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Abstract: Targeted protein degradation (TPD) has emerged as a promising and exciting 

therapeutic strategy. The majority of existing TPD technologies rely on the ubiquitin-proteasome 

system, and are therefore limited to targeting intracellular proteins. To address this limitation, we 20 

developed a class of modularly designed, bifunctional synthetic molecules called MoDE-As 

(Molecular Degraders of Extracellular proteins through the Asialoglycoprotein receptor 

(ASGPR)), which are capable of mediating the degradation of extracellular proteins. MoDE-A 

molecules mediate the formation of a ternary complex between a target protein and the ASGPR, 

which is expressed primarily on hepatocytes. The target protein is then endocytosed and degraded 25 

by lysosomal proteases. We demonstrated the modularity of the MoDE-A technology by 

synthesizing bifunctional molecules that induce the degradation of both antibody and pro-

inflammatory cytokine proteins. To our knowledge, these data represent the first experimental 

evidence that non-proteinogenic, synthetic molecules can be employed for the TPD of extracellular 

proteins both in vitro and in vivo. We believe that TPD mediated by the MoDE-A technology will 30 

have widespread applications for disease treatment.  

 

One Sentence Summary: Bifunctional molecules that engage both a target protein and an 

endocytic receptor are able to induce the lysosomal degradation of extracellular proteins.  

 35 

Main Text:  

Extracellular protein levels are elevated in many different conditions, and technologies that 

mediate their removal from circulation have the potential to ameliorate a wide range of disease 

states (1, 2). One mechanism to decrease the serum concentration of an extracellular protein is to 

induce its endocytosis and subsequent degradation by lysosomal proteases. In order to accomplish 40 
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this goal, we developed a class of bifunctional molecules collectively termed Molecular Degraders 

of Extracellular proteins through the Asialoglycoprotein receptor (MoDE-As). MoDE-A 

molecules mediate the formation of a ternary complex between a target protein and the endocytic 

asialoglycoprotein receptor (ASGPR). The target protein is then endocytosed, trafficked to 

lysosomes, and degraded by lysosomal proteases (Figure 1A). To validate our technology, we 5 

focused on inducing the degradation of a model antibody that binds dinitrophenol (DNP). We also 

expanded our technology to induce the uptake of the cytokine macrophage migratory inhibitory 

factor (MIF), which is implicated in numerous inflammatory diseases (3). The bifunctional 

molecules developed through this work represent the first reported extracellular protein degrading 

technology validated in vivo.  10 

We chose to degrade proteins via ASGPR-dependent mechanisms for several reasons. ASGPR is 

primarily expressed on hepatocytes, which are capable of catabolizing large quantities of protein 

with minimal toxicity compared to other cell types (4-8).  Indeed, ASGPR controls the half-lives 

of several endogenous circulating proteins, including hormones (9), alkaline phosphatases (10), 

and proteins terminating in Siaα2,6Gal glycans (11). ASGPR also plays a role in controlling the 15 

concentration of platelets in serum (12). Because of its well-defined binding requirements (13) and 

its abundant expression on hepatocytes, ASGPR has been used extensively to deliver therapeutic 

agents to the liver (14-18). Ligands for ASGPR are also readily available. Molecules that display 

multiple galactose-type sugars – such as the desialylated serum glycoproteins that aided in the 

discovery of ASGPR (19) – bind strongly to the receptor (20). For example, the ASGPR-binding 20 

trivalent GalNAc motif utilized in MoDE-A molecules, which is similar to those used in previous 

studies (21), is estimated to bind to multimeric ASGPR with Kd values in the low nanomolar range 

(22).  

ASGPR mediates protein endocytosis through a well-studied mechanism. Each functional receptor 

is composed of two or more ASGPR protein chains, each with an extracellular C-type lectin 25 

domain with modest affinity to N-acetylgalactosamine (GalNAc) and related carbohydrates (23). 

Following endocytosis, ASGPR’s binding to its sugar ligands is disrupted, and the dissociated 

protein ligand is trafficked to lysosomes where it is ultimately degraded by lysosomal proteases 

(24, 25).  

The bifunctional MoDE-A molecules developed in this work contain three domains: an ASGPR-30 

binding motif, a PEG spacer, and a protein-binding ligand (Figure 1A). D-MoDE-A and M-MoDE-

A share the same ASGPR binding motif, but feature different target-binding termini (Figure 1B). 

To bind to α-DNP antibodies, D-MoDE-A contains a dinitrophenyl group connected through a 

PEG linker to the ASGPR-binding motif. In contrast, the MIF-binding molecule M-MoDE-A was 

synthesized by incorporating a carboxylic acid-terminated MIF tautomerase inhibitor with a Kd of 35 

approximately 53 nM (26). Full synthetic methods and characterization are available in the 

supporting information. 
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Figure 1: Bifunctional MoDE-A molecule design and chemical structures.  

A) Schematic of uptake of target proteins via ASGPR mediated by MoDE-A bifunctional 

molecules.  5 

B) Chemical structure of bifunctional molecules D-MoDE-A and M-MoDE-A.  
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We first sought to investigate whether D-MoDE-A could mediate the formation of a ternary 

complex between a fluorescently labeled α-DNP antibody and ASGPR on the surface of 

immortalized human hepatocyte HepG2 cells in suspension. The extent of fluorescently-labeled 

antibody association with cells was found to be dependent on the concentration of D-MoDE-A, 

with concentrations of 7.4 nM and 0.12 µM eliciting half-maximal fluorescence association 5 

(Supplemental Figure 2A). The observed bell-shaped response to D-MoDE-A concentration is 

consistent with the prozone effect commonly observed in systems wherein a ternary complex is 

formed (27).  

 

Cell-associated fluorescence was found to be inhibited by reagents that bind competitively to either 10 

ASGPR or α-DNP antibody (Supplemental Figure 2B). For example, we synthesized an antibody-

binding negative control, DNP-OH3, which contains hydroxyl groups in place of GalNAc residues 

and is therefore not expected to engage ASGPR (Supplemental Figure 1A). Cellular fluorescence 

was decreased by increasing concentrations of both DNP-OH3 (IC50 = 36 nM) and monomeric 

GalNAc sugar (IC50 = 0.20 mM) (Supplemental Figure 2B). Proteins that bind specifically to 15 

ASGPR also decreased D-MoDE-A-mediated cellular fluorescence (Figure 2A). Fetuin (28) and 

orosomucoid (ORM) (29) are serum glycoproteins that bind to ASGPR only after they have been 

desialylated to produce asialofetuin (ASF, Ki = 17 nM) and asialoorosomucoid (ASOR, Ki = 

1.7 nM), respectively (30). Both ASF (IC50 = 65 nM) and ASOR (IC50 = 17 nM) decreased cellular 

fluorescence, while fetuin and ORM did not. Taken together, these data suggest that D-MoDE-A 20 

mediates the formation of a ternary complex between α-DNP antibody and ASGPR on the 

hepatocyte surface.  

 

We next explored whether D-MoDE-A mediates the endocytosis of fluorescently labeled α-DNP 

antibody. We observed that the intracellular fluorescence of adherent HepG2 cells was dependent 25 

on the concentration of both D-MoDE-A and antibody (Figure 2B), and that fluorescence increased 

over time (Supplemental Figure 2C). This observed increase in intracellular fluorescence was 

inhibitable by reagents that were previously shown to interfere with ternary complex formation 

(Figure 2C). As expected, we did not observe a significant decrease in antibody uptake when cells 

were treated with the proteins ORM or fetuin, which do not bind strongly to ASGPR. These data 30 

are consistent with a model in which D-MoDE-A mediates antibody uptake by engaging ASGPR. 

 

In order to determine whether bifunctional small molecule-mediated endocytosis via ASGPR is 

generalizable to other proteins of interest, we conducted similar experiments with M-MoDE-A and 

fluorescently labeled human MIF protein (Figure 2D). We observed increased intracellular 35 

fluorescence with increasing concentrations of M-MoDE-A, with maximal fluorescence observed 

at the highest concentration we investigated (1.0 µM). In contrast to D-MoDE-A, we did not 

observe a prozone effect with M-MoDE-A-mediated MIF uptake. These data support that the 

MoDE-A approach can be generalized to proteins other than α-DNP antibody.  

 40 

To explore the cellular mechanism of antibody uptake, we next treated cells with chemical 

inhibitors of several endocytic pathways (Figure 2E). Combined treatment with the global 

endocytosis inhibitors sodium azide and 2-deoxyglucose (DOG) (31) significantly decreased 

intracellular fluorescence. Fluorescence was also significantly decreased by reagents that inhibit 

clathrin-dependent endocytosis by disrupting endosomal formation (sucrose (32)) and/or 45 

acidification (bafilomycin (33), chloroquine (33), and monensin (34)). In contrast, inhibitors of 
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caveolae-mediated endocytosis (nystatin (35)) and macropinocytosis and phagocytosis 

(cytochalasin D (36), 5-(N-Ethyl-N-isopropyl)amiloride (EIPA), and amiloride (37)) did not 

significantly decrease cellular fluorescence. The pattern of inhibition observed in these 

experiments is consistent with an endocytic mechanism that relies on clathrin, but not other 

endocytic pathways. Given that previous reports have shown that endocytosis mediated by ASGPR 5 

is dependent on clathrin (38, 39), this data further supports ASGPR’s participation in antibody 

endocytosis mediated by D-MoDE-A.  

 

  



 

6 

 

 

 

0.01 0.1 1 10 100 1000

-25

0

25

50

75

100

125

[competitor] (nM)

%
 T

e
rn

a
ry

 c
o
m

p
le

x
 f
o
rm

a
tio

n
 

Fetuin 

ASOR

ORM

ASF

N
o 

co
m

pe
tit
or

-D
-M

oD
E
-A

2.
38

 µ
M

 A
S
O
R

2.
38

 µ
M

 O
R
M

2.
07

 µ
M

 A
S
F

2.
07

 µ
M

 F
et

ui
n

1.
25

 m
M

 G
al
N
A
c

62
5 

nM
 D

N
P
-O

H
3

0.0

5.0×103

1.0×104

1.5×104

2.0×104

2.5×104

3.0×104

3.5×104

4.0×104

4.5×104

e
n
d
o
c
y
to

s
is

 o
f 
α

-D
N

P
 a

n
tib

o
d
y
 (

M
F

I)

******* ***
***

****

n.s.
n.s.

N
o 

in
hi
bi
to

r

-D
-M

oD
E
-A

.1
%

 N
aN

3
 / 

50
 m

M
 D

O
G

1 
µM

 B
af

ilo
m

yc
in

45
0 

µM
 S

uc
ro

se

50
 µ

M
 C

hl
or

oq
ui
ne

50
 µ

M
 M

on
en

si
n

20
 µ

M
 C

yt
oc

ha
la
si
n 

D

10
0 

µM
 E

IP
A

10
0 

µM
 A

m
ilo

rid
e

30
 µ

M
 N

ys
ta

tin

0.0

1.0×104

2.0×104

3.0×104

4.0×104

5.0×104

e
n
d
o
c
y
to

s
is

 o
f 
α

-D
N

P
 a

n
tib

o
d
y
 (

M
F

I)

*

****
***

n.s.

n.s.

n.s.n.s.

*** *** ***

0 8 40 200 1000 5000

100

10

1 5000

[α
-D

N
P

 a
n
tib

o
d
y
] 
(n

M
)

[D-MoDE-A] (nM)

α-DNP antibody
uptake (MFI)

10000

15000

20000

25000

1 10 100 1000
0.0

5.0×104

1.0×105

1.5×105

[M-MoDE-A] (nM)

e
n
d
o
c
y
to

s
is

 o
f 
M

IF
 (
Δ

M
F

I)

A B

D

E

C



 

7 

 

Figure 2: Bifunctional MoDE-A molecules mediate endocytosis of target proteins  
A) Ternary complex formation mediated by D-MoDE-A is inhibited by known ASGPR-binding proteins 

asialofetuin and asialoorosomucoid.  

B) Intracellular fluorescence is dependent on the concentrations of both α-DNP antibody and D-MoDE-A 

(6 hour incubation).  5 
C) Endocytosis mediated by D-MoDE-A is decreased by competitive binders of either ASGPR or α-DNP 

antibody. Controls are grey, compounds expected to inhibit the proposed mode of action of D-MoDE-A are 

blue, and compounds not expected to inhibit are red. Data are presented as mean ± SD of 9 replicates over 
four experiments. Statistical differences were determined by Kruskall-Wallace test with post-hoc 

comparisons between each inhibitor and the no-inhibitor group (*P<0.05, **P<0.01, ***P<0.0001, 10 
****P<0.0001, “n.s”P>0.9999). 
D) Endocytosis of fluorescently labeled MIF is dependent on M-MoDE-A concentration.  

E) Inhibitors of clathrin-dependent endocytosis decrease D-MoDE-A-mediated α-DNP antibody uptake. 

Data are presented as mean ± SD of 9 replicates over four experiments. Statistics were performed as outlined 

in Figure 2C.  15 
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Having demonstrated that D-MoDE-A mediates the endocytosis of α-DNP antibodies, we sought 

to investigate the subcellular localization of endocytosed fluorescently labeled α-DNP antibody.  

Intracellular antibody-derived fluorescence was found to depend on the presence of both D-

MoDE-A and α-DNP antibody (Supplemental Figure 3A). We did not observe colocalization of 

endocytosed antibody with the early endosome marker EEA1 in cells (Figure 3A). In contrast, we 5 

observed strong colocalization of antibody with the lysosome membrane protein LAMP2 (Figure 

3B). Taken together, these microscopy data suggest that trafficking to lysosomes is rapid on the 

time scale of this experiment (40) and that the majority of endocytosed antibody was present in 

mature endocytic compartments.  

 10 

In addition, we used western blotting with an antibody directed to Alexa Fluor 488 to determine if 

endocytosed fluorescently labeled α-DNP antibodies are degraded in vitro. Lysates from HepG2 

cells treated with both D-MoDE-A and α-DNP antibody were found to accumulate fluorophore in 

a time- and D-MoDE-A-dependent manner (Figure 3C). Alexa Fluor 488 in cell lysates was 

associated with only full-length antibody after two hours of incubation. After six hours, a lower 15 

molecular weight fluorophore-associated protein fragment between 37 and 50 kDa began to 

appear. An additional protein fragment with a molecular weight between 25 and 37 kDa was also 

observed after 24 hours. We believe that these fluorophore-associated protein fragments are 

degradation products resulting from lysosomal proteolysis of α-DNP antibodies, collectively 

indicating that endocytosed antibody is degraded in HepG2 cells. Furthermore, no degradation 20 

products were observed in the cell supernatant (Supplemental Figure 3B) suggesting that antibody 

degradation is taking place in or on HepG2 cells. Together with the above immunofluorescence 

studies showing colocalization of antibody-derived fluorescence with lysosomes, these studies 

support that antibody degradation is mediated by lysosomal proteases. Lysosomal degradation is 

further consistent with a mechanism dependent on ASGPR. 25 
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Figure 3: Target protein α-DNP antibody is trafficked to lysosomes and degraded  

A) Endocytosed α-DNP antibody does not colocalize with the early endosome marker EEA1.  

B) Endocytosed α-DNP antibody colocalizes with the late endosome and lysosome protein 5 

LAMP2.  

C) Representative western blot showing accumulation of antibody-derived protein fragments in 

cell lysates.  
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Having demonstrated that D-MoDE-A mediates the degradation of α-DNP antibodies in vitro, we 

sought to evaluate the viability of the MoDE-A technology in vivo. A dose of 1 mpk D-MoDE-A 

was found to be bioavailable via IP dosing in nude mice, with the maximal serum concentration 

reached after 1 h and a measured half-life in serum of 0.67 h. D-MoDE-A was well-tolerated up 

to doses of 100 mpk, with no significant differences in body weight or serum liver enzyme levels 5 

between control and treatment groups (Supplemental Figure 4A-C). These results supported the 

suitability of D-MODA-A for more detailed studies in vivo. 

 

Treatment with D-MoDE-A was found to accelerate the depletion of monoclonal mouse IgG2 α-

DNP antibodies from serum in nude mice in vivo (Figure 4A). Following an initial dose of 200 µg 10 

α-DNP antibody, both daily and twice-daily injections of 1 mpk D-MoDE-A significantly reduced 

antibody levels compared to PBS treatment over 21 days.  Daily treatment with D-MoDE-A also 

gave a significant decrease in antibody levels following an initial antibody dose of 500 µg, 

indicating that D-MoDE-A is effective over a range of target protein concentrations in vivo.  

 15 

We did not observe accelerated antibody depletion from serum following treatment with the 

negative control compound DNP-OH3, which binds to α-DNP antibody but not ASGPR. 

Treatment with 10 mpk of DNP-OH3 did not lead to accelerated antibody depletion from serum 

(Figure 4B), supporting that ASGPR binding is required for target protein depletion in vivo. 

Unexpectedly, a dose of 100 mpk DNP-OH3 resulted in a small but statistically significantly 20 

decrease in antibody clearance compared to the PBS control. We hypothesize that this is a result 

of an increase in the antibody’s hydrodynamic radius due to the DNP-OH3 PEG chains, which 

may increase its half-life in vivo. Related phenomena have been widely observed for pegylated 

proteins, and have been exploited for increasing the half lives of various therapeutic modalities 

(41). 25 

 

Single doses of D-MoDE-A were also found to be efficacious at mediating α-DNP antibody 

depletion, albeit less effectively than daily dosing (Supplemental Figure 4D). Treatment with 

either 1 mpk or 10 mpk D-MoDE-A were found to be the most effective, with 52% and 34% of α-

DNP antibody depleted from serum respectively 24 hours after a single dose, versus 24% depletion 30 

in the vehicle control. Significant depletion was also observed following a dose of 100 mpk of D-

MoDE-A. We therefore concluded that D-MoDE-A is able to mediate the depletion of a 

monoclonal antibody from serum, and functions across a wide range of target protein 

concentrations and dosing regimens.  

 35 

D-MoDE-A was also found to be efficacious in depleting polyclonal α-DNP antibody from serum 

collected from mice immunized with DNP-KLH (Figure 4C). Following daily treatment with D-

MoDE-A, significantly more polyclonal α-DNP antibody was removed from serum compared to 

the PBS control at each time point. Thus, the small molecule D-MoDE-A is not restricted in 

function to only monoclonal mouse antibodies, but is also effective at removing polyclonal α-DNP 40 

antibodies from circulation in mice.  
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Figure 4: D-MoDE-A mediates the accelerated depletion of α-DNP antibodies from serum in 

vivo 

A) Serum levels of α-DNP antibody as measured by ELISA decrease more rapidly following 5 

repeated treatment with D-MoDE-A. Each experimental group contained three mice. Statistical 

differences in experiments involving in vivo depletion of α-DNP antibody were assessed by 

repeated measures two-way ANOVA with Tukey's tests for post-hoc comparison of simple effects 

between each of the treatment groups and PBS.  

B) Significant decreases in serum levels of α-DNP antibody are observed after treatment with D-10 

MoDE-A, but not DNP-OH3. Each experimental group contained at least five mice.  

C) Treatment with D-MoDE-A decreases serum levels of polyclonal α-DNP antibody. The PBS 

treated group contained two mice, while the D-MoDE-A group contained three mice.  
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To our knowledge, the MoDE-A technology represents the first demonstration that non-

proteinogenic synthetic molecules can effectively mediate the degradation of extracellular 

proteins. The data presented herein demonstrate that such molecules can induce targeted 

degradation of structurally diverse proteins, both in tissue culture and in vivo. Recently, Bertozzi 

and colleagues disclosed the lysosome targeting chimeras (LYTACs) technology, an elegant 5 

approach for degrading extracellular and cell surface proteins (42). LYTACs comprise antibodies 

modified with polymeric ligands of the cation independent mannose-6-phosphate receptor (CI-

M6PR). Although we believe that the LYTAC approach will likely complement what we present 

herein, MoDE-A compounds possess several advantages: they are relatively small in size, 

monodisperse, and non-protein based. These attributes are expected to facilitate synthesis and 10 

rapid application to targeting other proteins of interest.  

The therapeutic potential of small molecule-based approaches to TPD are particularly evident in 

light of the recent clinical development of proteolysis targeting chimeras (PROTACs) (43). 

PROTACs and related technologies induce the formation of ternary complexes between target 

proteins and E3 ligases such that target proteins are ubiquitinated and subsequently degraded by 15 

the proteasome. Due to their mechanism, however, PROTACs have a critical limitation: they 

cannot degrade targets that are not exposed to the cytosol.  

The MoDE-A compounds developed in this work expand the possible targets of small-molecule 

mediated protein degradation substantially by expanding the scope of TPD to non-cytosolic, 

extracellular proteins. We believe that MoDE-A compounds will be particularly effective because 20 

they direct proteins targets primarily to hepatocytes, a cell type equipped to catabolize large 

amounts of endocytosed proteins. Furthermore, evidence suggests that ASGPR is tolerogenic 

immunologically (44, 45), which would minimize the likelihood of inducing autoimmune 

responses to targeted proteins. We expect that the positive pharmacological and biological 

characteristics of MoDE-A compounds, as well as the straightforward, modular synthetic routes 25 

we have developed for their syntheses, will enable rapid optimization and adoption of the MoDE-

A technology in diverse, disease-relevant contexts. 
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Data and materials availability: All data is available in the main text or the supplementary 

materials. 
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