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Abstract

A traceless site-selective conjugation method, “AJICAP-M,” was developed for native antibodies
at specific sites using Fc-affinity peptides, focusing on Lys248 or Lys288. It produces antibody-
drug conjugates (ADCs) with consistent drug-to-antibody ratios, enhanced stability, and simplified
manufacturing. Comparative in vivo assessment demonstrated AJICAP-M's superior stability over
traditional ADCs. This technology has been successfully applied to continuous-flow
manufacturing, marking the first achievement in site-specific ADC production. This manuscript

outlines AJICAP-M's methodology and its effectiveness in ADC production.

Keywords: antibody-drug conjugates, AJICAP, drug-to-antibody ratio, site-specific conjugation

technology, flow microreactor
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In oncology therapeutics, antibody-drug conjugates (ADCs) are becoming increasingly
significant, with 14 ADCs approved for cancer treatment and more than 100 approved in global
clinical trials. ! 2 Traditional ADCs, produced through random conjugation to lysine or cysteine
residues, often exhibit structural heterogeneity. This has led to a shift towards next-generation
ADCs, which utilize specific conjugation chemistry for precise payload-linker attachment at
designated antibody sites, aiming to enhance therapeutic indices® *. Affinity peptide-mediated
chemical conjugation, which is becoming the standard method for site-specific ADC production,
is typically challenged by peptide release and cleavage reagent removal (Figure la). > ¢ The
conjugation method developed by Zeng et al. in 2022, which utilizes optimized Fc-affinity peptides,
marks a considerable advancement, notable for its single-step process ’. However, areas could still
benefit from further refinement, such as the in vivo stability and developability of ADC. To ensure
these qualities, additional pharmacokinetic studies are required to better understand the behavior
of ADCs. In addition, the current method poses challenges for good manufacturing practices
(GMP) ADC production. The synthesis of peptide reagents linked to the payload-linker is complex
and raises concerns in the context of GMP, particularly given the necessity to minimize steps
involving high-potency payloads for environmental, health, and safety reasons®. This traceless
affinity approach requires multiple steps that involve payload handling. Therefore, we advocate a

simpler manufacturing process.

An ideal approach involves using commercially available payload-likers (Figure S1 in supporting
information, SI). ready for conjugation at a later stage, although this requires a two-step conversion
process from native antibodies. This can streamline production while maintaining adherence to
GMP standards and ensuring safety. The "AJICAP-M" method, described herein, utilizes an

optimized affinity reagent with an internal N-hydroxysuccinimide ester (Figure 1b). This method
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efficiently produces site-specific ADCs using readily available payload linkers in two steps
(antibody modification followed by payload-linker conjugation by click chemistry). AJICAP-M
can modify two distinct sites (Lys248 and Lys288), and the resulting site-specific ADC was
subjected to in vivo efficacy and pharmacokinetic evaluations. Furthermore, this technology has
been applied to continuous-mode ADC production, achieving rapid site-specific conjugation
within 5 min, thus addressing the limitations of the existing traceless conjugation techniques and

marking significant advancements in ADC development.
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Figure 1. Overview of affinity peptide-mediated conjugation. a) traditional affinity peptide-
mediated conjugation strategy; b) AJICAP-M traceless affinity peptide-mediated conjugation

strategy
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Traceless affinity conjugation targets lysine residues in native antibodies using acyl transfer
reagents linked to self-releasing peptides. The primary challenge is to maintain stable reactivity at
room temperature while avoiding heating, particularly with commonly used functional groups such
as thioesters and carbonates. 7 ° 1911 12 To address the reactivity and stability issues in antibody
modification, we developed a highly reactive reagent using N-hydroxysuccinimide (NHS) ester,
capable of facilitating modification under mild conditions. We incorporated an NHS moiety
internally and introduced an azidophenyl group '*. This modification was designed to increase
steric hindrance around the carbonyl group of NHS. Consequently, the modified NHS moiety
exhibits increased resistance to hydrolysis '#. This balance between enhanced stability against
hydrolysis and preserved reactive capability is significant, as it ensures the effectiveness of the
NHS moiety in forming stable amide bonds with lysine residues. The reagent, synthesized for
Lys248 modification, exhibited exceptional stability through multiple freeze-thaw cycles in DMF
solution and showed efficient reactivity with native antibodies, completing the modification
process within one hour at ambient temperature. This is detailed for the optimized AJICAP-M
reagent (1) (Figure 2a). Furthermore, we developed an alternative AJICAP-M peptide reagent (2)
that targets Lys288 on antibodies using a different affinity peptide sequence (Figure 2b). In our
recent study, we streamlined the synthesis of peptide reagents, which traditionally involved a
multi-step procedure '°. Using Traut's reagent, we developed an efficient one-pot method that
encompasses three distinct reactions (Figure 2a). This approach employs a versatile base peptide
compatible with various conjugation methodologies, including AJICAP and AJICAP-M. The
adaptability of this base peptide is pivotal because it enables the synthesis to be finely tuned to
meet the specific requirements of each antibody and the corresponding mechanism of action of the

ADC. AJICAP-M conjugation compatibility was evaluated through using two different antibodies.
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91  Trastuzumab and rituximab underwent assessment, as demonstrated in Table 1. In every instance,
92  sufficient conversion was observed between both AJICAP-M reagents (1 and 2) and these mAbs,
93 facilitating the site-specific installation of azide groups. The conjugation sites for the resultant
94  trastuzumab-Lys248 or 288 azides were identified using peptide mapping analysis (Figure S4 and
95 S5 in the SI). A comparison of the azide adducts (and the corresponding amines reduced during
96  pretreatment for peptide mapping, figure 2 d and e) and naked trastuzumab underscored the target-

97  specific modification of the AJICAP-antibody-azides at Lys248 and Lys288.
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99  Figure 2. Overview of AJICAP-M reaction, a) Synthetic scheme for AJICAP-M peptide reagents,
100  b) Lys248 conjugation reagent (1), c) Lys288 conjugation reagent (2), d) Lys248 conjugation and
101  Peptide mapping summary of Lys248-azide modification, e) Lys288 conjugation and Peptide

102  mapping summary of Lys288-azide modification
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Subsequently, the effectiveness of newly installed azides was assessed using two commercially

available payload linkers (DBCO-maytansinoid and DBCO-VC-PAB-MMAE) (Table 1). Site-

specific ADCs synthesized from trastuzumab-Lys248-azide, trastuzumab-Lys288-azide, or

rituximab-Lys248-azide exhibited drug-to-antibody ratios (DARs) exceeding 1.8. The DAR was

determined using two analytical methods: quadrupole time-of-flight mass spectrometry (Q-TOF

MS) and hydrophobic interaction chromatography (HIC)-HPLC (SI, Figures S4-S11 and S18—

S23). ' Analysis via size exclusion chromatography (SEC) ! revealed that the aggregation

percentages were maintained post-modification in all reaction scenarios (SI, Figures S12—S17).

AJICAP-M

reagent 1 or 2

~ (. 25°C, 60 min

Ny Ny
Acetate, pH 5.5 QM /WY@/ PBSE
o o

Table 1. Site-specific ADC synthesis

*

Payload

25°C, 60 min
B

N\ O

)

N | ™
Antibody Antibody-aizde AJICAP-M-ADC

mAb Conjugation site Payload-linker DAR by Q-TOF Aggregation by SEC
Trastuzumab Lys 248 DM1 1.8 1.6%
Trastuzumab Lys 248 MMAE 1.8 1.8%
Trastuzumab Lys 288 MMAE 1.8 1.9%
Rituximab Lys 248 DM1 1.7 2.0%
Rituximab Lys 248 MMAE 1.6 2.0%
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Subsequently, the biological profiles of the synthesized ADCs were evaluated. To elucidate the
stability of the novel AJICAP-M linkage against traditional cysteine-haloamide conjugation,
ADCs were synthesized using the latter method to serve as a control group. Considering the known
risks associated with the thiol-maleimide linkage in commonly employed maleimide-based
compounds—principally the potential for retro Michael reactions leading to inadvertent payload
release!®—alternative linkers to maleimide were incorporated in the control ADCs. Haloamides,
frequently utilized as substitutes within the maleimide group'’, were selected for this purpose,
thereby directly comparing the stability between the AJICAP-M ADCs and controls. A series of
cell-based assays were performed to assess the in vitro cytotoxicity. These assays involved the use
of cell lines with varying levels of HER2 antigen expression: NCI-N87 and HCC1954 for high
HER2 expression and PC-3 for low HER2 expression, as illustrated in Figure 3a. The results
indicated that AJICAP-M and control ADC demonstrated significant antitumor efficacy against
cell lines with high HER2 antigen expression. Conversely, negligible activity was observed in cell

lines with low HER2 antigen expression, highlighting the specificity of ADCs.

In earlier investigations, our team demonstrated that ADCs utilizing Fc affinity-mediated
conjugation exhibited superior stability and efficacy compared to those assembled using stochastic
methods. Based on these findings, we further explored the in vivo efficacy of AJICAP-M-ADCs
(Figure 3b). In this study, trastuzumab-AJICAP-M-MMAE and control ADC based on haloamide
chemistry were evaluated using a HER2-positive NCI-N87 gastric cancer xenograft model.
Notably, trastuzumab-AJICAP-M-MMAE administered at a dose of 5 mg/kg showed significant
tumor regression. In prior studies, the minimum effective dose of stochastically conjugated ADCs
with a DAR of 4, achieved through native cysteine conjugation, was established at 2.5 mg/kg'.

Intriguingly, despite the DAR discrepancy (stochastic ADC =4, AJICAP-M-ADC =2), AJICAP-
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M ADC demonstrated in vivo efficacy on par with its stochastic counterparts. Conversely, the
control ADC, which was synthesized via thiol-haloamide conjugation and utilized the same
conjugation site (Lys248) as the AJICAP-M ADC, exhibited inferior activity. This differential
performance suggests potential variance in the local environment of the Val-Cit linker in each
ADC. The Val-Cit linker is susceptible to premature cleavage by carboxylesterase Ces1C, which
leads to early payload detachment in vivo?’. This phenomenon is particularly pronounced in
murine models and could lead to underestimation of the in vivo efficacy of ADC. The control
ADC, with a marginally longer bond from Lys248 to the Val-Cit moiety, may be more exposed to
plasma, rendering it more vulnerable to CeslC cleavage. This observation suggests that the
compact linker configuration enabled by AJICAP-M technology could be conducive to the

creation of efficacious and stable ADCs?!.

To elucidate the different stability characteristics of the two site-specific ADCs, an in vivo
pharmacokinetic study was performed using a rat model (Figure 3c). For the control ADC,
discernible detachment of the payload was observed a few days post-administration. In contrast,
the AJICAP-M-ADC exhibited a considerably lower rate of payload detachment, as demonstrated
by a comparative analysis of the concentration profiles of the total antibody mAb and the total
ADC. The present data suggest that the improved stability and minimized payload release of
AJICAP-ADCs could significantly enhance their therapeutic efficacy and safety profile, making

them advantageous candidates for further exploration of ADC-based treatments.

https://doi.org/10.26434/chemrxiv-2024-grz21 ORCID: https://orcid.org/0000-0003-2801-4706 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-grz21
https://orcid.org/0000-0003-2801-4706
https://creativecommons.org/licenses/by/4.0/

158

159

160

161

162

163

164

165

166

167

168

&

NCI-N87 HCC-1954 PC3
120 120 120
= blank
QWD 3100 :E.WD :be—% = Trastuzumab-Lys248-MMAE
£ = 80 = 20 = Trastuzumab-control ADC
g g E ~* Trastuzumab
S 60 3 60 3 60
$ $ 3
= 40 = 40 = 40
Q @ Q
O 5 © 2 O 2
o4 0+ o
14 2 -10 -8 - 14 12 -10 8 r 14 12 10 8 F
Lag Conc. (M) Log Conc. (M) Log Cong. (M)
— Cc
. 600 — Trastuzumab-control ADC )
é - Trastuzumab-Lys248-MMAE * *
@ 400 =+~ Vehicle [ \
: S8 Y O
G W .
> 200 NN o R Nyl
£ s " Lys248 M °
3
= 0+ T T g T T 1
0 7 14 21 28 35 42 trastuzumab-control ADC
d) Days
e)
1000 10004
- -©- Total mAb _
E -m- Total ADC = -~ Total mAb
5 100 = 100
c =) -m- Total ADC
= £
5 =
s -2 10+ na
g £ i
S 8 t S
5 5
(& o -
0.1+ T T T T 1 0.1 T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
Time[Day] Time[Day]

Figure 3. Biological evaluation of trastuzumab-Lys248-MMAE produced by AJICAP-M, a) in-
vitro cell-based assay, b) in vivo xenograft, ¢) illustration of control ADC, d) Plasma concentration
of total mAb (flat linear) and total ADC (hash linear) in rats measured by ELISA (trastuzumab-
Lys248-MMAE produced by AJICAP-M), d) Plasma concentration of total mAb (flat linear) and

total ADC (hash linear) in rats measured by ELISA (control ADC)

Finally, we explored the AJICAP-M technology in a continuous flow microreactor (FMR)
synthesis for ADC production. FMR manufacturing using pipes and tubes for chemical reactions
surpasses traditional batch reactors in terms of environmental safety and scalability and enables
new reactions 22. This shift is significant in the pharmaceutical and fine chemical sectors. A key

aspect of FMR in ADC production is the safe handling of highly potent payloads. FMRs, designed

10
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with safety in mind, markedly decrease the risk of exposure to hazardous substances such as
payload linkers in ADC manufacturing. In 2022, our group successfully produced cysteine-
conjugated ADCs using FMR, marking the first report of FMR-based ADC synthesis®®. This
achievement entailed using clinically relevant antibodies and drug linkers and optimizing mixer
types, reaction times, and diameters to produce ADCs without significant aggregation. However,
there is a report wherein site-specific ADC production or affinity-guided protein modification
could not be achieved in continuous mode. There were initial concerns that the rapid mixing
approach could lead to unintended nonspecific conjugation or compromise the quality of the
protein product. However, given its notably high affinity for antibodies at the nanomolar level, we
anticipated that the AJICAP-M conjugation method would be compatible with the flow kinetic
mixing mode. This high affinity is expected to mitigate the risk of nonspecific reactions and
maintain the integrity of the protein. We used a V-shaped stainless-steel mixer with an inner
diameter of 0.25 mm and a cascade-dual-mode mixing system (Figure 4). The critical step in the
AJICAP-M conjugation process was identified as the initial antibody modification by the peptide
reagent, which occurred primarily in mixer-1 and reactor-1. To facilitate this, we employed an 8-
meter reactor tube for a reaction time of 3 min. Our design focused on flash chemistry to optimize
mixing efficiency, characterized by rapid mixing at high flow rates. This strategy led to the
successful replication of site-specific ADC production, comparable to that achieved in the batch
mode. Notably, this method enables rapid site-specific ADC synthesis within 5 min, presenting a

significant advantage for efficient future ADC manufacturing.
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Figure 4. FMR-mode manufacturing of trastuzumab-Lys248-MMAE, a) Illustration of FMR

system, b) reaction scheme of FMR-mediated AJICAP-M conjugation

In summary, our research presents a substantial advancement in oncology therapeutics through the
development and application of ADCs using AJICAP-M technology. This method addresses the
structural heterogeneity issues inherent in traditional ADCs by enabling precise payload-linker
attachment at specific antibody sites, thus improving the therapeutic indices. The AJICAP-M
technology, characterized by an optimized affinity reagent for an NHS ester, facilitates efficient
site-specific ADC production. It effectively modified two key sites on antibodies (Lys248 and
Lys288), validated by comprehensive in vivo efficacy and pharmacokinetic studies. These studies
demonstrated the enhanced stability and reduced payload detachment of AJICAP-M-ADCs,
indicating their potential for broader therapeutic applications and efficacy compared with
traditional stochastic ADCs. A notable aspect of our research is the successful integration of the
AJICAP-M technology into continuous-flow ADC manufacturing. This approach streamlines the

production process, offers benefits in terms of environmental impact and scalability, and marks a
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significant innovation in ADC production by overcoming the challenges associated with traditional
methods. These advancements have streamlined the ADC modification process and enhanced the

stability and efficiency of the synthesis.
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