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Abstract: 

Peptide-based therapeutics are currently in great demand but often suffer from rapid clearance 
and accumulation in off-target tissues which continue to present barriers in their clinical 
translation. Here, we developed an electrophilic peptide for the attachment of therapeutics to 
native immunoglobulin (IgG) in vivo, enabling the bioorthogonal covalent linkage, or 
‘painting’, of peptide drugs of choice to circulating IgGs directly in live animals. Native IgG 
painting with glucagon-like peptide-1 (GLP-1) results in sustained body weight loss and 
prolonged blood glucose management after one dose. Such technology might revolutionize the 
next generation of long-acting peptide-based medicines.  
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Introduction. Peptide drugs are advantageous due to their high target selectivity, high efficacy, 
safety, and low cost (1–3). However, they also suffer from poor in vivo stability, short plasma 
half-life (a few minutes), and poor oral availability. Recent efforts in biotechnology focused on 
improving peptide pharmacokinetic (PK) and pharmacodynamic (PD) profiles using chemical 
modifications to diminish renal clearance (4), increase chemical stability (5, 6), and enhance 
bioavailability (7).  

One of the most remarkable recent successes in the development of long-acting peptide 
drugs is exemplified by glucagon-like peptide-1 receptor agonists (GLP-1 RAs) (8–10). While 
native GLP-1 has a very short plasma half-life, of a few minutes, long-acting GLP-1 RAs have 
been proven efficient for the treatment of type II diabetes mellitus (T2DM) and obesity (11–
16). GLP-1 RAs conjugation to neonatal Fc receptor (FcRn) binders, such as serum albumin or 
IgGs, leads to endosomal internalization, transportation and recycling to the blood (17, 18). 
Despite great achievements, the first generations of long-acting GLP-1 RAs are associated with 
high costs for IgG production and purification. New technologies that leverage native 
antibodies, obviate in vitro IgG production, and enable the assembly of the IgG-GLP-1 
conjugate in vivo would greatly streamline the manufacturing process and reduce costs of next-
generation long-acting GLP-1 RAs.  

Here, we report a novel drug delivery platform to attach therapeutic payloads 
specifically to IgGs directly in vivo, aiming to extend the PK/PD of both existing and candidate 
drugs via FcRn binding. We termed our technology “in vivo antibody painting” as different 
lysine (Lys) residues from the Fc domain of native IgGs can be subsequently modified site-
selectively to incorporate multiple drugs (Fig. 1). To achieve specific targeting of IgGs, we 
designed several electrophilic affinity peptides composed of three parts: (i) an Fc-binder 
peptide, (ii) a reactive electrophilic function, and (iii) a therapeutic payload. Through 
proximity-induced effect (19), the electrophilic payload is covalently conjugated to the heavy 
chain of the IgG Fc domain. The reaction is fully biocompatible, occurs at physiological pH 
and temperature (37 °C) without any catalyst, and does not require incorporation of any reactive 
handle to IgGs beforehand.    

Fc-binder affinity peptides were synthesized by Fmoc-based solid-phase peptide 
synthesis (Fmoc-SPPS) using our previously reported automated fast-flow peptide synthesis 
(AFPS) instrumentation (20). Their safety and duration of efficacy was assessed in two different 
mice models, WT lean Swiss and Lepob/ob, the latter having spontaneous type II diabetes mellitus 
(T2DM) related obesity. Our results show promising outcomes for advancing the next 
generation of weight loss and T2DM drugs. Furthermore, we demonstrate the applicability of 
IgG painting to a variety of payloads (small molecules, peptides, and radionuclides), 
highlighting its versatility and potential for numerous applications. This work thereby 
represents a novel impactful insight for designing long-acting drugs and antibody-drug 
conjugates.  
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Fig. 1: General overview of the in vivo IgG ‘painting’ technology. (A) Concept. (B) In vivo 
reaction to native IgGs. Z33 peptide variant conjugated to electrophile-drug moieties is 
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administered in vivo. The peptide recognizes lysine-317 of the IgG Fc-domain heavy chain A 
enabling the transfer of its payload to IgGs through proximity effect. The reaction is fast (a few 
hours), biocompatible and covalent. The binding of IgGs to the neonatal Fc receptor (FcRn) the 
half-life is expected to extend and enhance drug efficacy. This technology is versatile and can 
be accomplished with a variety of cargoes: small molecules, therapeutic peptides, or even 
radionuclides. DAR: drug-antibody ratio; DBCO: dibenzyl-cyclooctyne; Hcy: homocysteine; 
IgG: immunoglobulin G; IP: intraperitoneal; IV: intravenous; PEG: polyethylene glycol; SC: 
subcutaneous.  

Synthesis of Fc-reactive derivatives of the minimal Z-domain of protein A. The minimal Z-
domain of protein A, a 33-mer peptide (Z33), was shown to bind the Fc fragment of IgG1 with 
an apparent dissociation constant (KD) of 43 nM (21). In a previous study, it was determined 
that specific amino acids in the sequence of the Z33 peptide have little to no influence on its 
binding to IgGs while other residues play a crucial role (22). The interaction between Glu-20 

(E20) of protein A and Lys-317 (K317, (23, 24)) of the Fc domain of IgG1 was previously 
confirmed using co-crystal structure (Fig. S1). Selective targeting of the Fc fragment of native 
IgGs, using affinity peptides, was already successfully reported for manufacturing antibody-
drug conjugates (ADCs), via the AJICAP® technology (25, 26). However, the first generation 
required redox treatment for reagent conjugation to thiol groups and was thereby associated to 
high risks of aggregation. While the second generation brought significant improvements, and 
enabled to maintain aggregation under 10%, IgG modification was still achieved following 
multi-steps chemical reactions, making the technology non-suitable for direct in vivo targeting 
(27). Following this evidence, our aim was to develop a novel drug delivery platform, derived 
from Z33 peptide, for targeting and modifying native IgGs directly in vivo, in one single step. 
Here, we expect to i) avoid aggregation and immunogenicity by using fully biocompatible 
reagents, ii) increase the half-life of peptide drugs, iii) administer lower doses.  
 We first designed and synthesized several variants of Z33 using our previously reported 
AFPS technology (Fig. S2A and Table S1) (20). Based on previous findings (22), we substituted 
E20 with either L-Cys (peptide 1), or L-homocysteine (L-Hcy, peptides 2-6) to introduce a 
handle for the site-specific conjugation of an electrophile function bearing a free azido click 
moiety. The azido electrophile was conjugated by S-arylation using Pd-oxidative addition 
complexes (Pd-OAC) (28), leading to the final electrophile-containing affinity peptide 
constructs (N3-1-6, Fig. S2B). N3-1 was used as a negative control as the L-Pro-16 substitution 
with a D-Pro resulted in a loss of binding affinity (~3 µM). N3-3 was based on the same structure 
as N3-2 (binding affinity ~60 nM) except its N-terminus is capped using 8 repeated units of 
polyethylene glycol (PEG8).  
 
In vitro selective transfer of azido moieties onto human and mouse IgGs. Several 
electrophiles (I, II, III, IV, V) were synthesized, and their reactivity after 24 h was assessed in 
vitro, using hIgG1 trastuzumab (Tmab; 1 eq.) (Fig. S3). The highest reaction transfer was 
observed for electrophile I, with up to 99% of modifications incorporated into the heavy chain 
of Tmab after reaction with peptide 2 (20 eq.) compared to only 47% with electrophiles II or 
III. Through a sequencing experiment using tandem liquid chromatography-mass spectrometry 
(LC-MS/MS), we were able to identify that the electrophile moiety was covalently transferred 
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to the Lys-317 side chain of the heavy chain of the Fc domain of Tmab (Fig. S4). Further 
investigations showed conversions of ~17%, 99%, and 95%, after reaction with peptides N3-1-
3 bearing electrophile I, respectively, confirming the highest reactivity associated with N3-2 
(Table S2). In vitro reactivity of peptide N3-2-I (20 eq.) was then assessed in vitro for other IgG 
subtypes and species and showed the highest reactivity was achieved using hIgG1-2 and excess 
amount of N3-2-I, with 98% conversion on the heavy chain Fc domain associated to a high 
selectivity with less than 2% of the light chains modified with the electrophilic groups (Fig. S5 
and Table S3).  
 Peptide N3-2-I (20 eq.) incubated with a mixture of Tmab (1 eq.) and RNase A (1 eq.) 
showed that only Tmab ended being decorated with azido moieties (DAR 1-2) (Fig. S6). In 
addition, incubation of N3-1-6-I in mouse sera confirmed the absence of binding to other 
biomolecules circulating in blood (Fig. S7A-D). The highest IgG conversion rate was achieved 
using N3-2-I and N3-3-I, with 33 ± 1% and 49 ± 3%, respectively, after 2 h of incubation, versus 
10 ± 1% for the low binder N3-1-I Given these good conversion rates, N3-2,3-I were taken 
forward for investigations in WT Swiss mice (Fig. S7E-F). We calculated that at least 30 mg/kg 
of N3-2,3 (~280 nmol) would be required to modify ~100% of the mIgGs circulating in blood 
(~3 mg/mL of mIgGs), with a DAR of at least 1 and a conversion rate of 100% (29, 30). 
However, as N3-2-3 only induced up to 50% of electrophile transfer, in vitro, we expected to 
modify only 50% of the mice native IgGs in vivo, at best, after a single dose of 30 mg/kg. The 
dose of 30 mg/kg of N3-2-3-I was well tolerated after either subcutaneous (SC) or 
intraperitoneal (IP) injection, no significant adverse effects being observed. N3-2-I and N3-3-I 
showed similar in vivo reactivity, with 33 ± 12% and 37 ± 4% conversion rate, respectively, 
after SC injection. Considering that the two heavy chain Lys-317 side chains of the Fc domain 
can be modified using N3-2-3-I reagents, the painting of mIgGs resulted in a distribution of 
DAR from 0 to 2. This methodology does not enable to quantify how many modifications are 
carried on mIgG; therefore, we assume the conversion rate quantified here is probably 
underestimated.  
 
In vitro selective transfer of GLP-1 conjugates onto mouse IgGs. Motivated by the 
encouraging results obtained with azido transfer, we sought to apply our IgG painting 
technology to larger biomolecular cargos, such as GLP-1 RAs for extending their PK. Three 
different GLP-1 backbones were synthesized using AFPS (Fig. S8), based on the sequences of 
Semaglutide (GLP-1a), Liraglutide (GLP-1b), and Tirzepatide (GLP-1c). GLP-1a,b were 
covalently conjugated to a dibenzyl cyclooctyne (DBCO) moiety on Lys-20 (Fig. S8-S12) then 
reacted with N3-2-I to obtain electrophile peptides 2a,b through the strain-promoted azide-
alkyne cycloaddition click reaction (SPAAC) (31). Electrophile peptide 2c was obtained 
following a multiple step conjugation process (Fig. S8B). The conversion rate of peptides 2a-c 
determined by Q-ToF LC-MS indicated that up to 41% of Tmab Fc domain heavy chains were 
successfully modified with GLP-1a, 26% for GLP-1b, and 20% with GLP-1c (Fig. S10-S12, 
and Table S4). Following these encouraging results, we decided to assess the effect of in vivo 
IgG painting with peptides 2a,3a in vivo, in two different mice models.  
 
In vivo IgG painting is well tolerated in mice. Three different doses of the commercial 
Semaglutide (0.5 mg/kg (~5 nmol), 3 mg/kg (~30 nmol) or 10 mg/kg (~100 nmol)) were first 
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SC injected in WT mice to verify the tolerability for GLP-1 RAs (Table S5). In the other cohorts, 
2a,3a was SC administered following either 10 mg/kg (25 nmol), 30 mg/kg (75 nmol), or three 
injections of 10 mg/kg, 1 per week for 3 weeks (30 mg/kg total, 75 nmol total). As expected, 
hypoglycemia was observed starting 0.5 mg/kg of Semaglutide and became critical for the 
highest dose suggesting 10 mg/kg as the maximum tolerated dose. None of the mice receiving 
SC injections of 2a and 3a showed hypoglycemia or behavioral change, confirming the safety 
of IgG painting with GLP-1 RAs.  
 In Lepob/ob obese mice, two routes were assessed for the10 mg/kg dose: SC and IP (Table 
S6). For Semaglutide, both routes did significantly impact the mice behavior and induce 
hypoglycemia. In the 2a and 3a cohorts, the SC route was better tolerated with no significant 
toxicity while IP induced some behavioral changes. We thereby pursued our investigations 
about the PD of 2a and 3a following SC injection of 10 mg/kg, in both mice models. 
 
The pharmacodynamic profile of GLP-1 is significantly improved after in vivo IgG 
painting in lean mice. A dose-response using the commercial Semaglutide (0.5 mg/kg (~5 
nmol), 3 mg/kg (~30 nmol), or 10 mg/kg (~100 nmol), SC) allowed us to validate the WT Swiss 
mice model as suitable for measuring blood glucose change in addition to body weight loss 
(Fig. S13). Then, female WT mice received one single SC injection of either 10 mg/kg (~100 
nmol) of Semaglutide, or 10 mg/kg (~25 nmol) of 2a and 3a (Fig. 2A,B). A significant 4-5% 
body weight loss was observed at 24 h post injection, sustained for 10 days (2a) or 15 days (3a) 
(Fig. 2C).  

Intraperitoneal glucose tolerance tests (Ip-GTT) demonstrated blood glucose decrease 
for all the GLP-1 analogs compared to the naïve mice, after 24 h of injection (Fig. 2D). After 6 
days, Semaglutide showed no more ability to reduce blood glucose in the WT mice (AUC0-120 

min = 21,282 ± 795 vs 21,354 ± 431 for the naïve) while 2a and 3a were still exerting significant 
activation of GLP-1R (AUC0-120min = 19,004 ± 650 and 17,744 ± 366, respectively). In addition, 
a stacking dose of three injections of 10 mg/kg each (~75 nmol total), following one injection 
per week for three weeks induced similar efficacy as one single dose of 10 mg/kg, while a single 
dose of 30 mg/kg of 2a was significantly more efficient than a 10 mg/kg dose (P<0.0001), at 
both 24 h and 72 h p.i, but presented no benefit at the 144-h time-point (Fig. S14).  
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Figure 2: In vivo IgG painting extends GLP-1a pharmacodynamic profile in WT Swiss 
mice. (A) Structures of the synthesized compounds 2a-3a. (B) In vivo experimental design: 
female WT Swiss mice were SC injected with 10 mg/kg (~100 nmol) of Semaglutide or with 
10 mg/kg (~25 nmol) of 2a or 3a. (C) Body weight change from Day 0. (D) Ip-GTT curves 
(top) and AUC (bottom) at 24 h, 72 h, and 144 h post drug injection. Statistical analysis was 
performed using two-way ANOVA (C), multiparametric T-tests (C), or non-parametric T-tests 
(D): *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. AUC: area under the curve; GTT: 
glucose-tolerance tests; IP: intraperitoneal; SC: subcutaneous.  
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In vivo IgG painting with GLP-1a sustains body weight loss and improves blood glucose 
management in obese Lepob/ob mice for at least 10 days after SC injection. Both males and 
females were used for this efficacy study to avoid sex-related biases. One single injection of 10 
mg/kg (~170 nmol) of Semaglutide, or 10 mg/kg (~45 nmol) of 2a,3a was SC in Lepob/ob mice 
(Fig. 3A,B). Significant body weight loss (~3.6 ± 0.8 and 4.3 ± 1.4%) was observed for 10 days 
after 2a or 3a injections, respectively, with slower body weight intake up to Day 21 (Fig. 3C). 
Semaglutide induced about 8.3 ± 0.5% of body weight loss for 3 days, then the intake went 
progressively up until 21 days p.i.  

Lepob/ob are insulin resistant as confirmed by the blood glucose levels measured for the 
naïve, with 440 ± 9 mg/dL vs 178 ± 14 mg/dL for the non-obese C57BL/6J mice, both sexes 
combined (Fig. S15B). The cohorts were fasted for 5-6 hours then challenged with glucose 
injections (2g/kg) at 24 and 72 h p.i (Fig. S15D, left), and with insulin injection (2.5 IU/kg) at 
day 10 p.i. Semaglutide, 2a and 3a were efficient up to 10 days p.i., enabling to down-regulate 
blood glucose levels significantly, in both sexes combined (Fig. 3D-E). Moreover, the response 
to insulin observed after 10 days highlighted that 2a,3a induced similar effect than Semaglutide, 
3a even showing a slightly better efficacy in females (P<0.001) (Fig. 3F). The improvement of 
the insulin sensitivity status was confirmed using the plasma glucose disappearance rate (k-
ITT) (Fig. 3G). In Lepob/ob mice, in vivo IgG painting with GLP-1 analogs demonstrated similar 
efficacy than Semaglutide, after SC injection, even though 2a,3a contain almost 4 times less 
GLP-1 peptide compared to the Semaglutide drug.  

In vivo IgG painting with GLP-1a improved metabolic health in Lepob/ob mice after IP 
administration as well. The IP route was assessed in male and female Lepob/ob mice (Fig. S16A-
B). Body weight loss after IP 2a,3a was comparable to the SC cohorts (P<0.0001) (Fig. S16C). 
However, IP Semaglutide sustained body weight loss up to 7 days p.i, then followed a similar 
pattern as 2a,3a. Fasting blood glucose levels were maintained in the normal range for up to 6 
days (Fig. S16D and Fig. S15D, right). After 10 days, Semaglutide showed no more efficacy 
while 2a, and 3a still enabled to lower blood glucose (P<0.0001 and P<0.001, respectively). IP 
seems to induce a faster clearance of Semaglutide while increasing the efficiency of 2a,3a (Fig. 
S16E). After 10 days, 2a was the most effective for reducing blood glucose in response to 
insulin, in both sexes, highlighting that the presence of the PEG in 3a reduced the affinity 
peptide efficiency to bind IgGs after IP injection (Fig. S16F). All the GLP-1 analogs enabled to 
reverse insulin resistance in Lepob/ob mice (P<0.0001) (Fig. S16G).  
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Figure 3: In vivo IgG painting with 2a,2b sustains body weight loss and exerts extended 
blood glucose control in obese Lepob/ob mice. (A) Structure of compounds 2a-3a. (B) 
Experimental design: Lepob/ob obese mice (n = 6 per compound, split as 3 males and 3 females) 
were SC injected with 10 mg/kg (~170 nmol) of Semaglutide or 10 mg/kg (~45 nmol) of 2a,3a. 
Non-obese C57BL/6J mice (n = 6, 3 males and 3 females) have also been included in the study 
as an additional naïve control to obtain the baseline values for healthy subjects. (C) Body weight 
change from Day 0. (D) Blood glucose measured after 6 hours of fasting. (E) Ip-GTT curves 
(top) and AUC (bottom) at 24 h and 144 h p.i. (F) Ip-ITT curve (left) and AUC 0-90 min (right) 
at 240 h p.i. (G) Plasma glucose disappearance rate (k-ITT) determined at 240 h p.i. Statistical 
analysis was performed using two-way ANOVA (C), multiparametric T-tests (C), or non-
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parametric T-tests (D-G): *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. AUC: area under 
the curve; GTT: glucose tolerance test; IP: intraperitoneal; ITT: insulin tolerance test; p.i: post 
injection, SC: subcutaneous.   

 

IgG painting with radionuclides highlights the payload versatility. We hypothesized that 
our in vivo IgG painting approach can be used as a general drug delivery platform suitable for 
numerous kinds of payloads. Radionuclides are among the most challenging payloads but are 
particularly useful for in vivo detection and quantification. N3-1-3-I was radiolabeled using 
zirconium-89 and the fate of [89Zr]Zr-1-3 was assessed in female WT mice, after either 
intravenous (IV), SC, or IP injection of 1.2-1.5 MBq (Fig. 4A-B and Fig. S17-S19). In mice, 
the highest amounts of FcRn receptors were found in the following tissues: small intestine, 
spleen, large intestine, kidney , liver and lungs (32, 33). As functional FcRn binds, transports, 
and recycles IgGs, after the IV injection of [89Zr]Zr-1-3, the resulting [89Zr]Zr-IgGs were most 
likely expected to be located in those very same tissues.  

Longitudinal PET-CT imaging and ex vivo quantifications in organs confirmed the 
uptake of IV injected [89Zr]Zr-1-3 in organs rich in FcRn, for up to 6 days p.i. (Fig. 4, Fig. S17, 
and Table S7). De-chelation was neglectable over the 6-days experiment period, confirming 
that the uptake quantified in the tissues is specific (Fig. S17D) (34). The SC route appeared to 
be less efficient than the IV, as the uptake measured in tissues is neglectable after 24 h, except 
for the kidneys and the liver (Fig. S18 and Table S8-S9). Longitudinal PET-CT also indicated 
that most of the signal was stuck at the injection point for 10 days, suggesting that SC is less 
suitable for radionuclide transfer using the in vivo IgG painting approach than IV injection (data 
not shown). IP injection showed better suitability than SC, with a persistent uptake organs rich 
in FcRn after injection of [89Zr]Zr-2(Fig. S19-S20 and Table S10). 

Altogether, these results indicate that in vivo IgG painting using electrophile peptide 
2,3-I may be impactful for the development of long-acting drugs by proposing a broad platform 
freed from any cumbersome in vitro antibody engineering. 
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Figure 4: Payload versatility highlighted by in vivo radionuclide transfer to native mIgGs 
in WT Swiss mice. (A) Radiolabeling of peptides 1-3. (B) Experimental design: 1.2-1.5 MBq 
of [89Zr]Zr-1-3 was administered IV in female WT Swiss mice (n = 4 mice per compound). 
Longitudinal PET-CT imaging was performed over 6 days, and organs were harvested for 
quantification. (C) Whole-body biodistribution of [89Zr]Zr-1-3 at 144 h p.i. (D) Representative 
longitudinal PET-CT imaging at 2 h (top), 24 h (bottom), and 144 h (bottom) p.i. Scale (top): 
min = 1.0e+05 kBq/mL, max = 3.0e+06 kBq/mL; (bottom): min = 2.7e+04 kBq/mL, max = 
4.0e+05 kBq/mL. The same thresholds have been applied for the PET of the free [89Zr]Zr used 
as control. (E) PET-CT of all spleens and uptake at 144 h p.i. Scale: min = 1.31e+04 kBq/mL, 
max = 3.73e+05 kBq/mL. (F) Comparison of the %IA/g in the liver, lungs, and kidneys, at 144 
h p.i. Statistical analysis was performed using non-parametric T-tests: *P< 0.05, **P<0.01, 
***P<0.001, ****P<0.0001. %IA/g: percent of injected activity per gram of tissue; IV: 
intravenous; PET-CT: positron emission tomography-computed tomography scan; p.i.: post 
injection.  

 
Expanding the chemistry towards multi-drug painting and ADC engineering. To enable 
the conjugation of two or more different drugs on one single IgG, we have explored two 
different strategies: (i) the site-specific modification of two different lysine side chains using 
different electrophilic warheads, (ii) the use of a bivalent electrophile. First, we synthesized 5 
novel Z33 variants (Tables S1). For peptides 7 and 8, the L-Cys or L-Hcy residue substituted 
Met-3, then were conjugated to azido electrophiles VI and VII (Fig. S21-S24). Tmab 
sequencing indicated that azido conjugation occurred predominantly (~93.63%) on Lys-248. 
Variants 9-11 carry a substitution of either Arg-31, or Asp-32 for the incorporation of 
electrophile VII. About 91% of Tmab heavy chain was successfully modified with two or more 
azido moieties while 86% of the light chain remained unaffected, highlighting the possibility to 
incorporate two different drug payloads via two steps serial reactions.  

 Multi-drug conjugation was then achieved through the linkage of peptides 2 and 3 to 
VIII, a dendronized electrophile bearing both an azido and a Tz moiety (Fig. S25). N3-Tz-2,3 
VIII was conjugated to DBCO-PEG24-GLP-1a, then to TCO-DFO and radiolabeled with Zr-
89, leading to [89Zr]Zr-12a,13a. After SC injection in WT female mice (1.2-1.5 MBq), a 
significant uptake was observed in the gut and in lymph nodes, confirming the reaction to 
mIgGs. 

 It is important to note that our novel drug delivery system can also be used in vitro, for 
engineering traditional antibody-drug conjugates (ADC), in a fast, site-selective, and highly 
reproducible manner (Fig. S26A-B). Here we attached monomethyl auristatin E (MMAE) to 
Tmab, modifying up to 55% of the heavy chains of the Fc domain of Tmab with a DAR of 2 
and a 99% selectivity. Hereby, our results highlight that this new drug delivery platform may 
be used for a wide variety of applications.  
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Conclusion: 

Fusion to FcRn binder molecules for PK extension purposes was explored in the past two 
decades and has already led to the approval of several drugs (18, 35). Applied to GLP-1 analogs, 
such approaches have provided T2DM patients an efficient therapeutic option and recently, 
FDA approval was obtained for weight loss applications (36, 37). A recent report on AMG-133 
indicated that the fusion of two GLP-1 moieties on an anti-GIP IgG enabled body-weight loss 
in db/db mice after 24 h and persistent up to 216 h post IP injection of 2 mg/kg. In the same 
study, blood glucose was reduced up to 144 h post injection (15). In addition, in humans, AMG-
133 was safe and tolerable besides an increase of amylase and lipase, possessed a half-life of 
14-16 days with peak of duration reached 4-7 days post SC injection, and maintained body 
weight loss up to 120 days after the last dose. These data suggest that an antibody-GLP-1 
conjugate may be effective at a twice monthly dosing regimen rather than the once-weekly 
Semaglutide, with a significant lower toxicity. The manufacturing of antibodies is however time 
consuming, and among the most-costly steps in the entire production pipeline. Therefore, the 
novel in vivo antibody painting technology we developed here proposes an efficient, 
straightforward, and cheaper alternative.  

We report the synthesis of 13 different Fc-binder peptides, derived from the structure of Z33 
(21). Every compound was obtained with high purity and good yield, as a result of AFPS 
synthesis technology (20). Seven electrophilic groups were synthesized, conjugated to the Fc-
binder peptides to evaluate their transfer reactivity towards the heavy chain Fc domain of Tmab, 
enabling us to determine the best Fc-binder peptide/electrophile pair for moving forward to in 
vivo experiments. We successfully demonstrated the ability to transfer a cargo from a peptide 
to a native IgG while circulating in blood, in two hours. To the best of our knowledge, such a 
transformation has not been reported before.  

The proof-of-concept of in vivo IgG painting with GLP-1 analogs was performed in WT 
mice and Lepob/ob (38) to evaluate the safety, the PK/PD extension, and the efficacy on obesity 
and TD2M. In both models we successfully demonstrated a sustained body weight loss for 10 
to 15 days, associated with blood glucose decrease for 144 h post SC injection. Moreover, in 
the obesity model, a better response to insulin was also measured after 10 days following either 
SC or IP injection. While the outcome was similar, slight sex-related differences were observed 
for the treatment response among the male and female obese mice, a pattern observed also for 
GLP-1 agonists in humans (39). Overall, in vivo IgG painting with GLP-1 achieved either 
similar or better results than the commercial Semaglutide, at a dose 4 times lower (40, 41). 

Finally, we highlight that in vivo IgG painting can achieve site-selective modification 
of either one or two lysine side chains, from both sides of the heavy chain Fc domain depending 
on the electrophile used, making the conjugation of two different drugs possible on the same 
antibody. The development of long-acting GLP-1 analogs is currently moving towards the 
combination of two or more incretin co-agonists to boost the effect on T2DM and weight loss 
(16, 42). While the engineering of bispecific antibodies is challenging, our IgG painting 
platform, which can be performed either in vitro or in vivo, introduces a facile modality to 
access multi-drug antibody conjugates in the body.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 23, 2024. ; https://doi.org/10.1101/2024.08.22.609257doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.22.609257
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 
 

References: 

1.  B. M. Cooper, J. Iegre, D. H. O’ Donovan, M. Ölwegård Halvarsson, D. R. Spring, Peptides as a 
platform for targeted therapeutics for cancer: peptide–drug conjugates (PDCs). Chem. Soc. Rev. 50, 
1480–1494 (2021). 

2.  D. Agyei, I. Ahmed, Z. Akram, H. M. N. Iqbal, M. K. Danquah, Protein and peptide 
biopharmaceuticals: an overview. PPL 24, 94–101 (2017). 

3.  L. Wang, N. Wang, W. Zhang, X. Cheng, Z. Yan, G. Shao, X. Wang, R. Wang, C. Fu, Therapeutic 
peptides: current applications and future directions. Sig Transduct Target Ther 7, 48 (2022). 

4.  A. Rondon, S. Mahri, F. Morales-Yanez, M. Dumoulin, R. Vanbever, Protein engineering strategies 
for improved pharmacokinetics. Advanced Functional Materials 31, 2101633 (2021). 

5.  H. E. Blackwell, R. H. Grubbs, Highly efficient synthesis of covalently cross-linked peptide helices 
by ring-closing metathesis. Angewandte Chemie International Edition 37, 3281–3284 (1998). 

6.  C. Heinis, T. Rutherford, S. Freund, G. Winter, Phage-encoded combinatorial chemical libraries 
based on bicyclic peptides. Nat Chem Biol 5, 502–507 (2009). 

7.  D. J. Drucker, Advances in oral peptide therapeutics. Nat Rev Drug Discov 19, 277–289 (2020). 

8.  S. Ansari, B. Khoo, T. Tan, Targeting the incretin system in obesity and type 2 diabetes mellitus. 
Nat Rev Endocrinol, doi: 10.1038/s41574-024-00979-9 (2024). 

9.  A. K. Chetty, E. Rafi, N. J. Bellini, N. Buchholz, D. Isaacs, A review of incretin therapies approved 
and in late-stage development for overweight and obesity management. Endocrine Practice 30, 
292–303 (2024). 

10.  G. Cantini, E. Mannucci, M. Luconi, Perspectives in GLP-1 research: new targets, new receptors. 
Trends in Endocrinology & Metabolism 27, 427–438 (2016). 

11.  F. B. Ahmad, J. A. Cisewski, J. Xu, R. N. Anderson, Provisional mortality data — United States, 
2022. MMWR Morb. Mortal. Wkly. Rep. 72, 488–492 (2023). 

12.  A. Moiz, J. Y. Levett, K. B. Filion, K. Peri, P. Reynier, M. J. Eisenberg, Long-term efficacy and 
safety of once-weekly Semaglutide for weight loss in patients without diabetes: a systematic review 
and meta-analysis of randomized controlled trials. The American Journal of Cardiology, 
S0002914924003199 (2024). 

13.  A. M. Chao, J. S. Tronieri, A. Amaro, T. A. Wadden, Semaglutide for the treatment of obesity. Trends 
in Cardiovascular Medicine 33, 159–166 (2023). 

14.  M. Davies, L. Færch, O. K. Jeppesen, A. Pakseresht, S. D. Pedersen, L. Perreault, J. Rosenstock, I. 
Shimomura, A. Viljoen, T. A. Wadden, I. Lingvay, Semaglutide 2·4 mg once a week in adults with 
overweight or obesity, and type 2 diabetes (STEP 2): a randomised, double-blind, double-dummy, 
placebo-controlled, phase 3 trial. The Lancet 397, 971–984 (2021). 

15.  M. M. Véniant, S.-C. Lu, L. Atangan, R. Komorowski, S. Stanislaus, Y. Cheng, B. Wu, J. R. Falsey, 
T. Hager, V. A. Thomas, M. Ambhaikar, L. Sharpsten, Y. Zhu, V. Kurra, R. Jeswani, R. K. Oberoi, 
J. R. Parnes, N. Honarpour, J. Neutel, J. L. Strande, A GIPR antagonist conjugated to GLP-1 
analogues promotes weight loss with improved metabolic parameters in preclinical and phase 1 
settings. Nat Metab 6, 290–303 (2024). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 23, 2024. ; https://doi.org/10.1101/2024.08.22.609257doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.22.609257
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 
 

16.  R. Hammoud, D. J. Drucker, Beyond the pancreas: contrasting cardiometabolic actions of GIP and 
GLP1. Nat Rev Endocrinol 19, 201–216 (2023). 

17.  F. W. R. Brambell, The transmission of immunity from mother to young and the catabolism of 
immunoglobulins. The Lancet 288, 1087–1093 (1966). 

18.  M. Pyzik, L. K. Kozicky, A. K. Gandhi, R. S. Blumberg, The therapeutic age of the neonatal Fc 
receptor. Nat Rev Immunol 23, 415–432 (2023). 

19.  M. H. Packard, J. H. Cox, V. P. Suding, J. J. Topczewski, The effect of proximal functionality on 
the allylic azide equilibrium. Eur J Org Chem 2017, 6365–6368 (2017). 

20.  N. Hartrampf, A. Saebi, M. Poskus, Z. P. Gates, A. J. Callahan, A. E. Cowfer, S. Hanna, S. Antilla, 
C. K. Schissel, A. J. Quartararo, X. Ye, A. J. Mijalis, M. D. Simon, A. Loas, S. Liu, C. Jessen, T. E. 
Nielsen, B. L. Pentelute, Synthesis of proteins by automated flow chemistry. Science 368, 980–987 
(2020). 

21.  A. C. Braisted, J. A. Wells, Minimizing a binding domain from protein A. Proc. Natl. Acad. Sci. 
U.S.A. 93, 5688–5692 (1996). 

22.  M. D. Simon, Y. Maki, A. A. Vinogradov, C. Zhang, H. Yu, Y.-S. Lin, Y. Kajihara, B. L. Pentelute, 
D-Amino Acid Scan of Two Small Proteins. J. Am. Chem. Soc. 138, 12099–12111 (2016). 

23.  G. M. Edelman, B. A. Cunningham, W. E. Gall, P. D. Gottlieb, U. Rutishauser, M. J. Waxdal, The 
covalent structure of an entire γG immunoglobulin molecule. Proc. Natl. Acad. Sci. U.S.A. 63, 78–
85 (1969). 

24.  M. Dondelinger, P. Filée, E. Sauvage, B. Quinting, S. Muyldermans, M. Galleni, M. S. Vandevenne, 
Understanding the significance and implications of antibody numbering and antigen-binding 
surface/residue definition. Front. Immunol. 9, 2278 (2018). 

25.  C. Yu, J. Tang, A. Loredo, Y. Chen, S. Y. Jung, A. Jain, A. Gordon, H. Xiao, Proximity-induced site-
specific antibody conjugation. Bioconjugate Chem. 29, 3522–3526 (2018). 

26.  K. Yamada, N. Shikida, K. Shimbo, Y. Ito, Z. Khedri, Y. Matsuda, B. A. Mendelsohn, AJICAP: 
affinity peptide mediated regiodivergent functionalization of native antibodies. Angew Chem Int Ed 
58, 5592–5597 (2019). 

27.  T. Fujii, Y. Matsuda, T. Seki, N. Shikida, Y. Iwai, Y. Ooba, K. Takahashi, M. Isokawa, S. Kawaguchi, 
N. Hatada, T. Watanabe, R. Takasugi, A. Nakayama, K. Shimbo, B. A. Mendelsohn, T. Okuzumi, 
K. Yamada, AJICAP Second generation: improved chemical site-specific conjugation technology 
for antibody–drug conjugate production. Bioconjugate Chem., acs.bioconjchem.3c00040 (2023). 

28.  E. V. Vinogradova, C. Zhang, A. M. Spokoyny, B. L. Pentelute, S. L. Buchwald, Organometallic 
palladium reagents for cysteine bioconjugation. Nature 526, 687–691 (2015). 

29.  A.-S. Klein-Schneegans, L. Kuntz, P. Fonteneau, F. Loor, Serum concentrations of IgM, IgG1, 
IgG2b, IgG3 and IgA in C57BL6 mice and their congenics at the lpr (lymphoproliferation) locus. 
Journal of Autoimmunity 2, 869–875 (1989). 

30.  H. O. Sarvas, I. J. T. Seppälä, T. Tähtinen, F. Péterfy, O. Mäkelä, Mouse IgG antibodies have 
subclass associated affinity differences. Molecular Immunology 20, 239–246 (1983). 

31.  E. M. Sletten, C. R. Bertozzi, From Mechanism to Mouse: A Tale of Two Bioorthogonal Reactions. 
Acc. Chem. Res. 44, 666–676 (2011). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 23, 2024. ; https://doi.org/10.1101/2024.08.22.609257doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.22.609257
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 
 

32.  S. Latvala, B. Jacobsen, M. B. Otteneder, A. Herrmann, S. Kronenberg, Distribution of FcRn across 
species and tissues. J Histochem Cytochem. 65, 321–333 (2017). 

33.  T. Li, J. P. Balthasar, FcRn expression in wildtype mice, transgenic mice, and in human tissues. 
Biomolecules 8, 115 (2018). 

34.  G. W. Severin, J. W. Engle, T. E. Barnhart, R. J. Nickles, 89Zr radiochemistry for positron emission 
tomography. MC 7, 389–394 (2011). 

35.  D. G. Brown, H. J. Wobst, A decade of FDA-approved drugs (2010–2019): trends and future 
directions. J. Med. Chem. 64, 2312–2338 (2021). 

36.  A. Elmaleh-Sachs, J. L. Schwartz, C. T. Bramante, J. M. Nicklas, K. A. Gudzune, M. Jay, Obesity 
management in adults: a review. JAMA 330, 2000 (2023). 

37.  J. Andraos, H. Muhar, S. R. Smith, Beyond glycemia: comparing tirzepatide to GLP-1 analogues. 
Rev Endocr Metab Disord, doi: 10.1007/s11154-023-09825-1 (2023). 

38.  F. Suriano, S. Vieira-Silva, G. Falony, M. Roumain, A. Paquot, R. Pelicaen, M. Régnier, N. M. 
Delzenne, J. Raes, G. G. Muccioli, M. Van Hul, P. D. Cani, Novel insights into the genetically obese 
(ob/ob) and diabetic (db/db) mice: two sides of the same coin. Microbiome 9, 147 (2021). 

39.  E. Rentzeperi, S. Pegiou, T. Koufakis, M. Grammatiki, K. Kotsa, Sex differences in response to 
treatment with glucagon-like peptide 1 receptor agonists: opportunities for a tailored approach to 
diabetes and obesity care. JPM 12, 454 (2022). 

40.  J. Lau, P. Bloch, L. Schäffer, I. Pettersson, J. Spetzler, J. Kofoed, K. Madsen, L. B. Knudsen, J. 
McGuire, D. B. Steensgaard, H. M. Strauss, D. X. Gram, S. M. Knudsen, F. S. Nielsen, P. Thygesen, 
S. Reedtz-Runge, T. Kruse, Discovery of the once-weekly glucagon-like peptide-1 (GLP-1) 
analogue Semaglutide. J. Med. Chem. 58, 7370–7380 (2015). 

41.  S. Gabery, C. G. Salinas, S. J. Paulsen, J. Ahnfelt-Rønne, T. Alanentalo, A. F. Baquero, S. T. 
Buckley, E. Farkas, C. Fekete, K. S. Frederiksen, H. C. C. Helms, J. F. Jeppesen, L. M. John, C. 
Pyke, J. Nøhr, T. T. Lu, J. Polex-Wolf, V. Prevot, K. Raun, L. Simonsen, G. Sun, A. Szilvásy-Szabó, 
H. Willenbrock, A. Secher, L. B. Knudsen, Semaglutide lowers body weight in rodents via 
distributed neural pathways. JCI Insight 5, e133429 (2020). 

42.  R. M. Gutgesell, R. Nogueiras, M. H. Tschöp, T. D. Müller, Dual and triple incretin-based co-
agonists: novel therapeutics for obesity and diabetes. Diabetes Ther 15, 1069–1084 (2024). 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 23, 2024. ; https://doi.org/10.1101/2024.08.22.609257doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.22.609257
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 
 

Acknowledgements:  

We thank Jacob Rodriguez and Heemal Dhanjee for their discussion on peptide synthesis, 
purification, and modification. The authors also acknowledge the Koch Institute for Integrative 
Cancer Research at MIT for technical support, specifically the Preclinical Modeling, Imaging 
and Testing Core and its director Virginia Spanoudaki. 

 

Funding: 

This project was supported by discretionary funds available to BLP. The Preclinical Modeling, 
Imaging and Testing Core at MIT is supported by the Koch Institute Cancer Center Support 
(Core) Grant P30-CA14051 from the National Cancer Institute. 

 

Competing interest: 

B.L.P. is a co-founder and/or member of the scientific advisory board of several companies 
focusing on the development of protein and peptide therapeutics. A provisional patent 
disclosure was filed by MIT regarding the methodology and compounds described in this study. 
K.K. is an employee of Sumitomo Pharma.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 23, 2024. ; https://doi.org/10.1101/2024.08.22.609257doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.22.609257
http://creativecommons.org/licenses/by-nc-nd/4.0/

