°d’, H4e, H4e’,
H5e, H5¢’, H6’e, H6’e’, H5f, H5f", H8f, H8f”, H9’f, H9’f"), 4.03 (1H, br s, H2c’), 4.11
(1H, br s, H2c¢), 4.18 (1H, br s, H2b), 4.36 (2H, d, J12 = 7.8 Hz, Hle, Hle’), 4.51 (2H,
d, Ji2=6.3 Hz, H1d, H1d"), 4.70 (1H, s, H1b), 4.86 (1H, s, H1c’), 5.05 (1H, s, Hlc),
6.00 (1H, d, J1,2 = 7.2 Hz, Hla). *C NMR (150 MHz, D20) § = 12.53, 21.62, 21.97,
37.77, 38.30, 49.71, 51.26, 54.16, 59.73, 61.19, 62.20, 62.59, 64.78, 65.30, 65.38,
66.53, 66.86, 67.38, 67.88, 68.03, 68.68, 68.76, 68.96, 69.09, 69.14, 69.81, 70.21 70.44,
70.63, 71.62, 71.67, 72.01, 72.42, 73.05, 73.84, 73.93, 75.62, 76.01, 77.46, 80.00,

80.37, 96.13, 98.77, 98.93, 99.01, 99.52, 100.88, 103.20, 168.08, 168.63, 174.17,
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174.54. HR-ESI-MS: [M + 2H]?** calced for Ci00H173N13064%", 1290.5352; found (m/z),

1290.5300.

One-pot synthesis of cyclopropene functionalized SCT-oxa (2-4b). SCT 2-1
(20.0 mg, 9.9 umol, 1 eq) was dissolved in 50 pL water and 30 puL THF ina 1 mL glass
vial with a stirring bar. CP-NH2 (Liner b, 9.8 mg, 49.6 pmol, 5 eq), and the pH was
adjusted to 5 by adding 2 M HCl solution. DMTMM (13.7 mg, 49.6 pmol, dry powder,
5 eq) was added. The reaction was stirred at 50 °C for 3 hours. Another portion of
DMTMM (13.7 mg, 49.6 umol, 5 eq) was added, and the reaction was heated for
another 3 hours. If there is still some DMT remains on the reducing end, TFA solution
was added, the solution was stirred at room temperature for 3 hours. The reaction
mixture was neutralized cooled on ice for 30 min Triethyalamine (TEA, 70.7 mg, 0.69
mmol, 70 eq) was added to the solution, followed by 2-chloro-1,3-
dimethylimidazolinium chloride (DMC, 50.2 mg, 0.297 mmol, 30 eq). The mixture was
allowed to react on ice for 30 min. The mixture was centrifuged at 14000 rpm for 3 min
before it was purified by P-2 size exclusion column with 0.1% TEA as the eluent. The
glycan containing fractions were lyophilized with addition of 2 pL. 1M NaOH to give
the Di-CP-SCT-oxa (2-4b) as a white solid (17.8 mg, 76%). '"H NMR (D20, 600 MHz)
0 1.52-1.55 (8H, m, 4 x NHCH:2CH>), 1.61 (2H, s, 4 x OCH2CH), 1.82 (2H, dd, J =
12.3 Hz, H3fax, H3fax), 2.03, 2.05, 2.06 (15H, 3s, 5 x CH3), 2.11 (6H, s, 2 x CH3 on
CP) 2.70 (2H, t, J = 12.7 Hz, H3feq, H3f’¢q), 2.98-3.12 (8H, m, 2 x CH> NH-NB, 2 x
CH>NH-SCT), 3.39-3.47 (4H, m, H4c, H4c’, H2e, H2¢’), 3.48-3.63 (19H, m, H4a,

H5a(B), H5b, H5¢’, Héc, H6c’, H4d, H4d’, H5d, H5d’, H3e, H3e’, H6e, Hbe’, H4f,
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H4f, H7f, H7f, HOf, HOP), 3.61-3.75 (10H, m, H3a, H6a, H3b, H5c, H2d, H2d’, H3d,
H3d’, Hof, H6f), 3.76-3.93 (29H, m, H2a, H6’a, H4b, H6b, H6’b, H3c, H3¢’, H6'c,
H6’c’, H6d, H6d’, H6’d, H6’d’, Hde, Hde’, HSe, H5¢’, H6’e, H6’e’, HSf, H5f, HST,
H8f, H9’f, H9’f*, 2 x CHCH20), 4.15 (2H, br s), 4.19 (2H, br s, H2¢, H2¢’), 4.39 (1H,
br s, H2b), 4.43 (2H, d, Ji2 = 7.8 Hz, Hle, Hle’), 4.63 (2H, d, J1,> = 6.3 Hz, H1d,
H1d’), 4.74 (1H, d, H1b), 4.94 (1H, s, Hl¢’), 5.12 (1H, s, Hlc), 6.10 (1H, d, J;2= 7.2
Hz, Hla), 6.64 (2H, m, 2 x CH=C).3C NMR (150 MHz, D20) § = 10.35, 12.53, 16.13,
21.65, 21.98, 25.13, 26.15, 33.48, 37.67, 38.75, 39.51, 48.64, 51.34, 54.20, 59.75,
61.19, 62.61, 64.81, 65.31, 65.40, 66.50, 66.88, 67.32, 67.85, 68.84, 68.97, 69.14,
69.82, 70.23, 70.45, 70.68, 71.63, 71.68, 72.01, 72.44, 73.05, 73.86, 73.96, 75.65,
76.04, 77.47, 79.99, 80.30, 96.14, 98.80, 98.95, 99.01, 99.54, 100.73, 100.89, 103.16,
120.08, 158.51, 168.08, 168.25, 174.13, 174.58. HR-ESI-MS: [M + 2H]*" calcd for

CosH157N9Oss*", 1182.4818; found (m/z), 1182.4755.

One-pot synthesis of norbornene-modified glycan oxazoline Di-NB-SCT-
oxa (2-4¢). The oxazoline 2-4¢ was synthesized starting with SCT (20 mg) in the same
way as described for the synthesis of 2-4b. The product was purified by gel filtration
as described above to give 2-4¢ as a white solid (16.5 mg, 70%). 'H NMR (D:0, 600
MHz) ¢ = 1.22-1.35 (4H, m, Hs on NB), 1.42-1.52 (8H, m, 4 x NHCH2CH>), 1.64—
1.67 (4H, m, Hs on NB), 1.76 (2H, dd, J = 12.3 Hz, H3fax, H3fax), 1.90, 1.95, 1.97
(15H, 3s, 5 x CH3), 2.10-2.12 (2H, m, Hs on NB), 2.62 (2H, t, J = 12.7 Hz, H3fq,
H3f¢q), 2.87 (4H, m, 2 x CH2 NH-NB), 3.39-3.47 (8H, m, H4c, H4c’, H2e, H2e’, 2 X

CH>NH-SCT), 3.48-3.63 (19H, m, H4a, H5a(P3), H5b, H5¢’, H6c, H6c’, H4d, H4d’,
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H5d, H5d’, H3e, H3e’, Hbe, H6e’, Haf, H4F, H7f, H7f, HOf, HOf), 3.61-3.75 (10H,
m, H3a, H6a, H3b, H5c, H2d, H2d’, H3d, H3d’, H6f, H6f"), 3.76-3.93 (25H, m, H2a,
H6’a, H4b, H6b, H6’b, H3c, H3¢’, H6’c, H6’c’, H6d, H6d’, H6’d, H6°d’, H4e, H4e’,
HS5e, H5¢’, H6’e, H6’e’, H5f, H51", H8f, H&f”, H9’f, H9’f"), 4.03 (1H, br s, H2¢’), 4.11
(1H, br s, H2¢), 4.18 (1H, br s, H2b), 4.36 (2H, d, J;1.>=7.8 Hz, Hle, Hle’), 4.51 (2H,
d, Ji2= 6.3 Hz, H1d, H1d"), 4.70 (1H, d, H1b), 4.86 (1H, s, H1c"), 5.05 (1H, s, Hlc),
6.00 (1H, d, J;2= 7.2 Hz, Hla), 6.13 (4H, m, 4 x CH=CH). *C NMR (150 MHz, D20)
0=12.54,21.65, 21.99, 25.26, 25.74, 29.70, 37.68, 38.42, 38.78, 40.87, 43.63, 45.57,
45.87, 51.33, 54.18, 59.74, 61.19, 62.16, 62.63, 64.80, 65.31, 65.40, 66.49, 66.88,
67.33, 67.84, 68.83, 68.96, 69.13, 69.82, 70.22, 70.45, 70.68, 71.63, 71.68, 72.01,
72.43, 73.06, 73.85, 73.95, 75.64, 76.05, 77.47, 79.98, 80.30, 96.14, 98.80, 98.95,
99.02, 99.54, 100.88, 103.17, 135.79, 137.83, 168.08, 168.24, 174.14, 174.58, 178.68.
HR-ESI-MS: [M + 2HJ*" caled for CiooHi61N9Ose>*, 1192.5025; found (m/z),

1192.4965.
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Synthesis of the cytotoxic payloads
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Scheme 2-7. Synthesis of the activated dipeptide linker 2-21.

Synthesis of Fmoc-Cit-PABOH (2-17). To a stirred solution of compound 2-
16 (2.40 g, 6.04 mmol, 1 eq) and 4-aminobenzyl alcohol (1.12 g, 9.06 mmol, 1.5 eq) in
DCM/MeOH (40 mL, 10:1, v/v) was added EEDQ (2.98 g, 12.1 mmol, 2 eq) at 25 °C.
The mixture was stirred at the same temperature for 24 hours in dark under argon
atmosphere. Then, the solvents were removed in vacuo and the solid was filtered,

washed with ethyl ether (30 mL) three times. The filter cake was collected and dried
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over oil pump to afford 2-17 (2.98 g, 98%) as a white solid, which was used in the next
step without further purification. 'H NMR (400 MHz, CDCl3) 6 = 1.32—1.79 (4H, m),
2.90-3.12 (2H, m), 3.18 (3H, d, J =4.9 Hz), 4.10 — 4.16 (1H, m), 4.23 (4H, m), 4.44
(2H, d,J=5.2 Hz), 5.13 (1H, t,J = 5.6 Hz), 5.45 (2H, s), 6.02 (1H, t, J = 5.4 Hz), 7.30
(4H, m), 7.41 (2H, t, J = 7.4 Hz), 7.57 (2H, d, J = 8.3 Hz), 7.71- 7.79 (m, 2H), 7.88

(2H, d, J = 7.5 Hz), 9.99 (1H, br).

Synthesis of Cit-PABOH (2-18). To a stirred solution of 2-17 (2.0 g, 3.98
mmol, 1 eq) in DMF (16 mL) was added piperidine (1.7 mL, 17.2 mmol, 4.3 eq)

dropwise at 25 °C. The mixture was stirred at 25 °C for another 2 hours. The reaction
was concentrated in vacuo and the residue was washed with ethyl ether (40 mL) twice
and dried over oil pump to afford 2-18 (1.07 g, 96%). The crude product was used

directly in the following step.

Synthesis of Fmoc-Val-Cit-PABOH (2-20). Fmoc-L-valine  N-
hydroxysuccinimide ester 2-19 (2.1 g, 4.78 mmol, 1.25 eq) in DMF (10 mL) was added
to a solution of 2-18 (1.07 g, 3.82 mmol, 1 eq) in DMF (10 mL) was at 25 °C. The
solution was stirred for another 2 hours under argon atmosphere. TLC showed 2-18
was fully consumed. The reaction mixture was concentrated to dryness, filtered and
washed with MeOH (20 mL) and ethyl ether (50 mL). The filter cake was collected to
afford the dipeptide 2-20 (2.06 g, 86%) as a white solid. 'H NMR (400 MHz, DMSO-
ds) 0 = 0.87 (6H, dd), 1.28 — 1.53 (2H, m), 1.53 — 1.80 (2H, m), 1.87—2.10 (1H, m),
2.86—-3.11 (2H, m), 3.94 (1H, t, J = 7.8 Hz), 4.15—- 4.35 (3H, m), 4.44 (3H, m), 5.12
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(1H, br), 5.42 (2H, br), 5.99 (1H, br), 7.24 (2H, d, J = 8.1 Hz), 7.49 — 7.28 (5H, m),
7.55 (2H, d, J=8.1 Hz), 7.74 2H, t, J= 7.9 Hz), 7.88 (2H, d, /= 7.3 Hz), 8.12 (1H, d,
J=17.3 Hz), 9.99 (1H, s). 3C NMR (101 MHz, DMSO-ds) 6 = 17.76, 18.72, 24.71,
26.28,29.04, 29.95, 46.19, 52.57, 59.62, 62.10, 65.19, 118.39, 119.59, 124.85, 126.43,
126.57, 127.14, 136.95, 137.01, 140.21, 143.27, 143.41, 155.63, 158.41, 169.89,

170.75, 172.40. ESI-MS: [M + H]" calcd for C33H40N50s", 602.30; found (m/z), 602.50.

Synthesis of Fmoc-Val-Cit-PABC-PNP (2-21). To a stirred solution of 2-20
(60 mg, 0.1 mmol, 1.0 eq) and 4-nitrophenyl carbonate in anhydrous DMF (5 mL) was
added DIPEA (69 uL, 0.4 mmol, 4 eq) dropwise at 25 °C. The mixture was stirred at
room temperature for 16 hours. The reaction was quenched by adding 15% citric acid
(30 mL), extracted with ethyl acetate (50 mL) twice. The organic phase was combined
and washed with brine. The solvents were concentrated in vacuo and the residue was
purified by prep-HPLC to afford 2-21 (44 mg, 57%) as a white solid. "H NMR (600
MHz, DMSO-ds) 0 = 0.87 (6H, dd), 1.34 — 1.49 (2H, m), 1.57 — 1.80 (2H, m), 1.95 —
2.05 (1H, m), 2.90 — 3.08 (2H, m), 3.94 (1H, dd), 4.20— 4.35 (1H, m), 4.44 (1H, m),
5.24 (2H, br), 5.42 (2H, br), 5.99 (1H, br), 7.32 (2H, d, J = 8.1 Hz), 7.39 — 7.45 (5H,
m), 7.55 (2H, m), 7.64 (2H, d), 7.72-7.77 (2H, dd), 7.88 (2H, d, /= 7.3 Hz), 8.12 (1H,
d, J = 7.3 Hz),8.30-8.33 (2H, m), 10.14 (1H, s). '*C NMR (150 MHz, DMSO) 6 =
18.21, 19.16, 26.72, 29.38, 30.40, 46.66, 53.09, 60.03, 65.64, 70.21, 119.03, 120.03,
122.55, 125.30, 125.34, 127.58, 129.41, 139.32, 140.66, 143.73, 143.86, 145.15,
151.90, 155.26, 156.06, 158.85, 170.67, 171.23. ESI-MS: [M + H]" caled for

C40H43N6O10", 767.30; found (m/z), 767.58.
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Scheme 2-8. Synthesis of dipeptide-MMAE (2-22)

Synthesis of Val-Cit-PABC-MMAE (2-22) 8, In a 1.5 mL centrifuge tube, 2-
21 (20 mg, 26 pmol, 1.3 eq), MMAE (14.4 mg, 20 umol, 1.0 eq), and HOBt (3.5 mg,
26 umol, 1.3 eq) was dissolved in dry DMF (400 uL) and pyridine (200 pL). The
mixture reacted at room temperature under argon for 9 hours before HPLC-SQ2
analysis showed complete consumption of the reactant. Then the reaction mixture was
quenched by sat. NaHCOs3 (25 mL), the product was collected as a white solid after
high-speed centrifugation. Without further purification, the solid was dissolved in ACN
and THF (v/v, 1/1, 4 mL). After high-speed centrifugation, piperidine (1 mL) was
added to the supernatant at room temperature. The HPLC-SQ2 confirmed the reaction
was finished after 30 min, the mixture was diluted with water (5 mL) and then
concentrated in vacuo and the residue was purified by semi prep-HPLC to afford 2-22
(12.6 mg, 56% over two steps) as a white solid. 'H NMR (600 MHz, DMSO + 5% D20)
0=0.68—1.07(31H, m), 1.26 (1H, s), 1.34 — 1.84 (10H, m), 1.87 — 1.98 (1H, m), 2.00
—2.12(3H, m), 2.20-2.29 (1H, m), 2.37 (1H, d), 2.79 -2.89 (3H, m), 2.91 -3.32 (14H,
m), 3.52 (1H, m), 3.73 (1H, d), 3.90 — 4.02 (2H, m), 4.21 (1H, m), 4.39 (1H, d), 4.43 —
4.50 (3H, m), 4.97 -5.10 (2H, m), 7.10 — 7.18 (1H, m), 7.20-7.37 (6H, m), 7.54 (2H,

br). ESI-MS: [M + H]" calcd for CssHosN10O12%, 1123.71; found (m/z), 1123.85.
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Scheme 2-9. Synthesis of the DBCO-tagged MMAE (2-8).

Synthesis of DBCO-PEG-Val-Cit-PABC-MMAE (2-8) %. In a 1.5 mL
centrifuge tube, 2-23 (1.4 mg, 1.65 umol, 1.5 eq) and 2-22 (1.2 mg, 1.1 umol) were
dissolved in ACN and THF (v/v, 1/1, 300 uL) with TEA (3 pL) at room temperature.
The reaction was finished after 4 hours, confirmed by HPLC-SQ2. The mixture was
diluted with 50% ACN with 0.1% TFA (2 mL) and into semi prep-HPLC directly to
afford 2-8 (1.5 mg, 80%) as a white powder. HR-ESI-MS: [M + H]" caled for

CooH133N12020", 1701.9754; found (m/z), 1701.9694.
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Scheme 2-10. Synthesis of the tetrazine-tagged MMAE (2-9).

Synthesis of the Tz-PEG-Val-Cit-PABC-MMAE (2-9). In a 1.5 mL centrifuge
tube, 2-24 (2.9 mg, 4.8 umol, 1.5 eq) and 2-22 (3.6 mg, 3.2 umol) were dissolved in
ACN and THF (v/v, 1/1, 800 uL) with TEA (8 pL) at room temperature. The reaction
completed within 4 hours, confirmed by HPLC-SQ2. The mixture was diluted with
50% ACN with 0.1% TFA (3 mL) and into semi prep-HPLC directly to afford 2-9 (4.3
mg, 84%) as a pink powder. HR-ESI-MS: [M + H]"calcd for CsiHi26N15019", M =

1612.9349; found (m/z), 1612.9407.

Chemoenzymatic synthesis of the azide-, cyclopropene- and norbornene-tagged

antibodies.

Preparation of GNF-Her (2-6) with immobilized Endo-S2 WT. The suspension
of the immobilized Endo-S2 WT (100 pL, 2 mg/mL) was centrifuged at 14000 rpm for
5 min, the supernatant was removed and discarded. Intact Herceptin 2-5 solution (4 mL,

5.5 mg/mL) was added to the resin, and mixed end to end at 30 °C. The progress was
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checked by LC-MS and compared with reported data. The cleavage reaction was
completed within 3 hours, then the mixture was centrifuged at 14000 rpm for 5 min.
The immobilized enzyme was recovered and resuspend in 1 x PBS buffer with 0.5%
NaNs. The GNF-Her 2-6 in the solution was purified with protein A chromatography,
exchanged to Tris buffer (100 mM, pH 7.2) and concentrated to 25 mg/mL with a spin
filter to yield deglycosylated Herceptin 2-6 (20 mg, 91%). ESI-MS: calcd for GNF-Her,
M = 145865 Da; found (m/z), 2702.16 [M + 54H]>**, 2753.11 [M + 53H]***, 2806.10
[M + 52H]°%*,2861.00 [M + 51H]*'*, 2977.90 [M + 49H]**, deconvolution of the ESI-

MS, M = 145865 Da.

General Procedure for transglycosylation reactions. To the solution of 2-6 (25
mg/ml in 100 mM Tris buffer), glycan oxazoline 2-4a, 2-4b, 2-4¢ (30 eq, 100 mg/mL
in 100 mM Tris buffer) was added. After adjusting the pH to 7.4, Endo-S2 D184M
mutant (9.1 mg/mL) was added to the solution. The final enzyme concentration was
0.1 mg/mL. The reaction was carried out at 30 °C for 40 min before the reacting mixture
was analyzed by LC-MS, and typically reactions reached completion in 40 min. The
functionalized Herceptin 2-7a, 2-7b, 2-7¢ were purified by protein A chromatography
with standard procedures. With a 10k cut-off centrifugal filters, the buffer was
exchanged to phosphate buffer (50 mM pH 7.2), and the product was concentrated to

5 mg/mL.

Synthesis of compound 2-7a. Prepared from 2-6 (6.5 mg, 45 nmol, 1 eq) and 2-5

(3.4 mg, 1.4 umol, 30 eq) with General Procedure B to yield azide functionalized
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Herceptin 2-7a (6 mg, 92%). ESI-MS: calcd for Her-(Di-N3-SCT)2, M = 151022 Da;
found (m/z), 2797.64 [M + 54H]P*, 2850.5 [M + 53HJ]**, 290520 [M +
52H]°*",2962.20 [M + SIH]’', 3021.40 [M + 50H]’", 3083.00 [M + 49H]*",

deconvolution of the ESI-MS, M = 151024 Da.

Synthesis of compound 2-7b Prepared from 2-6 (5.0 mg, 35 nmol, 1 eq) and 2-4b
(2.4 mg, 1.0 pmol, 30 eq) with General Procedure B to yield cyclopropene
functionalized Herceptin 2-7b (5.0 mg, 96%). ESI-MS: calcd for Her-(Di-Cp-SCT)2,
M = 150589 Da; found (m/z), 2789.61 [M + 54H]>*, 2842.21 [M + 53H]***, 2953.64

[M + 51H]’™, 3012.69 [M + 50H]*"", deconvolution of the ESI-MS, M = 150586 Da.

Synthesis of compound 2-7¢. Prepared from 2-6 (8.0 mg, 55 nmol, 1 eq) and 2-4¢
(4.0 mg, 1.6 pmol, 30 eq) with General Procedure B to yield cyclopropene
functionalized Herceptin 2-7¢ (6.5 mg, 81%). ESI-MS: calcd for Her-(Di-NB-SCT)a,
M = 150629 Da; found (m/z), 2739.82 [M + 55H]*", 2843.07 [M + 53H]>**, 2954.55

[M + 51H]?", 3013.63 [M + 50H]***, deconvolution of the ESI-MS, M = 150632 Da.

Comparison of the transglycosylation reactions catalyzed by EndoS2-D184M
and EndoS-D233Q. To the solution of 2-6 (1mg, 6.7 nmol, 40 uL, 25 mg/mL in 100
mM Tris) 2-4a (0.35 mg, 133 nmol, 3.5 pL, 100 mg/mL) was added. The pH of the
mixture was confirmed within 7.0 to 7.4 by pH paper. EndoS2-D184M (4.4 ug, 0.34
uL, 13 mg/mL) or EndoS-D233Q (4.4 ng, 0.34 uL, 13 pg/mL) was added to each

reaction vessel, so the final enzyme concentration was 0.1 mg/mL. The reaction
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mixtures were incubated at 30 °C. A sample was taken every 20 minutes from each
vessel until the reaction was completed. (Figure S2’) The EndoS2-D184M catalyzed
reaction was complete within 20 minutes. On the other hand, the EndoS-D233Q

required more than 60 minutes.

Preparation of antibody-drug conjugates by Click reactions.

Preparation of 2-10 a. A solution of azide-tagged antibody 2-7a (2 mg, 13 nmol)
and the DBCO-modified MMAE (2-8) (459 pg, 0.27 umol, 20 eq) in a phosphate buffer
(50 mM, pH 7.2) containing 30% dimethyl sulfoxide (DMSO) (final volume, 1 mL)
was incubated at ambient temperature (23 °C). The reaction mixture was shielded from
light and gently vortexed. The reaction was monitored by LC-ESI-MS analysis. After
8 h, the Click reaction was complete as indicated by LC-ESI-MS. The mixture was then
diluted with phosphate buffer (5 mL, 50 mM, pH 7.2) and filtered by 0.22 um syringe
filter. The conjugate product in the filtrate was purified by protein A chromatography
to give 2-10a (1.7 mg, 83%). ESI-MS of 2-10a: calcd. M = 157830 Da; found (m/z),
2870.74 [M + 55H]>**, 2923.86 [M + 54H]>*", 2978.93 [M + 53H]>**, 3036.20 [M +
52H]P%, 3095.80 [M + 51H]’!*, deconvolution of the ESI-MS, M = 157834 Da. Fc
analysis: calcd, M = 30118 Da; found (m/z), 1772.74 [M + 17H]'"*, 1883.39 [M +

16H]'%*, 2008.92 [M + 15H]"", deconvolution data, M = 30118 Da.

Preparation of 2-10b. The Click reaction between the cyclopropene-modified

antibody (2-7b) (2.0 mg, 13 nmol, 1 eq) and the tetrazine-modified MMAE (2-9) (419
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pg, 0.26 pmol, 20 eq) was performed in the same way as described for the synthesis of
2-10a. The reaction was complete within 4 h and subsequent affinity column
purification gave 2-10b (1.7 mg, 83%). ESI-MS of 2-10b: calcd M = 157129 Da; found
(m/z), 2854.21 [M + 55H]°%", 2907.16 [M + 54H]>**, 2961.90 [M + 53H]>*", 3018.84
[M + 52H]>*", 3078.08 [M + 51H]'*, deconvolution of the ESI-MS, M = 157132 Da.
Fc analysis: caled M = 29697 Da; found (m/z), 1746.21 [M + 17H]'7*, 1855.26 [M +

16H]'®*, 1978.86 [M + 15H]">", deconvolution of the ESI-MS, M = 29698 Da.

Preparation of 2-10c. The Click reaction between the norbornene-modified
antibody (2-7¢) (2.0 mg, 13 nmol, 1 eq) and the tetrazine-modified MMAE (2-9) (430
pg, 0.27 pmol, 20 eq) was performed in the same way as described for the synthesis of
2-10b. The reaction was complete within 16 h and subsequent affinity column
purification gave 2-10c¢ (1.4 mg, 68%). ESI-MS of 2-10c¢: caled M = 156969 Da; found
(m/z), 2854.90 [M + 55H]°°", 2907.88 [M + 54H]>**, 2962.64 [M + 53H]>*", 3019.60
[M + 52H]°%*, 3078.71 [M + 51H]*", deconvolution of the ESI-MS, M = 156971 Da.
Fc analysis: caled M = 29688 Da; found (m/z), 1747.26 [M + 17H]'7*, 1856.41 [M +

16H]'®*, 1980.13 [M + 15H]"**, deconvolution of the ESI-MS, M = 29687 Da.

In Vitro Assays

In Vitro cytotoxicity. T47D and SKBR3 (ATCC) cells were cultured in DMEM
supplemented with 10% FBS, 50 U/ml penicillin, and 50 pg/mL streptomycin

(ThermoFisher) and seeded at 200,000 cells/mL into a 96 well plate (20,000 cells/well)
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and grown for 24 hours until 60% confluent. Cells were then washed with PBS and
incubated with fresh media containing the ADCs starting at a concentration of 1 pg/mL
and serially diluted 1:2. Each compound was assessed in duplicate wells, and cells
without compound served as control. Plates were incubated for 72 hours and cell
viability was analyzed by CellTiter-Glo Luminescent Cell Viability Assay (Promega)
as per manufacturer’s instructions. Briefly, equal volume kit reagent to media was
added to each well. Cells were then lysed and incubated for 10 mins before

luminescence was recorded.

Size Exclusion Chromatography. The size exclusion chromatography was
carried out by a AKTA pure system (Cytiva), equipped with a Superdex® 200 Increase
10/300 GL column (Cytiva). PBS was used as the mobile phase. The flow rate was 0.75
mL/min, over 48 min. 50 pg of the conjugates 2-10a-c was injected. (Figure S17) There
was no aggregation found for 2-10a; while there were 8-9% aggregation for 2-10b and

2-10c.

Serum Stability Assay (2019-ACIE-Hckenberger) In a 1.5 mL centrifuge tube,
200 plLrat serum (Sigma Aldrich, United States) were mixed with 50 ul ADCs 2-10a-
¢ (2.0 mg/ml), then filtered with UFC30GVO0S centrifugal filter units (Merck, Germany)
and incubated at 37°C for 3 days. The conjugates were enriched by 50 puL anti-human-
IgG (Fc-Specific) agarose slurry (Sigma Aldrich, United States) according to reported
procedures. The concentration of the conjugates was measured, then analyzed by LC-

MS.
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2.5 Supporting Information
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Chapter 3: Synthetic antibody-rhamnose cluster conjugates
show potent complement-dependent cell killing by recruiting
natural antibodies

Part of this work was published in Chemistry-A European Journal (2022, 28,
€202200146)

3.1 Introduction

Complement-dependent cytotoxicity (CDC) is one of the major mechanisms for
antibody-mediated killing of target cells.}” Nevertheless, many therapeutic antibodies
are limited by their low potency in stimulating a strong complement-dependent
cytotoxicity. One strategy to achieve complement-dependent targeted cell killing is to
explore novel bi-functional molecules consisting of a target-binding motif and a
specific antigenic structure to recruit naturally abundant antibodies, such as the anti-
aGal and anti-rhamnose (anti-Rha) antibodies to the target cells.®®*?> The a-Gal epitope,
Galal-3Galb1-4GIcNAc-R, is expressed abundantly on glycolipids and glycoproteins
in non-human primates and New World monkeys, but it is not present on human cells.
As a result, humans produce large quantities of anti-aGal antibodies in circulation: up
to 1-2% of total serum IgG and 3-8% of total IgM natural antibodies are anti-aGal
antibodies.”* The interaction between aGal and anti-aGal antibodies are largely
responsible for the rejection of the transplanted tissues following xenotransplantation,
mainly due to activation of the complement systems.’® On the other hand, anti-Rha
antibodies are also abundant in human sera, which have been found even at higher
concentrations than the anti-oGal antibodies in human serum samples.®> °7 %8

Moreover, the majority of anti-Rha antibodies are of IgM type, while most of the anti-
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oGal antibodies are of IgG type.*?*-1%! It has been shown that the IgM type antibody
is much more efficient than the monomeric IgG type antibody to initiate complement-
dependent cytotoxicity, as the IgMs is inherently a pentamer that can efficiently bind
to the multi-subunit C1q complement protein in a multivalent fashion to trigger the
downstream effects, while the IgG antibody must form hexamer complex to engage an

efficient multivalent interactions with the multi-subunit C1q complement protein.'**
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Antibody-Rha cluster  Cell-surface Receptor Rhamnose
conjugate

Figure 3-1. Homogenous antibody conjugates that recruit serum antibodies and
initiate CDC.

To explore the potential of natural anti-aGal or anti-Rha antibodies for targeting
cancer, bacterial and/or virus-infected cells, several groups have previously designed
and synthesized bi-functional small molecules, by conjugating a target-binding ligand
to an aGal oligosaccharide or a rhamnose moiety, to recruit natural anti-aGal or anti-
Rha antibodies for complement-dependent cell killing. 3% For example, Kiessling and
co-workers have reported the synthesis of aGal-integrin ligand conjugates for targeting
cancer;*® ® Yi and co-workers have assembled bi-functional liposomes incorporating

rhamnose and folic acid to recruit anti-Rha antibodies to target folate receptor-

overexpressing tumor cells.”?> Recently, Fukase and co-workers have reported the first
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synthesis of aGal oligosaccharide-antibody conjugates, and the cell-based assays have
shown that the presentation of multiple copies of the aGal epitopes (multi-valency) was
important for an efficient cancer cell killing.”” While this study provides proof-of-
concept data indicating the feasibility of using antibody-aGal conjugates for targeted
cancer cell killing, the lysine-based antibody-aGal conjugation and the reduction of
antibodies into monomeric antibodies for thiol-maleimide ligation both lead to
mixtures of heterogeneous conjugates. We report in this paper a highly efficient
chemoenzymatic synthesis and comparative study of structurally well-defined,
homogeneous conjugates of an antibody with rhamnose and aGal oligosaccharide
clusters, respectively. Trastuzumab, a therapeutic antibody targeting HER2 over-
expressing cancer cells, was selected as a model antibody, and the carbohydrate
antigens were introduced specifically at the Fc glycosylation site by a chemoenzymatic
Fc glycan remodeling approach. The resulting glycoengineered antibodies carrying the
rhamnose and aGal oligosaccharide clusters were designed to recruit natural anti-Rha
and anti-aGal antibodies, respectively, for targeted cell killing (Figure 3-1). It was
found that the antibody-rhamnose cluster conjugates were much more efficient than the
antibody-aGal cluster conjugate for the complement-dependent cell killing. During the
submission of this manuscript, Wu and co-workers have reported rituximab-rhamnose
conjugates by reaction of partially reduced rituximab with a maleimide-functionalized
rhamnose derivative, and the resulting antibody-rhamnose conjugates demonstrate
antitumor efficacy in a xenograft model.'% This work was published in Chemistry-A

European Journal in 2022.'%
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3.2 Results and Discussion

Chemical synthesis of the dibenzocyclooctyne (DBCO)-functionalized rhamnose

and aGal clusters

As a general synthetic design, we sought to introduce azide tags into the
antibody through the chemoenzymatic Fc glycan remodeling method that we have
recently described,®? and then to Click the synthetic oligosaccharide antigens to the
antibody to construct the conjugates. For this purpose, we first synthesized the DBCO-
functionalized rhamnose and rhamnose clusters (Scheme 3-1). The synthesis of DBCO-
tagged rhamnose (3-3) was achieved by reaction of rhamnose derivative 3-1 with the
NHS-active ester (3-2) (Scheme 3-1a). For constructing a tetravalent rhamnose cluster,
we chose a tri-lysine core as the scaffold. The synthesis of the tri-lysine core (3-7) was
shown in Scheme 3-1b. At the C-terminus of 3-4, a short N-methyl ethylenediamine
spacer with an Fmoc protecting group was introduced to provide a handle for further
functionalization. The N-methyl spacer (3-5) was specifically chosen to provide linker
stability without premature release.'%”> 1% For the synthesis of the tetravalent thamnose
cluster (3-13), the tri-lysine core (3-7) was reacted with NHS-activated rhamnose
derivative (3-10) to give the rhamnose cluster (3-11). After de-O-acetylation followed
by removal of the Fmoc group, the resulting compound (3-12) was reacted with the
NHS activated ester (3-2) to give the DBCO-tagged rhamnose cluster (3-13) after LH20

size exclusion chromatography (Scheme 3-1c).
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Scheme 3-1. Chemical synthesis of the monovalent and multivalent rhamnose-based
antibody recruiting molecules. a) 3-2, DMSO, EtsN, r.t., 60%; b) 3-5, CH2Cl2, Et3N,
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To construct the DBCO-functionalized aGal trisaccharide and its cluster, we
first synthesized the aGal trisaccharide following a previously published procedure.'®”
Then the amine-functionalized aGal was reacted with 3-2 to give the DBCO-
functionalized aGal trisaccharide (3-15) (Scheme 3-2a). To synthesize a cluster of a-
Gal trisaccharide, 3-14 was activated as an NHS ester, then it was reacted with the tri-
lysine core (3-7) to give the tetravalent o-Gal oligosaccharide (3-17). Finally,
deprotection of 3-17 followed by reaction with 3-2 gave the desired DBCO-

functionalized a-Gal trisaccharide cluster (3-18) (Scheme 3-2b).
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Chemoenzymatic synthesis of the antibody-rhamnose and aGal cluster

conjugates

With the successful synthesis of DBCO-functionalized aGal and rhamnose
clusters, we sought to construct the antibody conjugates utilizing the Fc glycan-
mediated chemoenzymatic modification approach, which is validated to achieve
antibody conjugates with high homogeneity and great efficiency.® ¢ % 74 82 Thuys,
trastuzumab was trimmed with immobilized Endo-S2, followed by efficient Fc
modification with glycosynthase EndoS2-D184M and the di-N3-SCT-oxazoline to
yield the azide functionalized antibody (3-20).%? Then, the homogenous antibody-
rhamnose (3-21 and 3-22) and antibody-aGal-conjugates (3-23 and 3-24) were
generated by incubating 3-20 at 5 mg/mL with the DBCO derivatives (3-3, 3-13, 3-15,
and 3-18, respectively, 12 molar equivalents per antibody) at room temperature

(Scheme 3-3).
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Scheme 3-3. Synthesis of the antibody conjugates via chemoenzymatic Fc glycan
remodeling followed by Click reaction
The reactions were monitored by LC-MS analysis. It was found that the Click

reaction with DBCO derivatives (3-3 and 3-15) were completed within 10 h, while the
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reactions of DBCO derivatives 3-13 and 3-18 took a much longer time, which required
about 24 h to complete, probably due to the bulkiness of the Clickable oligosaccharide
clusters. The final products were purified by affinity chromatography on a protein A
column in an excellent isolated yield. The identity and homogeneity were confirmed
by LC-ESI-MS analysis of both the intact antibodies (Figures 3-2a-d) and the Fc
domains after IdeS treatment (Figures 3-2e-h). The observed molecular mass
(deconvolution data) of 3-21, 3-22, 3-23 and 3-24 was 154521 Da, 161718 Da, 155882
Da and 167156 Da, which matched well with their calculated value of 154518 Da,
161714 Da, 155879 Da and 167159 Da, respectively. In addition to the intact antibody
analysis, LC-ESI-MS analysis of the monomeric Fc domain of 3-21, 3-22, 3-23 and 3-
24 released from the IdeS treatment of the antibody conjugates further confirmed the
site-selectivity and homogeneity of the final products (Figures 3-2e-h). The raw LC-

ESI-MS data were shown in Figure 3-3 and Figure 3-4.
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Figure 3-2. LC-ESI-MS analysis of the intact conjugates (3-21, 3-22, 3-23 and 3-24)
and the Fc domains released by IdeS treatment. a) the deconvoluted mass of intact
rhamnose conjugate (3-21); b) the deconvoluted mass of intact rhamnose cluster
conjugate (3-22); c) the deconvoluted mass of intact a -Gal conjugate (3-23); d) the
deconvoluted mass of intact a -Gal cluster conjugate (3-24); e) the deconvoluted mass
of the Fc domain of rhamnose conjugate (3-21); f) the deconvoluted mass of the Fc
domain of rhamnose cluster conjugate (3-22); g) the deconvoluted mass of the Fc
domain of a -Gal conjugate (3-23); h) the deconvoluted mass of the Fc domain of « -
Gal cluster conjugate (3-24).
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The use of the selectively azide-tagged biantennary N-glycan for Fc glycan
remodeling and subsequent conjugation has several advantages, including the site-
specific conjugation and the preservation of the natural Fc N-glycan core after
remodeling, which could be important for maintaining antibody stability and favorable
pharmacokinetic property. Our previous studies have demonstrated that glycosynthase
EndoS2-D184M possesses quite relaxed substrate specificity in transferring different
natural and selectively modified glycan oxazolines,®% 7> 82 119 Recently, we have shown
that both the wild type and the EndoS2-D184M mutant of Endo-S2 can efficiently
transfer selectively azide-functionalized =~ Manbl,4-GIcNAc oxazoline to the
deglycosylated antibody for constructing homogeneous antibody-drug conjugates.!!®
This method could provide an alternative approach for making the antibody-rhamnose

or aGal cluster conjugates.
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Figure 3-3. LC-ESI-MS analysis of the intact antibody conjugates. A) deconvoluted
mass and raw data of intact antibody 3-21; B) deconvoluted mass and raw data of intact
antibody 3-22; C) deconvoluted mass and raw data of intact antibody 3-23; D)
deconvoluted mass and raw data of intact antibody 3-24.
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Figure 3-4. LC-ESI-MS analysis of the Fc domains released by IdeS treatment of the
antibody conjugates A) deconvoluted mass and raw data for Fc domains of 3-21; B)
deconvoluted mass and raw data for Fc domains of 3-22; C) deconvoluted mass and
raw data for Fc domains of 3-23; D) deconvoluted mass and raw data for Fc domains
of 3-24.
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Scheme 3-4. Direct enzymatic transfer of Rha ligand-loaded glycans to antibodies

using the Endo-S2 D184M

Given the broad substrate specificity of the Endo-S2 mutant, we reasoned that
the enzyme might be able to transfer ligand-preloaded glycan oxazolines to make the
final antibody conjugates in a single step. To test this hypothesis, we first conjugated
the monomeric and tetrameric rhamnose to the azide-functionalized N-glycan using the
ring-strain-promoted cycloaddition reaction to give 3-26a and 3-26b, respectively. The
ligand-functionalized sialylated glycan was then converted to oxazolines 3-27a and 3-
27b using the single-step glyan oxazoline formation reaction with dehydrating agent 3-
chloro-1,3-dimethylimidazolinium chloride (DMC) in water.'!’: ''2 We found that

EndoS2-D184M could tolerate the rhamnose modification on the glycan oxazoline and
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could smoothly transfer the antigen-loaded glycan to the deglycosylated trastuzumab
(3-28) to give the corresponding antibody conjugate (3-21). Using 30 equivalents of
the glycan oxazoline (3-27a), the reaction completed within 40 min (Figure 3-5).
However, we found that the larger Rha cluster-containing glycan oxazoline (3-27b)
was transferred much more slowly than the simpler Rha-loaded glycan oxazoline (3-
27a). (Scheme 3-5) Interestingly, the major product was a monosubstituted antibody
when the reaction was carried out for 60 min (Figure 3-6). The results suggest that the
Endo-S2 mutant could tolerate the modifications on the glycan oxazolines, but a
modification with a larger moiety such as the Rha clusters slows down the
transglycosylation reaction, which would require optimization of the conditions to

drive the reaction to completion.
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Figure 3-5. The LC-ESI-MS monitoring of the glycosylation reactions between azide-
glycan oxazoline 3-27a and antibody 3-28 catalyzed by Endo-S2 D184M. A mixture
of the deglycosylated antibody 3-28 (0.5 mg, 3.3 nmol, 25 mg/mL), glycan oxazoline
3-27a (0.44 mg, 100 nmol, 30 mol. equiv. of the antibody), and the mutant enzyme (0.1
mg/mL) in a Tris buffer (100 mM, pH 7.2) was incubated at 30 °C and the reaction was
monitored by LC-ESI-MS analysis of the intact antibodies at 20 min intervals. a) the
deconvoluted mass of 3-28; b) the deconvoluted mass of the reaction mixture catalyzed

by Endo-S2 D184M at 40 min.
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Figure 3-6. The LC-ESI-MS monitoring of the glycosylation reactions between azide-
glycan oxazoline 3-27b and antibody 3-28 catalyzed by Endo-S2 D184M. A mixture
of the deglycosylated antibody 3-28 (0.1 mg, 3.3 nmol, 25 mg/mL), glycan oxazoline
3-27b (0.44 mg, 100 nmol, 40 mol. equiv. of the antibody), and the mutant enzyme (0.4
mg/mL) in a Tris buffer (100 mM, pH 7.2) was incubated at 30 °C and the reaction was
monitored by LC-ESI-MS analysis of the intact antibodies at 20 min intervals. a) the
deconvoluted mass of 3-28; b) the deconvoluted mass of the reaction mixture catalyzed

by Endo-S2 D184M at 60 min.

Cell-based assay of the complement-dependent cytotoxicity of the antibody

conjugates.

To compare the potency of the conjugates 3-21, 3-22, 3-23 and 3-24 we studied

the in vitro cytotoxicity of the antibody conjugates with BT474 (high HER-2

expressing) and T47D (low HER-2 expressing) cells. In this assay, the anti-aGal and

anti-rhamnose antibodies were provided by commercially available human serum.
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Serum-free RPMI media was used to carry out the assays to avoid the possible aGal
contamination from the FBS. The complement required to lyse the cells was provided
by standard rabbit complement. Since rabbit complement itself could lysate cells even
at relatively low concentration, we screened for the best combination amount of
human serum and rabbit complement to minimize the effect of non-specific CDC. We
found that 10 pL of human serum (Millipore Sigma) and 4 pL of rabbit complement
(Cedarlane Laboratories) per well gave the best balance between non-specific killing
caused by the complement (about 10-15%) and the efficacy of the conjugates. Under
this condition, we found that conjugate 3-22, with sixteen rhamnose antigen, was the
most potent antibody conjugate, which killed more than 70% of the HER2 high-
expression cancer cells within 2 h (Figure 3-5a). The calculated EC50 value for 3-22
was 0.57 nM (92 ng/mL). To our amazement, the conjugate 3-21, with only four
rhamnose antigen, could also lyse up to 50% of BT474 cells in relatively short period
of time (Figure 3-7a). The reason that the best antibody-rhamnose conjugates did not
reach to 100% target cell killings may be due to the varied levels of HER2 expression
of BT474 and/or the unstable nature of the complements during the incubation of the
assays. It is expected that these results could be more efficient when the complement
is persistent as in the case of in vivo situation. In contrast, the killing of the aGal
conjugates (3-23 and 3-24) were much weaker than the antibody-rhamnose cluster
conjugates (3-21 and 3-22). It was found that conjugate 3-24, with sixteen aGal
epitope managed to lyse up to 20% of the BT474, while conjugate 3-23, with four
aGal epitope could lyse only about 10% of the BT474 at 25 pg/mL. (Figure 3-7b) To

eliminate the possibility that the difference between the rhamnose conjugates and the
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aGal conjugates was caused by the specific batch of the human serum that was used
for the assay, the cytotoxicity assay was also carried out by using the human serum
obtained from a different source (Cosmo Bio USA). The results were almost identical
(Figure 3-8). Given the fact that the average anti-rhamnose antibodies in human blood
is usually higher than the anti-aGal antibodies,*” °7 with a higher percentage of the
anti-rhamnose antibodies being of the IgM type,3* % 19! These results suggest that
recruiting the more potent anti-Rha IgM antibodies could be a more efficient strategy
than targeting the anti-aGal antibodies. For the HER-2 low-expressing cell line, none
of these four antibody conjugates showed cytotoxicity in a dose-dependent manner up
to 50 pg/mL (Figure 3-7c¢, 3-7d). This study demonstrates that the antibody-rhamnose
cluster conjugates are a promising construct for augmenting potent complement-

dependent cytotoxicity for targeted cell killing.

BT474 b BT474
100+ 1004
J - Rhay-Her (21) 1 e o-Galy-Her (23)
2 = ]
® -m Rhayg-Her (22) ® m  o-Galyg-Her (24)
@ 50+ a 50+
S =]
£ ] £ i
c E 1=
S S "Rl ] g
o 1 e i [ PO
T T T T T 1 T T T T T 1
0.1 1 10 100 1000 10000 100000 0.1 1 10 100 1000 10000 100000
ng/mL ng/mL
T47D T47D
c d
100+ 1004
1 o Rhay-Her(21) 1 o o-Gals-Her (23)
ES ES
@ m  Rhaqg-Her (22) ® m  o-Galyg-Her (24)
@ 50+ @ 50+
S S
£ ] £ ]
c - c E
@ @
= 1 i ; 2 1 i
3 3
o ] o ] i g E ;
’ é gI gl ili :I§ iI ’ i .I ;I i gI T 1
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
ng/mL ng/mL

Figure 3-7. Cell killing assays for breast cancer cell lines a) rhamnose conjugates with
BT-474 (HER2 overexpression); b) «Gal conjugates with BT-474 (HER2
overexpression); ¢) rhamnose conjugates with T47D (HER2 low expression); d) a-Gal
conjugates with T47D (HER2 low expression). All assays were performed in
triplicate.
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Figure 3-8. Cell killing assays for breast cancer cell lines a) Rhamnose conjugates with
BT-474 (HER2 overexpression); b) a-Gal conjugates with BT-474 (HER2
overexpression). The human serum was purchesed from Cosmo Bio USA. All assays
were performed in triplicate.

3.3 Conclusion

A highly efficient chemoenzymatic synthesis of homogeneous antibody-
rhamnose cluster and antibody-aGal cluster conjugates is described. The construction
of the antibody conjugates was achieved by site-specific chemoenzymatic Fc glycan
remodeling followed by a Click reaction. Alternatively, the antibody-rhamnose
conjugate could also be achieved by direct Fc glycan remodeling with a rhamnose-
preloaded glycan oxazoline. A comparative study reveals that the antibody-rhamnose
cluster conjugates are more potent than the corresponding antibody-aGal
oligosaccharide conjugates in recruiting natural antibodies for targeted cancer cell
killing. These results suggest that antibody-rhamnose conjugates represent a promising
strategy for augmenting complement-dependent targeted cell killing by recruiting the
more effective natural anti-Rha IgM antibodies. Future studies should be directed to

evaluation of the cytotoxicity of the antibody conjugates in animal models.
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3.4 Experimental Section

Materials and Methods

Chemicals, reagents, and solvents were purchased from Sigma—Aldrich and/or
TCI and used as received unless otherwise specified. Monoclonal antibody Hercptin
was purchased from Premium Health Services Inc. (Columbia, MD). All moisture
sensitive reactions were carried out under argon atmosphere, using standard Schlenk
techniques. All dry solvents were prepared according to standard procedures. Thin-
layer chromatography was performed on silica gel 60-F2s4 on glass plates (Merck) and
revealed with p-anisaldehyde stain. Silica gel (200—425 mesh) used in flash
chromatography for large-scale reactions was purchased from Sigma-Aldrich.
Columns for flash chromatography for small-scale reactions were performed on Isolera
One system with ZIP KP-Sil columns (Biotage) with elution condition specified for
each target compound. Solvent gradients were given refer to stepped gradients and
concentrations are reported as % v/v. Preparative HPLC was performed with Waters
1525 Binary HPLC pump coupled with 2489 UV/Vis Detector under UV 214 nm and
280 nm with a Waters Symmetry C18 column (7 pm, 19 x 300 mm) using water
containing 0.1% trifluoracetic acid as phase A, MeCN containing 0.1% trifluoracetic
acid as phase B. Semi-preparative HPLC for the toxic payloads was performed on the
same instrument with an Aglient Eclipse XDB-C18 column (5 pm, 9.4x 250 mm) using
water containing 0.1% formic acid as phase A, MeCN containing 0.1% formic acid as

phase B.
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Purification of antibody and antibody conjugates using AKTA prime plus FPLC

system.

The FPLC system (GE Healthcare) was used for purification of the
functionalized antibodies equipped with 1mL HiTrap protein A column (GE
Heatlthcare). Concentration of antibodies was determined by NanoDrap 200c (Thermo

Scientific).

LC-ESI-MS analysis of antigen-DBCO payloads

LC-MS for glycans, glycopeptides and payload derivatives were performed on
HPLC-SQ2 detector (Waters) with a Waters XBridge C18 column (3.5 pm, 2.1x 50
mm) using water containing 0.1% formic acid as phase A, MeCN containing 0.1%
formic acid as phase B. The analytical HPLC for payload derivatives was analyzed with
an Aglient Eclipse SDB-C18 column (5 um, 3.0% 250 mm) under UV 214 nm and 280
nm with methods specialized for each compound. HR-ESI-MS was performed with
Exactive Plus Orbitrap Mass Spectrometer (Thermo Scientific) equipped with a Waters

XBridge C18 column (3.5 pm, 2.1x 50 mm).

LC-ESI-MS analysis of intact antibody derivatives.

LC-ESI-MS analysis of intact tagged antibodies and antibody-drug conjugates
was performed with Exactive Plus Orbitrap Mass Spectrometer (Thermo Scientific)
equipped with a Waters XBridge BEH300 C-4 column (3.5 pm, 2.1 x 50 mm) with

gradient elution of water containing 0.1% formic acid as phase A, MeCN containing
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0.1% formic acid as phase B. Mass spectra were deconvoluted using MagTran (ver

1.03 b2).

LC-ESI-MS analysis of Fc domains released by IdeS treatment.

The antibody samples in PBS were incubated with IdeS at 37 °C for 2 h. The
samples were analyzed by with Exactive Plus Orbitrap Mass Spectrometer (Thermo
Scientific) equipped with an Agilent Poroshell 300SB C8 column (5 um, 1.0 X 75 mm)
with gradient elution of water containing 0.1% formic acid as phase A, MeCN

containing 0.1% formic acid as phase B. Mass spectra were deconvoluted using

MagTran (ver 1.03 b2).

NMR analysis.

'H, 13C, and COSY NMR spectra were recorded on 400 MHz or 600 MHz
spectrometer (Bruker) with CDCl3, MeOD-ds, D20 or DMSO-ds as the solvent (solvent
residue peak 7.26, 3.31, 4.79, 2.50 ppm). All *C NMR spectra were performed with
proton decoupling, and all chemical shifts are reported in parts per million (ppm) and
referenced to residual solvent. 'TH-NMR chemical shifts were recorded relative to the
solvent residual peak (CDCls at 7.26 ppm, MeOD-d4 at 3.31ppm, D20 at 4.79 ppm,
DMSO-ds at 2.50 ppm). '*C NMR chemical shifts are reported relative to the solvent
residual peak (CDCl3 at 77.00 ppm, MeOD-ds at 49.00 ppm, DMSO-ds at 39.51 ppm).
The number of protons (n) corresponding to a resonance signal was indicated by nH

and spin-spin coupling constants (J value) recorded in Hz.
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Synthesis of the Antibody recruiting molecules

Synthesis of Rhamnose-PEG-DBCO (3-3). The rhamnose-PEG-NH2 3-1 (3.5
mg, 12 umol) was weighed into a 1.5 mL centrifuge tube. A solution of the DBCO-
PEG-NHS (3-2) (8 mg, 11.5 pmol, 50 mg/mL) was added, followed by 1 uL. of TEA.
The mixture reacted at room temperature for 2 hours before HPLC-SQ2 analysis
showed completion of the reaction. The mixture was diluted with water and purified by
semi prep-HPLC to afford 3-3 (6 mg, 60%). HR-ESI-MS: [M+H]" calcd for
C44H6aN3015", 874.4332; found (m/z), 874.4304. HPLC (0.4 mL/min, 25-60%B,

30min, tr = 14.2 min, Figure 3-9)
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Figure 3-9. HPLC profile for 3-3, 0.4 mL/min, 25-60%B, 30 min

Synthesis of compound 3-6. To a solution of 3-4 (857 mg, 1.5 mmol) and 3-5

(400 mg, 1.3 mmol) in DCM (10 mL), TEA (303 mg, 3 mmol) was added at room
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temperature. After the mixture was stirred at room temperature for 16 hours, the solvent
was removed in vacuo and the intermediate was purified by flash silica gel column
chromatography by hexane and acetone (9:1 to 2:1, v/v). After it was concentrated
under vacuo, the intermediate was treated with TFA/DCM (1:1, v/v) on ice for 30
minutes. The product in TFA salt form was concentrated and used without further

purification (700 mg).

Synthesis of compound 3-7. In a 25 mL round-bottom flask, 3-4 (350 mg, 0.52
mmol) and 6 (850 mg, 1.92 mmol) were dissolved in DCM (10 mL). The mixture was
stirred for 3 hours after TEA (255 mg, 2.5 mmol) was added. The solvent was removed
in vacuo and the intermediate was purified by flash silica gel column chromatography
by hexane and acetone (9:1 to 1:1, v/v). After it was concentrated under vacuo, the
intermediate was treated with TFA/DCM (1:1, v/v) on ice for 30 minutes. The product

as a TFA salt was concentrated and used without further purification (614 mg).

Synthesis of compound 3-10. 2-(2-(2-azido)ethoxy)ethyl-2,3,4-tri-O-acetyl-a-
L-Rhamnose '3 (1.7 g, 3.8 mmol) was dissolved in MeOH (20 mL) with 1M HCI (200
puL). The solution was stirred with 5% Pd/C (78 mg) under H2 atmosphere at room
temperature for 1 hour. After filtration and concentration under vacuo, the resulting
amine was used for next step without further purification. To a solution of 3-9 (700 mg,
2.05 mmol) in DCM (20 mL), a solution of pre-OAc-Rha amine (290 mg, 0.688 mmol)
in DCM (10 mL) was added dropwise. The reaction mixture was stirred for another 2
hours at room temperature before the solvent was removed in vacuo and the

intermediate was purified by flash silica gel column chromatography by hexane and
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EtOAc (9:1 to 1:1 with 0.5% AcOH, v/v). The product was isolated as a colorless oil
(284 mg, 79%, over two steps). 'H NMR (400 MHz, DMSO-d6): 6 =1.12 3H, d, J =
6.2 Hz), 1.57 (4H, m), 1.93 (3H, s), 2.03 (3H, s), 2.10 (5H, m), 2.66 (2H, t, /= 6.6 Hz),
2.81 (4H, br), 3.18 (2H, m), 3.40 (2H, t, J = 5.9 Hz), 3.45-3.65 (8H, m), 3.70 (1H, m),
3.86 (1H, m),4.82 (1H, d,/J=1.2 Hz), 4.88 (1H, t,J=9.9 Hz), 5.05-5.10 (2H, m), 7.87
(1H, m). BC NMR (100 MHz, DMSO-d6): 5 =17.68,20.91,20.95, 21.07, 24.26, 24.78,
25.90, 30.37, 35.09, 38.90, 33.15, 66.94, 69.10, 69.43, 69.65, 69.74, 70.02, 70.21,
70.54, 97.06, 169.37, 170.18, 170.72, 172.23. ESI-MS: [M + H]" caled for

CasHa3sN2015", 647.2658; found (m/z), 647.4511.

Synthesis of Rhas-dendrimer-DBCO (3-13). To a solution of 3-7 (6.5 mg, 7.7
umol) in DMSO (100 pL), a solution of 3-10 (30 mg, 46.4 umol) in DMSO (300 pL)
was added followed by TEA (1.17 mg, 11.4 pmol) at room temperature. After HPLC-
SQ2 analysis suggested the reaction was completed, the reaction mixture was diluted
with 2 mL water. Hydrazine was added so the final hydrazine concentration was 3%.
The mixture was left at room temperature for 16 hours before piperidine (200 puL) was
added to the mixture to remove the Fmoc protection group at room temperature. Fmoc
removal was completed within 30 minutes. The mixture was lyophilized and purified
by LH-20 size exclusion chromatography. A solution of 3-2 (6.9 mg, 10 umol) in
DMSO (140 pL) was added to the intermediate. The mixture reacted at room
temperature for 6 hours before HPLC-SQ?2 analysis showed completion of the reaction.
The mixture was diluted with water and purified by semi prep-HPLC to afford 3-13 (15

mg, 73%, over four steps). HR-ESI-MS: [M + HJ" caled for Ci26H211N14047",
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2673.4549 (100%); found (m/z), 2673.4546. HPLC (0.4 mL/min, 10-50%B, 30min, tr

= 20.8 min, Figure 3-10)
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Figure 3-10. HPLC profile for 3-13, 0.4 mL/min, 10-50%B, 30 min

Synthesis of compound a-Gal-PEG-DBCO (3-15). To a solution of 3-14 *° (2
mg, 3.15 umol) in DMSO (100 pL), the DBCO-PEG-NHS (3-2) (4 mg, 5.8 umol) in
DMSO (80 pL) was added, followed by 0.5 uL of TEA. The mixture reacted at room
temperature for 2 hours before HPLC-SQ?2 analysis showed completion of the reaction.
The mixture was diluted with water and purified by semi prep-HPLC to afford 3-15
(2.2 mg, 58%). ESI-MS: [M + H]" calcd for CssHsaN3O26", 1214.5338; found (m/z),

1214.8262. HPLC (0.4 mL/min, 10-50%B, 30min, tr = 21.6 min, Figure 3-11)
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Figure 3-11. HPLC profile for 3-15, 0.4 mL/min, 10-50%B, 30 min

Synthesis of compound 3-16. To a stirring solution of 3-9 (21.4 mg, 63 umol)
in DMSO (0.6 mL) the solution of 3-14 (10 mg, 15.7 pmol) was added dropwise over
30 minutes at room temperature. The reaction was stirred at room temperature for
another 2 hours before HPLC-SQ?2 analysis showed completion of the reaction. The
mixture was diluted with water, lyophilized, and then purified by semi-prep HPLC to
afford 3-16 (8.5 mg, 67%) as a white powder. 'H NMR (600 MHz, D20): 6 = 1.69 (4H,
m), 2.28 (2H, t, J=7.0 Hz), 2.72 (2H, t,J=7.0 Hz), 2.91 (4H, br), 3.32 (1H, m), 3.36
(2H, t, J = 5.3 Hz), 3.60-3.85 (21H, m), 3.92 (1H, m), 3.95 (1H, m), 3.99 (1H, d, J =
2.9 Hz), 4.03 (1H, m), 4.14-4.18 (2H, m), 4.49 (2H, dd, J: = 8.0 Hz J> = 2.2 Hz), 5.11
(1H, d,J = 3.8 Hz). *C NMR (150 MHz, D20): § = 22.74, 23.99, 24.67, 25.02, 29.57,
34.69, 38.39, 59.67, 60.42, 60.48, 64.31, 67.71, 68.24, 68.37, 68.63, 68.80, 68.87,

69.08, 69.14, 69.19, 70.34, 72.29, 73.90, 74.26, 74.56, 76.71, 78.17, 94.94, 101.61,
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102.38, 170.09, 172.92, 175.99. HR-ESI-MS: [M + H]" caled for C34Hs7N2023",

861.3347; found (m/z), 861.3313.

Synthesis of DBCO functionalized a-Gal dendrimer (3-18). To a solution of
3-7 (1.0 mg, 1.1 pmol) in DMSO (100 pL), a solution of 3-16 (4.8 mg, 5.7 umol) in
DMSO (100 pL) was added followed by TEA (1.17 mg, 11.4 pmol) at room
temperature. After HPLC-SQ2 analysis suggested the reaction was completed, the
reaction mixture was diluted with 1 mL water. Piperidine (120 pL) was added to the
mixture to remove the Fmoc protection group at room temperature. Deprotection was
completed within 30 minutes. The mixture was lyophilized, before a solution of 3-2
(1.0 mg, 1.4 pmol) in DMSO (100 pL) was added. The mixture reacted at room
temperature for 6 hours before HPLC-SQ?2 analysis showed completion of the reaction.
The mixture was diluted with water and purified by semi prep-HPLC to afford 3-18
(3.1 mg, 65%, over three steps). HR-ESI-MS: [M + 2H]** calcd for C174H202N14091%",
2017.4337 (100%); found (m/z), 2017.3817. HPLC (0.4 mL/min, 10-50%B, 30min, tr

=16.5 min, Figure 3-12)
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Figure 3-12. HPLC profile for 3-18, 0.4 mL/min, 10-50%B, 30 min

Synthesis of Rhamose functionalized SCT-oxa (3-27a). A solution of Di-N3-
SCT (3-25) (5.0 mg, 1.9 umol) and 3-3 (4.2 mg, 4.8 umol) in DI water (400 uL) was
incubated at room temperature for 4 h when LC-MS indicated the completion of the
reaction. The solution was then cooled on ice, and TEA (11.7 mg, 115 pmol) and 2-
chloro-1,3-dimethylimidazolinium chloride (DMC) (8.1 mg, 45.5 umol) were added,
following the previously described procedure.!'!!: 1'2 The reaction mixture was kept on
ice for 45 min, then it was diluted with 0.1 % ammonium hydroxide, and the glycan
oxaozline was purified by semi-prep HPLC with gradient elution (10%-70%B, 40min)
of water containing 0.1% ammonium hydroxide as phase A, MeCN containing 0.1%
ammonium hydroxide as phase B. 3-27a was isolated as a white powder after
lyophilization (6 mg, 72%, over two steps). 'H NMR (600 MHz, D20): 6 = 7.92 — 7.83
(m, 1H), 7.82 —7.74 (m, 1H), 7.72 — 7.65 (m, 2H), 7.64 —7.49 (m, 4H), 7.44 — 7.21 (m,
8H), 6.04 (d, J= 7.2 Hz, H-1-GlcNAc-Ox), 5.91 — 5.80 (m, 3H), 5.61 — 5.53 (m, 2H),
5.18 = 5.16 (m, 1H), 5.12 — 5.00 (m, 3H), 4.95 — 4.86 (m, 4H), 4.78 — 3.02 (m, 183H),
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2.71 = 2.60 (m, 4H), 2.51 — 2.38 (m, 8H), 2.05 — 1.97 (m, 15H), 1.85 — 1.75 (m, 3H),
1.71 — 1.54 (m, 4H), 1.28 — 1.21 (m, 6H). HR-ESI-MS [M + 2H]*" caled for

Ci188H2090N19094>", 2164.4628 (100%); found (m/z), 2164.4403.

Synthesis of rhamose cluster functionalized SCT-oxa (3-27b). A solution of Di-N3-
SCT (3-25) (1 mg, 0.385 pumol) and 3-13 (2.5 mg, 0.962 umol) in DI water (200 pL)
was incubated at room temperature for 4 h. Then, the solution was cooled at 0°C, and
TEA (2.6 mg, 25 pmol) and DMC (1.6 mg, 9.62 umol) were added, and the reaction
mixture was incubated at 0 °C for 45 min. The glycan oxazoline was purified by semi-
prep HPLC with gradient elution (10%-70%B, 40min) of water containing 0.1%
ammonium hydroxide as phase A, MeCN containing 0.1% ammonium hydroxide as
phase B. 3-27b was isolated as a white powder after lyophilization (1.8 mg, 59%, over
two steps). 'H NMR (600 MHz, D20): § = 7.90 — 7.85 (m, 1H), 7.82 — 7.74 (m, 1H),
7.72 —7.65 (m, 4H), 7.64 —7.49 (m, 4H), 7.42 — 7.25 (m, 8H), 6.04 (d, J= 7.3 Hz, H-
1-GlcNAc-Ox), 5.91 — 5.80 (m, 3H), 5.61 — 5.53 (m, 2H), 5.18 - 5.16 (m, 1H), 5.12 —
5.00 (m, 3H). 4.94 — 4.88 (m, 2H), 1.28 — 1.21 (m, 24H). HR-ESI-MS [M + 4H]*" calcd

for C352Hs9sN410158*", 1981.9966 (100%); found (m/z), 1981.9896.

Preparation of Antibody Conjugates

Synthesis of Rhas-Herceptin conjugate (3-21). A solution of azide-tagged antibody
3-20 (2 mg, 13 nmol) and the Rha-PEG-DBCO (3-3) (113 pg, 0.13 pumol, 10 eq) in a
phosphate buffer (50 mM, pH 7.2) (final volume, 500 puL) was incubated at ambient
temperature (23 °C). The reaction mixture was shielded from light and gently vortexed.
The reaction was monitored by LC-ESI-MS analysis. After 8 h, the Click reaction was
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complete as indicated by LC-ESI-MS. The mixture was then diluted with phosphate
buffer (5 mL, 50 mM, pH 7.2) and filtered by 0.22 um syringe filter. The conjugate
product in the filtrate was purified by protein A chromatography to give 3-21 (1.8 mg,
87%). ESI-MS of 3-21: calcd. M = 154518 Da; found (m/z), 2810.50 [M + 55H]>>",
2862.53 [M + S4HJ]’*", 2916.46 [M + 53H]***, 2972.55 [M + 52H]***, deconvolution
of the ESI-MS, M = 154521 Da. Fc analysis: caled, M = 28463 Da; found (m/z),
2034.03 [M + 14H]'**, 2090.38 [M + 13H]'**, 2372.80 [M + 12H]'**, deconvolution

data, M = 28462 Da.

Synthesis of Rhaijs-Herceptin conjugate (3-22). A solution of azide-tagged
antibody 3-20 (2 mg, 13 nmol) and the Rhas-PEG-DBCO (3-13) (721 pg, 0.27 pmol,
20 eq) in a phosphate buffer (50 mM, pH 7.2) (final volume, 500 puL) was incubated at
ambient temperature (23 °C). The reaction mixture was shielded from light and gently
vortexed. The reaction was monitored by LC-ESI-MS analysis. After 16 h, the Click
reaction was complete as indicated by LC-ESI-MS. The mixture was then diluted with
phosphate buffer (5 mL, 50 mM, pH 7.2) and filtered by 0.22 um syringe filter. The
conjugate product in the filtrate was purified by protein A chromatography to give 3-
22 (1.9 mg, 88%). ESI-MS of 3-22: caled. M = 161714 Da; found (m/z), 2941.30 [M
+ 55H]%7, 3052.25 [M + 53H]**, 3110.84 [M + 52H]>*", 3171.81 [M + S1H]’'",
deconvolution of the ESI-MS, M = 161718 Da. Fc analysis: calcd, M = 32061 Da;
found (m/z), 2291.05 [M + 14H]'**, 2467.16 [M + 13H]"**, 2672.64 [M + 12H]'*,

deconvolution data, M = 32060 Da.
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Synthesis of a-Gals-Herceptin conjugate (3-23). A solution of azide-tagged
antibody 3-20 (2 mg, 13 nmol) and the a-Gal-PEG-DBCO (3-15) (157 pg, 0.13 pmol,
10 eq) in a phosphate buffer (50 mM, pH 7.2) (final volume, 500 puL) was incubated at
ambient temperature (23 °C). The reaction mixture was shielded from light and gently
vortexed. The reaction was monitored by LC-ESI-MS analysis. After 8 h, the Click
reaction was complete as indicated by LC-ESI-MS. The mixture was then diluted with
phosphate buffer (5 mL, 50 mM, pH 7.2) and filtered by 0.22 um syringe filter. The
conjugate product in the filtrate was purified by protein A chromatography to give 3-
23 (1.9 mg, 87%). ESI-MS of 3-23: calcd. M = 155879 Da; found (m/z), 2835.26 [M
+ 55H]%", 2887.68 [M + 54H]>*, 2942.18 [M + 53H]***, 2998.70 [M + 52H]%,
deconvolution of the ESI-MS, M = 155882 Da. Fc analysis: calcd, M = 29143 Da;
found (m/z), 2082.71 [M + 14H]'"", 2242.71 [M + 13H]'**, 2429.57 [M + 12H]'*,

deconvolution data, M = 29143 Da.

Synthesis of a-Galie-Herceptin conjugate (3-24). A solution of azide-tagged
antibody 3-20 (2 mg, 13 nmol) and the a-Gal-PEG-DBCO (3-15) (1.09 mg, 0.27 umol,
20 eq) in a phosphate buffer (50 mM, pH 7.2) (final volume, 500 uL) was incubated at
ambient temperature (23 °C). The reaction mixture was shielded from light and gently
vortexed. The reaction was monitored by LC-ESI-MS analysis. After 40 h, the Click
reaction was complete as indicated by LC-ESI-MS. The mixture was then diluted with
phosphate buffer (5 mL, 50 mM, pH 7.2) and filtered by 0.22 um syringe filter. The
conjugate product in the filtrate was purified by protein A chromatography to give 3-
24 (2.0 mg, 90%). ESI-MS of 3-24: calcd. M = 167159 Da; found (m/z), 3040.18 [M

+ 55H], 3096.46 [M + S4H]*, 3154.81 [M + 53H]*, 3215.53 [M + S52H]%,
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deconvolution of the ESI-MS, M = 167158 Da. Fc analysis: calcd, M = 34783 Da;
found (m/z), 2319.77 [M + 15H]'>*, 2485.47 [M + 14H]'*", 2676.52 [M + 13H]"*",

deconvolution data, M = 34782 Da.

Synthesis of Rhas-Herceptin conjugate (3-21) via transglycosylation. To the
solution of 3-28 (500 pg, 25 mg/ml in 100 mM Tris buffer), glycan oxazoline 3-27a
(941 pg, 30 eq, 100 mg/mL in 100 mM Tris buffer) was added. After adjusting the pH
to 7.4, Endo-S2 D184M mutant (13 mg/mL) was added to the solution. The final
enzyme concentration was 0.1 mg/mL. The reaction was carried out at 30 °C and
monitored by LC-MS every 20 minutes. The reaction reached completion in 60 min.
The product was purified by protein A chromatography to yield 3-21 (420 pg, 82%).
ESI-MS of 3-21: calcd. M = 154518 Da; found (m/z), 2810.48 [M + 55H]>"*, 2862.51
[M + 54H]3*,2916.44 [M + 53H]>*, 2972.53 [M + 52H]***, deconvolution of the ESI-

MS, M = 154519 Da.

Synthesis of Rhajs-Herceptin conjugate (3-22) via transglycosylation. To
the solution of 3-28 (105 pg, 35 mg/ml in 100 mM Tris buffer), glycan oxazoline 3-
27b (220 pg, 40 eq, 100 mg/mL in 100 mM Tris buffer) was added. After adjusting the
pH to 7.4, Endo-S2 D184M mutant (13 mg/mL) was added to the solution. The final
enzyme concentration was 0.4 mg/mL. The reaction was carried out at 30 °C and

monitored by LC-MS every 20 minutes.

In Vitro Cytotoxicity Assay

BT474 cells (ATCC HTB-20) were cultured in HybriCare medium (ATCC 46-

X) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100
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pug/mL streptomycin in T-75 flasks (CELLTREAT). T47D cells (ATCC HTB-133)
were maintained in RPMI-1640 medium (ATCC 30- 2001) containing FBS, 4 mg/L

insulin, 100 U/mL penicillin, and 100 pg/mL streptomycin in T-75 flasks

(CELLTREAT).

For the cytotoxicity assays, cells were seeded into 96-well plates with 25,000
cells per well and grown for 24 hours at 37 °C and 5% COz. The FBS containing media
was removed. The serum free RPMI media with the antibody conjugates (starting at a
concentration of 25 pg/mL for BT474 and 50 pg/mL for T47D and serially diluted 1:3)
was added. Each compound was assessed in triplicate wells, the cells without
compound served as control. After incubation for 2 hours, the antibody conjugates
solution was removed. 70pL serum free RPMI and 10 pL human serum was added to
each well and incubated for 15 minutes. Then 20 pL of 20% rabbit complement diluted
by serum free RPMI was added to each well and incubated for 2 hours. The cells were
then washed with PBS before the incubation with RPMI media containing 10% Cell
Counting Kit-8 (Dojindo). The absorbance of formazan released by viable cells was
measured at 450 nm using a spectrophotometer after incubation for 2—3 h at 37 °C and
5% COaz. Finally, the cell viability curve and the EC50 values were calculated using

GraphPad Prism software.
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Chapter 4: Antibody-Drug Conjugates with Dual Functional

Ligands for Enhanced Internalization and Lysosomal Delivery

4.1 Introduction

As discussed in Chapter 1, to achieve both high selectivity and toxicity, modern
antibody-drug conjugates deliver potent drugs into their targeted cells through
internalization and lysosomal trafficking. Previous studies suggest that enhancing the
lysosomal delivery of the ADCs, their potency and therapeutic efficacy could be
improved significantly. 3% 4! 4> Besides, due to this requirement the tumor-specific
antigens suitable for ADCs are severely limited.” !'"* The conjugation of an
internalizing factor to an antibody-drug conjugate could possibly broaden the scope of
druggable tumor antigens. Herein, we proposed a flexible method to generate
functionalized ADCs based on Fc glycan engineering with dual-functionalized N-

glycans followed by stepwise Click reactions.

The ability to achieve double functionalized antibody is always highly desirable
due to the inherent and acquired drug resistance observed in current ADC therapies.
Recent research indicated some drug resistance could be overcome by using another
drug with the same antibody. 77 1'% 11® Therefore, it is of high interest to develop ADCs
carrying two drugs with high homogeneity. Currently, several groups have reported
their research of generating dual-drug antibody-drug conjugates, but many of these

attempts did not produce homogenous ADCs. 2% 3% 78 80 Nowadays, achieving the
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synthesis of ADCs with high homogeneity is still challenging: in 2017, Levengood and
coworkers reported successful generation of homogeneous dual-drug ADCs by
orthogonal cysteine protection®’; in 2018, Bruins and coworkers used a cpTCO based
unnatural amino acid in the heavy chain and azide on the Fc N-glycan to achieve dual-

functionalized antibody. *

To achieve the synthesis of the dual-functionalized antibody through
orthogonal Click reactions, the selection of the bioorthogonal ligation reactions is also
crucial. The strain-promoted azide-alkyne cycloaddition (SPAAC) developed by
Bertozzi and coworkers was our first choice since it is one of the most widely used
Click reactions for functionalization of antibodies.!> ''” Among other bioorthogonal
reactions, inverse electron demand Diels-Alder reaction (IEDDA) pioneered by Dr.
Fox and Dr. Hilderbrand was the most ideal, because it has been used for antibody
conjugations recently and it has been used orthogonally to the SPAAC in other
applications.?® 8% 118122 Dye to the potential problem of cross-reactivity between the
ligands of these two Click reactions, we decided to introduce azide and cyclopropane
groups together onto the antibody according to previous research.!!' 122123 During the
time we are working on this project, a similar study was published by Yamazaki and
coworkers. They used azide and tetrazine functionalized linker and transglutaminase to

conjugate it to an anti-HER2 antibody.?®
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Figure 4-1. Fc glycan remodeling of Herceptin to generate dual-drug ADC

The cation-independent mannose 6-phosphorate receptor (CI-MPR) has been

used to transport extracellular proteins into the lysosome. The enzyme replacement
therapy was based on targeting recombinant lysosomal enzyme with M6P-containing
high mannose oligosaccharide signals to treat Pompe diseases, a lysosomal storage
disease. '?* 25 In recent years, M6P ligand was also used as a lysosome-targeting
chimaeras (LYTACs) to selectively achieve lysosomal degradation of membrane
proteins of interest.!?6: 27 Therefore, the M6P ligands could be used as an
internalization factor for ADCs. Due to the fact that the expression of the CI-MPR is

found on most of heathy cells, the ADCs functionalized with M6P was used as a model
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compound for a proof of concept for the overall platform. Further studies are being

carried out with tumor specific internalizing ligands, such as folic acid.

4.2 Results and Discussion

Chemical synthesis of the dual-functionalized antibodies with Fc glycan engineering

As we optimized the N-glycan functionalization using DMTMM in Chapter 2,
3 equivalents of Linker a was required to complete the reaction for Di-N3-SCT (2-2).
Using the same conditions, with 1 equivalent of Linker a, the mono-N3-SCT (4-2)
could be obtained with very good overall conversion yield (70-80%) according to
HPLC. The compound could be purified by either anion exchange or preparative
HPLC. The Linker b could be installed to the other sialic acid by the same reaction
with 61% isolated yield. And the dual-functionalized oxazoline could be obtained by

the previous described method. (Scheme 4-1)
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Scheme 4-1. Synthesis of dual-functionalized SCT-oxazoline
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Two types of antibodies were used in this work: trastuzumab (Herceptin), an
anti-human epidermal growth factor receptor 2 (HER-2) therapeutic monoclonal
antibody; and Cetuximab, an anti-epidermal growth factor receptor. HER-2 was the
target for two of the FDA approved ADCs against solid tumors, which could be
efficiently internalized when cross-linked by antibodies.” This antibody conjugate was
used to study the binding to CI-M6P receptor and the evaluation of antigen positive
and negative cell lines. On the other hand, the EGFR is also a tumor specific antigen
and target for therapeutic antibody, but due to its slow internalization after antibody
binding, it was not a great target for antibody drug conjugates. In 2016, Sellmann and
coworkers reported their ADC with enhanced the internalizing rate of EGFR receptor
by generating a bispecific antibody. The researchers claimed their ADC possesses
higher potency while retaining selectivity.*” So we conducted our study with this
antibody and tested if we could improve the efficacy of ADC by M6P as an
internalizing ligand. The glycan remodeling was carried out as reported in our previous
chapters, the Fc glycan on the commercially available antibodies were trimmed by
immobilized Endo-S2, then the dual-functionalized glycan oxazoline was transferred
to the antibody with Endo-S2 D184M. (Scheme 4-2) The glycoengineered Herceptin
(4-7a) was characterized by LC-ESI-MS analysis of intact antibody, while the
functionalized Cetuximab (4-7b) was characterized by LC-ESI-MS analysis of the Fc
domain, because there are Fab glycan in the Cetuximab, which makes the intact

antibody analysis too complex.'?® (Figure 4-2)
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Scheme 4-2. Chemoenzymatic synthesis of dual functionalized antibodies.
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Figure 4-2. LC-ESI-MS analysis of the dual functionalized antibody. A) the
deconvoluted mass of intact antibody 4-7a; B) the deconvoluted mass of Fc domain of
antibody 4-7b

Minimal structure for the CI-MPR ligand

Wang lab has been working in studying the structure-function relationship for
the mannose-6-phosphate glycan ligands. In 2016, we confirmed that a single M6P

moiety on the a-1,3-branch of the high mannose glycan is sufficient for efficient
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binding to CI-MPR, while a M6P moiety on the a-1,6-branch of the same glycoforms
did not provide meaningful binding.'?® More recently, Dr. Zhang in our lab further
optimized the structure of M6P containing N-Glycans, and kindly provided the M6P
containing antibody and M6P ligands used in this project. The results revealed that the
penta-saccharide containing the Man6P-a-1,2-Man disaccharide as an crucial motif to
achieve high affinity binding to the CI-MPR.!** Also, the same minimal tetra-
saccharide was used for the Fc glycan engineering. The resulting antibody (4-8) could
bind to the CI-MPR at high affinity (Kp = 30.2 nM). (Figure 4-3) And the glycan
engineered antibody could efficiently internalize and trigger lysosomal degradation of

its target.!?’

To generate an internalizing ligand for ADC, a smaller M6P glycan structure is
desirable. And based on previous studies, the Man6P-a-1,2-Man structure is essential
for high-affinity binding toward the CI-MPR. Therefore, we generated an antibody
conjugate with a MO6P disaccharide (4-9). Also, we synthesized the MO6P
monosaccharide conjugate (4-10) to compare the binding affinity against CI-MPR.
Indeed, the conjugate with two Man6P-a-1,2-Man ligands (4-9) bind to the receptor
with similar affinity (Kp = 42.6 nM) compared to the antibody M6P glycoforms (4-8).
On the other hand, the M6P monosaccharide did not show any meaningful binding.
(Figure 4-3) Therefore, the M6P disaccharide was selected as the internalizing ligand

for this project.
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Figure 4-3 SPR binding experiments of CI-MPR with M6P containing antibodies. The
antibody analytes were flowed over the immobilized CI-MPR with 2-fold serial
dilution from the highest concentration of 500 nM.

Synthesis of M6P functionalized ADCs with MMAE payload

The M6P-functionalized ADCs were synthesized with a stepwise maner: the
MMAE-Tetrazing (2-9) was Clicked to the dual-functionalized Herceptin 4-7a or
Cetuximab 4-7b with method reported in Chapter 2. The intermediates were purified
with protein A affinity chromatography and their identity was confirmed by LC-ESI-
MS analysis (Figure 4-4). 4-12a and 4-12b were also used as comparison for the in
vitro assays to study the efficacy of the internalizing factors. Then the disaccharide
M6P ligands were Clicked onto the antibody with reported method in Chapter 3.
(Scheme 4-3) There was no observed cross reactivity issue in this synthetic route. The
final products were purified by buffer exchange and characterized by LC-ESI-MS
analysis (Figure 4-4). Since we already confirmed that the serum stability were similar
between the bonds formed by these two bioorthogonal reactions, we believe the M6P

functionalized ADCs also had great overall serum stability.
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Scheme 4-3. Stepwise synthesis of the M6P functionalized ADC
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Figure 4-4. LC-ESI-MS analysis of the dual functionalized antibody. A) the
deconvoluted mass of intact antibody 4-7a; B) the deconvoluted mass of intact antibody
4-12a; C) the deconvoluted mass of intact antibody 4-13a; D) the deconvoluted mass
of Fc domain of antibody 4-7b; E) the deconvoluted mass of Fc domain of antibody 4-
12b F) the deconvoluted mass of Fc domain of antibody 4-13b

To confirm the M6P functionalized ADC still binds to the CI-MPR, we did
another SPR experiment. To our surprise, the affinity of our ADC-M6P bindings to the
CI-MPR (Kb =4.79 nM) was more than 8-fold stronger than the antibody conjugate 4-

9. (Figure 4-5) One possibility is that the SCT-based ADC construct provided more
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flexibility and longer linker compared to the disaccharide-based antibody conjugates

(4-9), so the two M6P ligands could reach the binding sites on the same receptor

simultaneously.
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Figure 4-5. SPR binding experiments of CI-MPR with M6P functionalized ADC. The
antibody analytes were flowed over the immobilized CI-MPR with 2-fold serial
dilution from the highest concentration of 250 nM.

Cell-based assay of the cytotoxicity of the ADC with M6P internalizing

factor

To compare the potency of the M6P functionalized ADCs, BT474 (HER-2
overexpressing) and T47D (low HER-2 expressing) cells were used. For the BT474
cell line, the Herceptin based ADCs with the M6P ligand demonstrated about the same
dose-dependent killing of the antigen-positive cells (Figure 4-6A). As the HER2 is a
fast-internalizing receptor, it is understandable the M6P ligands do not show significant
benefit. Meanwhile, the low HER-2 expressing T47D cells were insensitive to the
ADCs up to 10 ug/mL (Figure 4-6B). These results suggest the antibodies retain high

specificity on HER2 after all the modifications.
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On the other hand, for the slow-internalizing EGFR, BT474 (EGFR expressing)
and SKBR3 (EGFR expressing) cells were used. In this case, there was noticeable
differences between 4-12b and 4-13b. With the BT474 cell line, the MO6P-
functionalized Cetuximab 4-13b showed about 3-fold increase in cytotoxicity (Figure
4-6C). While with the BT474 cell line, the M6P-functionalized Cetuximab 4-13b
showed about 2-fold increase in cytotoxicity (Figure 4-6D). These results suggested
that the M6P disaccharide functionalized antibody drug conjugates could increase the
cytotoxicity profile for antibodies targeting slow-internalizing receptors, therefore
possibly broaden the druggable tumor-specific antigens. Also, this study provides a
general and efficient approach to produce structurally well-defined, homogeneous

dual-functionalized antibody conjugates via double Click reactions.
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Figure 4-6. Cell killing assays for breast cancer cell lines with A) BT-474 (HER2
overexpression) with Herceptin based antibody conjugates 4-12a and 4-13a; B) T47D
(HER2 low expressing) with Herceptin based antibody conjugates 4-12a and 4-13a; C)
BT-474 (EGFR positive) with Cetuximab based antibody conjugates 4-12b and 4-13b;
D) SK-BR-3 (EGFR positive) with Cetuximab based antibody conjugates 4-12b and 4-
13b. All assays were performed in triplicate.
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4.3 Conclusion

In this chapter, we discussed the strategy to generate homogenous dual-
functionalized antibody conjugates with Fc glycan engineering. With the orthogonal
Click reactions, we generated antibody-drug conjugates with M6P ligands. The
resulting antibody conjugates showed strong binding to the CI-MPR. And cellular
experiments suggested for the slow-internalizing receptors, such as EGFR, the antibody
conjugates with M6P ligands demonstrated 2-3 folds benefit in cytotoxicity compared
to the conjugates with no M6P. While for the fast-internalizing receptors, like HER2,
there was no significant difference. On the other hand, for the antigen negative cell line
(T47D), non-specific toxicity was not observed up to 10 ug/mL, which suggests the
antibody conjugates remained their specificity. As we discussed, this work is a proof
of concept that the ADCs with internalizing factors could improve its cytotoxicity
profile in vitro. In the next stage of this project, we are working on synthesis of folate

based internalizing factors, which is also a cancer specific antigen.
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4.4 Experimental

Materials and Methods

Chemicals, reagents, and solvents were purchased from Sigma—Aldrich and/or
TCI and used as received unless otherwise specified. Monoclonal antibody Hercptin
was purchased from Premium Health Services Inc. (Columbia, MD). All moisture
sensitive reactions were carried out under argon atmosphere, using standard Schlenk
techniques. All dry solvents were prepared according to standard procedures. Thin-
layer chromatography was performed on silica gel 60-F2s4 on glass plates (Merck) and
revealed with p-anisaldehyde stain. Silica gel (200—425 mesh) used in flash
chromatography for large-scale reactions was purchased from Sigma-Aldrich.
Columns for flash chromatography for small-scale reactions were performed on Isolera
One system with ZIP KP-Sil columns (Biotage) with elution condition specified for
each target compound. Solvent gradients were given refer to stepped gradients and
concentrations are reported as % v/v. Preparative HPLC was performed with Waters
1525 Binary HPLC pump coupled with 2489 UV/Vis Detector under UV 214 nm and
280 nm with a Waters Symmetry C18 column (7 pm, 19 x 300 mm) using water
containing 0.1% trifluoracetic acid as phase A, MeCN containing 0.1% trifluoracetic
acid as phase B. Semi-preparative HPLC for the toxic payloads was performed on the
same instrument with an Aglient Eclipse XDB-C18 column (5 pm, 9.4% 250 mm) using
water containing 0.1% formic acid as phase A, MeCN containing 0.1% formic acid as

phase B.
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Purification of antibody and antibody conjugates using AKTA prime plus FPLC

system.

The FPLC system (GE Healthcare) was used for purification of the
functionalized antibodies equipped with 1mL HiTrap protein A column (GE
Heatlthcare) with standard procedures. Concentration of antibodies was determined by

NanoDrap 200c (Thermo Scientific).

LC-ESI-MS analysis of antigen-DBCO payloads

LC-MS for glycans, glycopeptides and payload derivatives were performed on
HPLC-SQ2 detector (Waters) with a Waters XBridge C18 column (3.5 pm, 2.1x 50
mm) using water containing 0.1% formic acid as phase A, MeCN containing 0.1%
formic acid as phase B. The analytical HPLC for payload derivatives was analyzed with
an Aglient Eclipse SDB-C18 column (5 um, 3.0% 250 mm) under UV 214 nm and 280
nm with methods specialized for each compound. HR-ESI-MS was performed with
Exactive Plus Orbitrap Mass Spectrometer (Thermo Scientific) equipped with a Waters

XBridge C18 column (3.5 pm, 2.1x 50 mm).

LC-ESI-MS analysis of intact antibody derivatives.

LC-ESI-MS analysis of intact tagged antibodies and antibody-drug conjugates

was performed with Exactive Plus Orbitrap Mass Spectrometer (Thermo Scientific)
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equipped with a Waters XBridge BEH300 C-4 column (3.5 pm, 2.1 x 50 mm) with
gradient elution of water containing 0.1% formic acid as phase A, MeCN containing

0.1% formic acid as phase B. Mass spectra were deconvoluted using MagTran (ver

1.03 b2).

LC-ESI-MS analysis of Fc domains released by IdeS treatment.

The antibody samples in PBS were incubated with IdeS at 37 °C for 2 h. The
samples were analyzed by with Exactive Plus Orbitrap Mass Spectrometer (Thermo
Scientific) equipped with an Agilent Poroshell 300SB C8 column (5 um, 1.0 X 75 mm)
with gradient elution of water containing 0.1% formic acid as phase A, MeCN

containing 0.1% formic acid as phase B. Mass spectra were deconvoluted using

MagTran (ver 1.03 b2).

NMR analysis.

'H, 13C, and COSY NMR spectra were recorded on 400 MHz or 600 MHz
spectrometer (Bruker) with CDCl3, MeOD-d4, D20 or DMSO-ds as the solvent (solvent
residue peak 7.26, 3.31, 4.79, 2.50 ppm). All >*C NMR spectra were performed with
proton decoupling, and all chemical shifts are reported in part per million (ppm) and
referenced to residual solvent. 'TH-NMR chemical shifts were recorded relative to the
solvent residual peak (CDCls at 7.26 ppm, MeOD-ds at 3.31ppm, D20 at 4.79 ppm,

DMSO-ds at 2.50 ppm). '*C NMR chemical shifts are reported relative to the solvent
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residual peak (CDClIs at 77.00 ppm, MeOD-ds at 49.00 ppm, DMSO-ds at 39.51 ppm).
The number of protons (n) corresponding to a resonance signal was indicated by nH

and spin-spin coupling constants (J value) recorded in Hz.

Surface Plasmon Resonance (SPR) Measurements.

SPR measurements were performed on a Biacore T200 instrument (GE
Healthcare) at 25°C. Approximately 2000 resonance units (RU) of asialofetuin,
fibronectin, B-1-integrin, BSA, MUC-1 and CD147were immobilized on a CMS5 sensor
chip in a sodium acetate buffer (50 pg/mL, pH 4.0), using the amine coupling kit
provided by the manufacturer. A reference channel was immobilized with
ethanolamine. Binding analyses were performed by injecting a solution of Drgall over
four cells at 2-fold increasing concentration in HBS-P running buffer (10 mM HEPES,
150 mM NaCl, P20 surfactant 0.05% v/v, pH 7.4) containing 10 mM 2ME at a flow
rate of 20 pL/min for 2 min and allowed to dissociate for another 5 min. The surface
was regenerated after each cycle by injecting a 2 M MgClz (aq) solution for 3 min at
a flow rate of 30 pL/min. Kinetic analyses were performed by global fitting of the
binding data to a 1:1 Langmuir binding model using BIAcore T200 evaluation

software.

136



Synthesis of dual-functionalized SCT-oxa

Synthesis of the Mono-N3-SCT (4-2). To a 1 mL glass vial with a stirring bar, SCT
(61.8 mg, 30.6 umol, 1 eq) was dissolved in 200 puL. water. Linker a (9.4 mg, 8 uL,
30.6 umol, 1 eq) was added to the solution, and the pH was adjusted to 6.0 — 6.5 by 10
puL 2 M HCI solution. DMTMM (42.2 mg, 153 pmol, 5 eq) was weighed and added as
dry powder. The reaction was stirred at 50 °C for 3 hours. Another portion of DMTMM
(52.2 mg, 153 umol, 5 eq) was added, and the reaction was heated for another 3 hours.
After using HPLC to confirm the completion of the reaction, 0.5% TFA (750 pL) was
added to the vial, the mixture was stirred 16 hours at room temperature. The mixture
was centrifuged at 14000 rpm for 5 min, the supernatant was purified by G-15 size
exclusion column. The glycan containing fractions were collected and purified by
HiTrap Q XL 2 x 5 mL column, and eluted with a linear gradient of 200 mM NaCl
(0—40%, v/v) with water over 60 min. The corresponding fractions were collected and
concentrated under vacuum, then desalted by G-10 size exclusion column. The glycan
containing fractions were combined and lyophilized to afford 4-2 (50.2 mg, 71 %). 'H
NMR (D20, 600 MHz) 6 = 1.76 (2H, dt, H3fax, H3f ax), 1.90, 1.95, 1.97 (15H, 3 s, 5 %
CH3), 2.62 (2H, 2 t, H3feq, H3f¢q), 3.39-3.47 (8H, m, H4c, H4c’, H2e, H2e’, 1 x
CH2NH, 1 x CH2N3), 3.48-3.63 (39H, m, H4a, H5a(B), H5b, H5c’, H6c, Hbc’, H4d,
H4d’, H5d, H5d’, H3e, H3e’, Hboe, H6e’, H4f, H4f", H7f, H7f", HOf, H9f", 5 X
CH20CH>»), 3.61-3.75 (10H, m, H3a, H6a, H3b, H5c, H2d, H2d’, H3d, H3d’, H6f,
Hef), 3.76-3.93 (25H, m, H2a, H6’a, H4b, H6b, H6’b, H3c, H3c’, H6’c, H6’c’, Hbd,

Hed’, H6°d, H6°d’, H4e, H4e’, H5e, H5¢’, H6’e, H6’e’, HSf, H5f, H8f, H8f", HOf,
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H9’f), 4.03 (1H, br s, H2¢”), 4.11 (1H, br s, H2c¢), 4.18 (1H, br s, H2b), 4.36 (2H, d,
Ji12=7.8Hz,Hle,Hle’),4.51 (2H, d, J1.2=6.3 Hz, H1d, H1d’), 4.53 (0.3H, d, H1a(p)),
4.70 (1H, d, H1b), 4.86 (1H, s, Hlc’), 5.05 (1H, s, Hlc), 5.13 (0.7H, d, J1.2 = 2.7 Hz,
Hla(a)). ESI-MS: [M + 2H]** calcd for CssHi151N9Os1%*, 1154.95 (100%); found (m/z),

1155.23.

Synthesis of the CP-N3-SCT (4-3). To a 1 mL glass vial with a stirring bar, 4-2 (40.8
mg, 30.6 umol, 1 eq) was dissolved in 150 pL. water. CP-NH2 (19.4 mg, 92 umol, 3
eq) was added to the solution, and the pH was adjusted to 6.0 — 6.5 by 20 uL. 2 M HCl
solution. DMTMM (42.2 mg, 153 umol, 5 eq) was weighed and added as dry powder.
The reaction was stirred at 50 °C for 3 hours. Another portion of DMTMM (52.2 mg,
153 umol, 5 eq) was added, and the reaction was heated for another 3 hours. After using
HPLC to confirm the completion of the reaction, 0.5% TFA (750 uL) was added to the
vial, the mixture was stirred for 16 hours at room temperature. The mixture was
centrifuged at 14000 rpm for 5 min, the supernatant was purified by preparative HPLC.
The corresponding fractions were combined and lyophilized to afford 4-3 (27.1 mg,
61%). "H NMR (D20, 600 MHz) 6 = 1.50-1.60 (4H, m, 2 x NHCH2CH>), 1.64 (1H, t,
CHCH=), 1.83 (2H, dd, H3fax, H3f ax), 2.05-2.15 (18H, m, 5 x CH3, CH3C=), 2.69—
2.76 (2H, dd, H3feq, H3f’eq), 3.16 (2H, m, CH2NH-CP), 3.16-3.27 (4H, m, CH2> NH-
Cp, CH2NH-SCT), 3.46-3.54 (8H, m, H4c, H4c’, H2e, H2e’, CH2NH-SCT, 1 %
CH2N3), 3.55-3.69 (39H, m, H4a, H5a(B), H5b, H5¢’, H6c, H6c’, H4d, H4d’, H5d,
H5d’, H3e, H3e’, H6e, Hoe’, H4f, H4f*, H7f, H7f", HOf, HOf*, 5 x CH20CHz), 3.69—

3.82 (10H, m, H3a, H6a, H3b, H5c, H2d, H2d’, H3d, H3d’, H6f, H6f), 3.83—4.00
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(25H, m, H2a, H6’a, H4b, H6b, H6’b, H3c, H3c’, H6’c, H6’c’, H6d, H6d’, H6’d,
H6’d’, H4e, H4e’, HSe, H5¢e’, H6’e, H6’e’, H5f, H5", H8f, H8f*, H9’f, H9’f"), 4.14
(1H, br s, H2¢’), 4.21 (1H, br s, H2¢), 4.28 (1H, br s, H2b), 4.45 (2H, d, Ji1.2=5.3 Hz,
Hle, Hle’), 4.61 (2H, d, J1.2= 6.6 Hz, H1d, H1d’), 4.76 (0.3H, d, H1a(p)), 4.96 (1H,
s, HIc’), 5.15 (1H, s, Hlc¢), 5.23 (0.7H, d, J1,2= 3.4 Hz, Hla(a)), 6.66 (1H, m, CH=C).
HR-ESI-MS: [M + H]" calced for CosHissN11061", 2490.0203 (100%); found (m/z),

2490.0364.

Synthesis of CP-N3-SCT-oxa (4-4). Compound 4-4 was synthesized with the method
reported in Chapter 3 (5.2 mg, 90%). 'H NMR (D20, 600 MHz) 6 = 1.50-1.60 (4H, m,
2 x NHCH:2CH>), 1.64 (1H, t, CHCH=), 1.83 (2H, dd, H3fax, H3fax), 2.05-2.15 (18H,
m, 5 x CHs, CH3C=), 2.69-2.76 (2H, dd, H3feq, H3f’¢q), 3.16 (2H, m, CH2NH-CP),
3.16-3.27 (4H, m, CH> NH-Cp, CH2NH-SCT), 3.46-3.54 (8H, m, H4c, H4c’, H2e,
H2e’, CH2NH-SCT, 1 x CH2N3), 3.55-3.69 (39H, m, H4a, H5a(B), H5b, H5¢’, Héc,
Heéc’, H4d, H4d’, H5d, H5d’, H3e, H3e’, Hbe, H6e’, H4f, H4f*, H7f, H7f", HOf, HOf",
5 x CH20CH2), 3.69-3.82 (10H, m, H3a, H6a, H3b, H5¢c, H2d, H2d’, H3d, H3d’, H6f,
He6f), 3.83—4.00 (25H, m, H2a, H6’a, H4b, H6b, H6’b, H3c, H3c’, H6’c, H6’¢c’, H6d,
Hed’, H6°d, H6°d’, H4e, H4e’, H5e, H5e’, H6’e, H6’e’, H5f, H5f", H8f, H8f”, HOf,
H9’f), 4.14 (1H, br s, H2¢”), 4.21 (1H, br s, H2c¢), 4.28 (1H, br s, H2b), 4.45 (2H, d,
Ji12=15.3 Hz, Hle, Hle’), 4.61 (2H, d, J1.2= 6.6 Hz, Hld, H1d"), 4.96 (1H, s, Hic’),
5.15(1H, s, Hle), 6.11 (1H, d, J1,2="7.2 Hz, H1a), 6.66 (1H, m, CH=C). HR-ESI-MS:

[M + H]" caled for CosHisaN11061, 2472.0097 (100%); found (m/z), 2472.0254.
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Synthesis of dual-functionalized antibody conjugates

Synthesis of compound 4-7a. Prepared from 4-6a (3 mg, 21 nmol, leq) and 4-4 (1.5
mg, 0.62 umol, 30eq) with the General Procedure B in Chapter 2 to yield antibody 4-
7a (2.9 mg, 93%). ESI-MS of intact 4-7a: calcd. M = 150809 Da; found (m/z), 2793.71
[M + 54H]3*, 2846.39 [M + 53H]>*, 2901.14 [M + 52H]***, deconvolution of the ESI-

MS, M = 150807 Da

Synthesis of compound 4-7b. Prepared from 4-6b (3 mg, 21 nmol, leq) and 4-4 (1.5
mg, 0.62 umol, 30eq) with the General Procedure B in Chapter 2 to yield antibody 4-
7a (2.8 mg, 90%). ESI-MS of Fc of 4-7b: calcd. M = 26606 Da; found (m/z),1774.81
[M + 15H]'5*, 1901.45 [M + 14H]'*, 2047.59 [M + 13H]"**, 2218.17 [M + 12H]'*,

deconvolution of the ESI-MS, M = 26606 Da

Synthesis of ADC 4-12a. Prepared from 4-7a (2.5 mg, 16 nmol, leq) and 2-9 (0.27
mg, 0.16 pmol, 10eq) with the method reported in Chapter 2 to yield antibody conjugate
4-12a (2.0 mg, 78%). ESI-MS of intact 4-12a: calcd. M = 153977 Da; found (m/z),
2852.39 [M + 53H]%*, 2906.21 [M + 52H]**, 2962.08 [M + 51H]*'*, deconvolution

of the ESI-MS, M = 153979 Da

Synthesis of ADC 4-12b. Prepared from 4-7b (2.5 mg, 16 nmol, leq) and 2-9 (0.27
mg, 0.16 umol, 10eq) with the method reported in Chapter 2 to yield antibody conjugate

4-12b (2.1 mg, 82%). ESI-MS of Fc of 4-12b: calcd. M = 28190 Da; found
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(m/z),1880.37 [M + 15H]'5*, 2014.65 [M + 14H]'*", 2169.49 [M + 13H]'>*, 2350.23

[M + 12H]'?*, deconvolution of the ESI-MS, M = 28191 Da

Synthesis of the M6P functionalized ADCs 4-13a. Prepared from 4-12a (1.6 mg, 10
nmol, leq) and 4-11 (0.11 mg, 0.10 umol, 10eq) with the method reported in Chapter
3 to yield antibody conjugate 4-13a (1.5 mg, 92%). ESI-MS of intact 4-13a: calcd. M
= 156241 Da; found (m/z), 2949.05 [M + 53H]>**, 3005.62 [M + 52H]>**, 3064.49 [M

+ 51H]’", deconvolution of the ESI-MS, M = 156242 Da

Synthesis of the M6P functionalized ADCs 4-13b. Prepared from 4-12b (1.6 mg, 10
nmol, leq) and 4-11 (0.11 mg, 0.10 umol, 10eq) with the method reported in Chapter
3 to yield antibody conjugate 4-13b (1.4 mg, 86%). ESI-MS of Fc of 4-13b: M = 29322
Da; found (m/z),1955.93 [M + 15H]'5*, 2095.53 [M + 14H]'**, 2256.72 [M + 13H]"%",

2444.68 [M + 12H]'**, deconvolution of the ESI-MS, M = 29323 Da

In Vitro Cytotoxicity Assay

BT474 cells (ATCC HTB-20) were cultured in HybriCare medium (ATCC 46-
X) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100
pug/mL streptomycin in T-75 flasks (CELLTREAT). SK-BR-3 cells (ATCC HTB-30)
were cultured in McCoy’s SA medium (ATCC 30-2007) supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin in T-75 flasks

(CELLTREAT). T47D cells (ATCC HTB-133) were maintained in RPMI-1640
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medium (ATCC 30-2001) containing FBS, 4 mg/L insulin, 100 U/mL penicillin, and

100 pg/mL streptomycin in T-75 flasks (CELLTREAT).

For the cytotoxicity assays, cells were seeded into 96-well plates with 10,000
cells per well and grown for 24 hours at 37 °C and 5% COz. The FBS containing media
was removed. The serum free RPMI media with the antibody conjugates (starting at a
concentration of 25 ug/mL for BT474, 25 pg/mL for SK-BR-3, and 10 pg/mL for T47D
and serially diluted 1:3) was added. Each compound was assessed in triplicate wells,
the cells without treatment served as control. After incubation for 72 hours, the
antibody conjugates solution was removed before the incubation with RPMI media
containing 10% cell counting kit-8 (Dojindo). The absorbance of formazan released by
viable cells was measured at 450 nm using a spectrophotometer after incubation for
2-3 hat 37 °C and 5% COs.. Finally, the cell viability curve and the EC50 values were

calculated using GraphPad Prism software.
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Chapter 5: Conclusions and Future Directions

The main focus of my thesis was to develop and optimize a general method for
efficient antibody conjugation and functionalization based on the chemoenzymatic Fc
remodeling method pioneered by the Wang group. In this method, the conserved Fc N-
glycan on IgG antibodies was trimmed by the wild-type endoglycosidase, then the
antibodies were functionalized with the endoglycosidase mutant and functionalized N-
glycan oxazolines. The site-specific antibody conjugates could be generated by Click

reactions for different purposes.

In Chapter 2, we reported the optimization of the reactions required for an
efficient synthesis of the antibody conjugates. Firstly, the selectively modified glycan
oxazolines were synthesized from free sialoglycan in a one-pot manner with high
efficiency. And a highly efficient transglycosylation reaction based on an
endoglycosidase mutant (Endo-S2 D184M) was optimized for transferring the tagged
glycans to yield selectively tagged antibodies ready for Click drug conjugation. Thanks
to the enhanced enzymatic activity of the Endo-S2 D184M mutant over the previously
used Endo-S D233Q mutant, much less glycan oxazolines with much shorter reaction
time was required to complete the enzymatic reaction, thus minimizing the potential
non-enzymatic side reactions. This improved method was also flexible for introducing
different bioorthogonal groups into an antibody, which allowed site-specific
conjugation with different Click reactions to construct homogeneous antibody-drug

conjugates. The homogeneous ADCs constructed by this method showed equally
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excellent serum stability and demonstrated potent and selective cytotoxicity against

Her2-overexpressing cancer cells.

In Chapter 3, we reported a highly efficient chemoenzymatic synthesis of
homogeneous antibody-rhamnose cluster and antibody-aGal cluster conjugates based
on the method we described in the previous chapter: the antibody conjugates were
obtained by the chemoenzymatic Fc glycan remodeling followed by Click
functionalization. Thanks to the broad substrate specificity of the Endo-S2 D184M, the
antibody-rhamnose conjugate could also be achieved by direct Fc glycan remodeling
with a rhamnose-preloaded glycan oxazoline. A side-by-side comparison study showed
that the antibody-rhamnose cluster conjugates could recruit natural serum antibodies
and complements for targeted cancer cell killing with much high potency than the
corresponding antibody-aGal conjugates. These results suggested that antibody-
rhamnose conjugates represented a promising strategy for augmenting the CDC activity

for IgG antibodies by recruiting the more effective natural anti-Rha IgM antibodies.

In Chapter 4, we reported our preliminary research to enhance the therapeutic
window and possibly broaden the scope for druggable tumor antigens by incorporating
an internalizing factor onto the ADCs. With our improved N-glycan functionalization
strategy, homogenous dual-functionalized antibody conjugates were generated with Fc
glycan engineering. The antibody-drug conjugates incorporating a terminal mannose-
6-phosphate (M6P) as an internalization ligand with orthogonal Click reactions.
According to the SPR binding study, the resulting antibody conjugates showed strong

binding to the M6P receptor. And cellular experiments suggested for the EGFR, a
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slow-internalizing receptor, the antibody conjugate with M6P ligands demonstrated 2-
3 fold increase in cytotoxicity compared to the conjugates with no M6P. While for the
fast-internalizing receptors, like HER2, there was no significant difference. At the same
time, the antibody conjugates remained their specificity against EGFR: non-specific

toxicity was not observed up to 10 ug/mL for the antigen negative cell line (T47D).

For future studies, our group will continue to conduct the in vitro and in vivo
evaluation of the ADCs generated in Chapter 2: we will do an in vivo efficacy study,
based on mice xenograft model, to compare our ADCs to Kadcyla and Enhertu, the two
commercially available ADCs against the HER2 over-expressing tumors; and a
detailed pharmacokinetic study could be also conducted to compare the in vivo stability
of the ADCs generated by different strategy. This conjugation method is also used by
other lab members to generate antibody conjugates to degrade disease-associated
protein target in serum. For example, a series of anti-PCSK9 antibody-galactose
conjugates are generated to degrade the PCSK9 protein for reducing the blood

cholesterol levels.

Also, as we discussed in Chapter 3, we will continue our research into the
antibody-rhamnose conjugates with our collaborators specialized in MRSA. We will
generate antibody-rhamnose conjugates targeting the MRSA-specific protein A. And
we will conduct both in vitro and in vivo experiments to verify if they have therapeutic

potential for the treatment of MRSA infections.

And for the antibodies with internalizing factors, as we discussed in Chapter 4,

this work is a proof of concept that the ADCs with internalizing factors could improve
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its cytotoxicity profile in vitro. For the next stage of this project, we will use cancer-
specific ligands, such as folic acid as the internalization factors. In follow-up studies,
the multivalent folate Clickable ligands could be synthesized with similar strategy that
was reported in Chapter 3. We could use the double Click method to generate ADCs
with two or eight folate residues per antibody. Then we could conduct in vitro and in

vivo studies to evaluate their effectiveness as tumor specific internalizing factors.
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