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Abstract

Selective protein degradation platforms have afforded new development opportunities for
therapeutics and tools for biological inquiry. The first lysosome targeting chimeras (LY TACS)
targeted extracellular and membrane proteins for degradation by bridging a target protein to the
cation-independent mannose-6-phosphate receptor (CI-M6PR). Here, we developed LY TACSs that
engage the asialoglycoprotein receptor (ASGPR), a liver-specific lysosomal targeting receptor,

to degrade extracellular proteins in a cell type-specific manner. We conjugated binders to a
tri-GalNAc motif that engages ASGPR to drive downregulation of proteins. Degradation of
EGFR by GalNAc-LYTAC attenuated EGFR signaling compared to inhibition with an antibody.
Furthermore, we demonstrated that a LY TAC comprising a 3.4 kDa peptide binder linked to a tri-
GalNAc ligand degrades integrins and reduces cancer cell proliferation. Degradation with a single
tri-GalNAc ligand prompted site-specific conjugation on antibody scaffolds, which improved the
pharmacokinetic profile of GaINAc-LYTACs /n vivo. GalNAc-LYTACs thus represent an avenue
for cell-type restricted protein degradation.
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Introduction

Targeted protein degradation (TPD) is a promising new therapeutic modality and a tool

for probing biological pathways as well as the cellular degradation machinery. Most TPD
platforms such as IMiDs1-2, proteolysis targeting chimeras (PROTACs)34, dTAGs>®, Trim-
Away’, and SNIPERSS, rely on the ubiquitin proteasome system (UPS). Recently, AUTACs®
and ATTECs19.11 have emerged as approaches that exploit the intracellular autophagy
machinery for mediating TPD. Advances in TPD strategies have accelerated over the past
two decades, and PROTACs have recently entered clinical trials'2. However, the cytosolic
localization of the UPS and targetable autophagy machinery restricts these approaches to
proteins with cytosolic domains and requires degraders to be cell-permeable. In order to
relax these constraints and expand the scope of TPD to extracellular targets, our lab has
developed lysosome targeting chimeras (LYTACs) which bind and direct plasma membrane-
associated or secreted proteins to lysosomes!3. First-generation LY TACs employed the
cation-independent mannose-6-phosphate receptor (CI-M6PR) that endogenously traffics
hydrolases and other cargo to the lysosome (Fig. 1a)14. LY TACs were composed of a target
binding moiety (e.g. antibody or small molecule) linked to a CI-M6PR binding ligand,
mannose-6-phosphonate (M6Pn). These M6Pn-LY TACs promoted lysosomal degradation of
disease-relevant extracellular and membrane proteins by bridging the target protein with
CI-M6PR.

CI-M6PR is one of several lysosome trafficking receptors that could, in principle, be
harnessed for the design of LYTACs. Indeed, whereas CI-M6PR is broadly expressed in
most tissues, other lysosome trafficking receptors have tissue-specific expression patterns.
Such receptors offer the opportunity to achieve tissue-specific LYTAC activity. For
therapeutic development, the ability to select in which tissue degradation occurs could have
benefits for the therapeutic window.

Here, we develop LYTACs that engage the liver-specific asialoglycoprotein receptor
(ASGPR)20 as a lysosome targeting receptor (Fig. 1b). ASGPR recognizes glycoproteins
bearing N-acetylgalactosamine (GalNAc) or galactose (Gal) ligands and internalizes

them via clathrin-mediated endocytosis!®16. Following internalization and endosomal
acidification, ASGPR releases GalNAc or Gal and recycles back to the plasma

membrane, while glycoproteins proceed to the lysosomel”. ASGPR has been exploited

to achieve efficient delivery of various cargo to the liver, most notably, siRNA and

ASO therapeutics®-22, We developed LYTACs comprising an antibody against a target

of interest conjugated to homogeneous GalNAc ligands that induce targeted, cell type-
specific degradation. In doing so, we demonstrated that receptor-mediated degradation is
generalizable beyond CI-M6PR. Additionally, we showed that a synthetic 3.4 kDa peptide,
a much smaller binder than an antibody, can be linked to a single tri-GalNAc ligand to
degrade integrins resulting in anti-proliferative effects in hepatocellular carcinoma (HCC)
cells. We then simplified the structural architecture of antibody-based GalNAc-LY TACs
through site-specific conjugation, which enabled modulation of the pharmacokinetic profile
of GaINAc-LYTACs.

Nat Chem Biol. Author manuscript; available in PMC 2021 September 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahn et al.

Results

Page 3

Construction and internalization of GalNAc-LYTACs

Prior work on siRNA therapeutics revealed that triantenerrary GalNAc (tri-GalNac) ligands
engage ASGPR with low nanomolar affinity2324:25 and showed promising efficacy and
safety profiles26-27, The homogeneous nature of a tri-GalNAc ligand was additionally
appealing as it would enable precise characterization of ligand to antibody ratios, which
was challenging with the heterogenous polymers utilized in the initial M6Pn-LY TACs13.
Therefore, we synthesized tri-GaINAc-DBCO (1) in 8 steps from peracetylated GalNAc
and a Cbz-protected dendrimer scaffold?8:21 (Fig. 1c, Supplementary Note 1). Tri-GalNAc-
DBCO was conjugated to azides on non-specifically labeled antibodies via Cu-free strain-
promoted azide-alkyne cycloaddition (Supplementary Fig. 1). The conjugation reaction
was monitored by native gel electrophoresis, as the GaINAc conjugated antibody migrates
slower than the azide functionalized starting material as a result of increased hydrodynamic
size (Fig. 1d). To confirm that antibody-GalNAc conjugates can trigger internalization of
extracellular targets via ASGPR, we examined LYTAC-mediated uptake in an HCC cell
line, HEPG2. We included the first-generation LY TAC (M6Pn-LYTAC)!3 that engages the
CI-M6PR as a comparison. HEPG2 cells were incubated with rabbit 1gG-647 and goat-
anti-rabbit (control), goat-anti-rabbit M6Pn (M6Pn-LYTAC), or goat-anti-rabbit GaINAc
(GalNACc-LYTAC) for 1 hour, then intracellular fluorescence was analyzed by flow
cytometry (Fig. 1e). M6Pn-LYTAC increased cellular fluorescence 2-fold relative to the
control while GaINAc-LYTAC increased 16-fold relative to the control (Fig. 1f). This result
was confirmed by confocal microscopy, where GaINAc-LYTAC treatment resulted in high
1gG-647 signal that co-localized with Lysotracker, indicating that GaINAc-LY TACs traffic to
the acidic compartments in cells (Fig. 1g). The superior internalizing efficiency of GalNAc-
LYTAC compared to M6Pn-LYTAC is potentially due to the higher surface expression of
ASGPR versus CI-M6PR in hepatocytes (Supplementary Fig. 2).

Degradation of EGFR via GalNAc-LYTAC

We next asked if GalNAc-LYTACs could mediate degradation of membrane proteins in
HCC cell lines. We chose epidermal growth factor receptor (EGFR) as a target as it is
overexpressed in HCC patients and its dysregulated activity has been implicated in primary
resistance to sorafenib, the standard of care for advanced HCC2%30, Moreover, as EGFR
was previously targeted with our first-generation M6Pn-LYTACs, we sought to compare
GalNAc-LYTACs with earlier congeners. Cetuximab (Ctx) is an FDA-approved blocking
antibody against EGFR for colorectal and head and neck cancer31:32, We conjugated Ctx
to the tri-GalNAc ligand (Fig. 2a), and MALDI-MS analysis of the product (Ctx-GalNAc)
revealed an average of 10.5 tri-GalNAc moieties per antibody (Supplementary Fig. 3). We
treated HEP3B cells with Ctx-GalNAc, then measured surface levels of EGFR by flow
cytometry using an orthogonal detection antibody. Ctx-GalNAc degraded >70% of cell
surface EGFR in HEP3B cells, a level similar to the M6Pn-LYTACSs (Fig. 2b).

We then evaluated the depletion of total EGFR in HEP3B, HEPG2, and HUH7 HCC
cell lines. We observed >70% total degradation with Ctx-GalNAc in HEP3B, consistent
with the observations from cell-surface degradation. HEPG2 and HUH7 cells also
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exhibited comparable degradation efficiency (Fig. 2¢). Degradation was found to depend on
concentration, as Ctx-GalNAc mediated 50% degradation of cell-surface EGFR in HEP3B
cells at a concentration as low as 1 nM. Maximum degradation was reached at concentration
of 10 nM and this degree of degradation persisted at higher concentrations, indicating

that these LYTACSs do not display a significant “hook-effect” within this concentration
regime, a characteristic of other bifunctional molecules3? (Fig. 2d, Supplementary Fig.

4). Ctx-GalNAc mediated degradation of cell-surface EGFR over 48 hours, reaching

>50% degradation at 24 hours (Fig. 2e, Supplementary Fig. 5). Visualization and
quantification of EGFR by confocal microscopy following LYTAC treatment showed
diminished membrane EGFR signals, consistent with the observations from flow cytometry
and western blot (Fig. 2f, Supplementary Fig. 6). Through several measurements, we
showed that GalNAc-LYTACs perform comparably to M6Pn-LYTACs, demonstrating the
potential generality of lysosome targeting receptor-mediated degradation mechanism and
extending the internalizing ligand set to scalable, homogeneous structures.

Mechanism of ASGPR-mediated degradation

To confirm that depletion of EGFR by Ctx-GalNAc was dependent on ASGPR, HEP3B cells
were treated with siRNA targeting ASGPR. Degradation via the Ctx-GalNAc LYTAC was
completely abolished following ASGPR knockdown, while EGFR degradation proceeded

in cells transfected with non-targeting siRNA. Furthermore, Ctx-GalNAc treatment did not
alter ASGPR levels in these cells (Fig. 3a, Supplementary Fig. 7). Co-incubation with excess
exogeneous tri-GalNAc (10) (Supplementary Fig. 8) also inhibited degradation by Ctx-
GalNAc (Fig. 3b), indicating a dependency on GalNAc binding. Treatment with bafilomycin
ALl or chloroquine ablated EGFR degradation mediated by Ctx-GalNAc, confirming that the
degradation mechanism promoted by GalNAc-LY TACs depends on a functional endocytic
pathway (Fig. 3c).

Functional effect following LYTAC mediated degradation

Next, we sought to determine whether degradation of EGFR would impact downstream
kinase signaling compared to treatment with Ctx alone. Following LYTAC treatment,
HEP3B cells were stimulated with 200 ng/ml or 50 ng/ml of EGF for 1 hour to activate
downstream kinase phosphorylation. After EGF stimulation, levels of phosphorylated EGFR
(PEGFR), Akt (pAkt), and MAPK (pERK1/2) were reduced upon Ctx-GalNAc or Ctx-M6Pn
treatment compared to Ctx. Stimulation with lower concentrations of EGF resulted in greater
relative reductions in phosphorylated EGFR and phosphorylated Akt and ERK1/2 by both
LYTACs compared to Ctx (Fig. 3d). These results highlight that LY TAC-driven degradation
can exert more profound effects on downstream signaling compared to blocking of EGFR by
Ctx alone.

GalNACc-LYTAC enables cell-specific degradation

The exclusive expression of ASGPR on hepatocytes should enable selective degradation of
membrane proteins on liver cells. To test this hypothesis, we co-cultured HEP3B (ASGPR*,
EGFR*, M6PR™) and HeLa-GFP (ASGPR~, EGFR*, M6PR*) and treated the co-culture
with Ctx conjugates and analyzed EGFR degradation in each cell-type by flow cytometry
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(Fig. 4a). Ctx-GalNAc selectively ablated cell-surface EGFR from HEP3B cells, while
HeLa-GFP maintained high EGFR expression. The small reduction of EGFR in HeLa-GFP
results from covalent modification of the antibody and was independent of the ASGPR
pathway and GalNAc binding (Supplementary Fig. 9). In contrast, Ctx-M6Pn degraded
EGFR in both cell types as CI-M6PR is expressed in both HEP3B and HelLa-GFP (Fig. 4b,
c). These data support the hypothesis that harnessing a recycling receptor with restricted
expression enables LYTACS to degrade proteins in a cell-specific manner.

GalNACc-LYTACs can target HER2

To examine the ability of ASGPR-directed LYTACSs to degrade additional membrane
targets, we developed a GaINAc-LYTAC targeting HER2. HER2 may regulate tumor
progression in early stage HCC patients by inducing epithelial-mesenchymal transition, and
can be upregulated in HCC34. Briefly, Pertuzumab (Ptz), an approved HER?2 antibody for
HER2-positive breast cancer, was conjugated to the tri-GalNAc ligand, and MALDI-MS
analysis confirmed that Ptz had been labeled with 11 tri-GalNAc moieties (Ptz-GalNAc)
(Supplementary Fig. 10). Ptz-GalNAc reduced 76% of total HER2 in HEPG2 cells, while
Ptz alone degraded only 38% (Fig. 5a). Degradation by Ptz-GalNAc was ablated by co-
incubation of excess exogenous tri-GalNAc (10) (Extended Data Fig. 1). Visualization by
confocal microscopy revealed stark reduction and relocalization of HER2 signal in HEPG2
cells treated with Ptz-GalNAc compared to the cells treated with unmodified Ptz (Fig. 5b).
Strikingly, 2-hour treatment with Ptz-GalNAc resulted in a punctate localization pattern of
HER2 by confocal microscopy (Extended Data Fig. 2a). These puncta did not co-localize
with early endosome antigen 1 (EEAL), suggesting that HER2 may be sequestered in
alternate endocytic vesicles within 2 hours of treatment. Treatment with Ptz-M6Pn for 2
hours showed membrane-localized HER2 and did not indicate similar internalization. After
48 hours, treatment with Ptz-M6Pn also induced reduction and relocalization of HER2
signal (Extended Data Fig. 2b). These results suggest that there is a kinetic difference in the
internalization mediated by M6Pn- and GalNAc-LY TACs, and that Ptz-GalNAc can remove
membrane HER2 within 2 hours.

GalNACc-LYTACs do not affect lysosomal health

Given that LYTACs mediate trafficking of membrane proteins to lysosomes, we asked if
GalNAc-LYTACs affect lysosomal health in cells. Untreated HEP3B cells and cells treated
with Ctx-GalNAc exhibited a similar number of lysosomes upon staining with Lysotracker,
while staining intensity was reduced in cells treated with L-Leucyl-L-Leucine methyl ester
(LLOMe), a lysosomal damaging reagent (Extended Data Fig. 3a). Untreated cells and
Ctx-GalNAc treated cells exhibited greater Cathepsin B activity (Magic Red) compared to
LLOMe treated cells. Although per cell quantitation showed that Ctx-GalNAc treatment
resulted in reduction of Cathepsin B activity compared to untreated cells, both displayed
more activity than Ctx treated cells (Extended Data Fig. 3b). This reduction of Magic Red
signal by Ctx did not extend to other antibody treatments, as Ptz and Ptz-GalNAc did

not show a significant change in Cathepsin B activity compared to the untreated HEPG2
cells (Extended Data Fig. 4a). We also examined the expression levels of ALG2-interacting
protein X (ALIX), a marker for lysosomal membrane damage repair. While ALIX levels
were increased in LLOMe treated cells, untreated and Ctx-GalNAc or Ptz-GalNAc treated
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cells exhibited significantly reduced ALIX staining. Ctx induced a modest increase in ALIX
staining, but this phenomenon was not observed with Ptz (Extended Data Fig. 3c, 4b).
Taken together, these data indicate that treatment with GaINAc-LY TACs does not disrupt
lysosomal health relative to untreated cells.

Peptide-based LYTACs potentiate anti-proliferation

Prior LYTACs targeting membrane proteins were based on antibody or antibody fragments
as the target binders. Although antigen-binding fragments (Fab) non-specifically conjugated
to several M6Pn polymers could induce degradation!3, we wondered if a small, synthetic
peptide binder containing a single ASGPR ligand can promote degradation and induce
enhanced functional consequences. To test this hypothesis, we used a targeting ligand
composed of a polyspecific integrin-binding peptide (PIP), also known as EETI 2.5F, that
was previously engineered to bind several tumor-associated integrins with high affinity3°.
In particular, PIP binds to a1, ayB3, aps, ayPs, and asPq integrins, which are known
to be overexpressed on various cancer types and facilitate proliferation, migration, and
metastasis3®. Given that the 3.4 kDa PIP peptide is produced by solid phase peptide
synthesis3’, we readily incorporated azido-L-norvaline into the sequence to enable site-
specific conjugation via a single tri-GaINAc-DBCO moiety, resulting in PIP-GalNAc (Fig.
5c, Supplementary Fig. 11).

We measured the surface levels of integrins by flow cytometry following treatment in
HEPG2 cells and observed that PIP-GalNAc depleted cell-surface a.,f3 integrin 3-fold
relative to PIP treatment alone. Treatment with PIP increased expression of integrin a.,fs,
while PIP-GalNAc overturned this effect resulting in modest degradation. Measurement
of additional integrins that interact with PIP was challenging due to their low surface
expression or a lack of specific detection antibody. Nonetheless, we determined the total
surface level of integrins that bind to PIP by utilizing a PIP-Fc fusion for staining of the
Fc fragment38. Detection of the PIP-Fc revealed that PIP-GalNAc depleted about 60% of
integrins while PIP alone degraded 40% (Fig. 5d).

We then asked if PIP-GalNAc has an effect on the proliferation of HEPG2 cells compared

to the parent peptide. PIP-GalNAc was significantly more effective at inhibiting proliferation
than PIP at various concentrations and durations of the treatment (Fig. 5e, 5f, Extended

Data Fig. 5a). We validated that tri-GaINAc must be conjugated to PIP to potentiate
anti-proliferation, as co-incubation of PIP with an equimolar concentration of exogenous
tri-GalNAc exhibited similar effects as incubation with PIP alone (Extended Data Fig.

5b). To verify the involvement of ASGPR on enhanced anti-proliferation, cells were co-
incubated with asialofetuin (ASF), which is a commonly used inhibitor of ASGPR39:40
(Extended Data Fig. 5c). ASF ablated the enhanced anti-proliferative effect of PIP-GalNAc,
confirming that PIP-GalNAc must engage ASGPR. The anti-proliferative phenotype induced
by PIP-GalNAc persisted after conjugate wash-out, while wash-out rescued proliferation

in PIP treated cells. The long-acting inhibition of cell growth by PIP-GalNAc indicates

that continuous incubation with a LYTAC is not required for modulating the phenotypic
consequences resulting from cell-surface depletion of certain targets (Fig. 5g). Moreover,
cells treated with PIP-GalNAc displayed noticeable morphological changes. Untreated and

Nat Chem Biol. Author manuscript; available in PMC 2021 September 25.
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PIP treated cells generally displayed epithelial-like clusters, whereas the PIP-GalNAc treated
cells formed smaller, circular clusters over the course of 5 days following treatment (Fig.
5h). Prior work demonstrated that a., B3 integrin expression is associated with tumor size,
invasion, and metastasis of HCC, and that antisense gene transfections of a,, and B3 integrin
reduced proliferation in HEPG2 cells#142. Our results suggest that increased degradation of
integrins by LYTACs can result in significantly enhanced functional effects compared to the
parent binder alone.

Site-specific LYTACs improve pharmacokinetics in vivo

Our original LYTACSs were constructed by non-specific conjugation of M6Pn polymers

to lysine residues on antibodies or Fabs. However, the heterogenous nature of both

the polymeric ligands and conjugation chemistry prevented rigorous structure-function
relationship studies. Similarly, non-specific functionalization with tri-GalNAc affords
heterogeneous LY TACs that are difficult to rigorously analyze for rational improvement.
The ability of PIP-GalNAc to promote degradation with a single tri-GalNAc ligand (Fig. 5)
suggested that simplified antibody-based LYTACs might be similarly effective and enable
the study of architectural features essential for optimal LYTAC activity. Therefore, we
generated a panel of GaINAc-LYTACs based on Ctx and Ptz using site-specific conjugation
chemistry via the SMARTag technology, which involves genetic encoding of a reactive
aldehyde handle on a specific site of the antibody scaffold*3. To create a stable linkage
between the tri-GalNAc motif and the aldehyde, we utilized a hydrazino /so-Pictet Spangler
(HIPS) reaction scheme**4> (Supplementary Fig. 12). To determine whether the location

of tri-GalNAc ligand on the antibody scaffold would impact the degradation profile, we
labeled three different sites of the antibodies — C-terminus, hinge, and CH1 heavy chain
(Fig. 6a, Extended Data Fig. 6a). For Cetuximab, conjugation at the hinge resulted in

the ligand to antibody ratio of 2, while conjugation in the C-terminus and CH1 positions
resulted in a ligand to antibody ratio of 1 (Extended Data Fig. 6b, ¢). LYTACs resulting from
site-specific conjugation at the C-terminus and the CH1 heavy chain of Ctx demonstrated
>50% degradation of EGFR, while conjugation at the hinge only showed 40% degradation
despite the increased ligand to antibody ratio (Fig. 6b). Steric hindrance may be an issue

in the hinge region for bridging EGFR and ASGPR, resulting in modest differences in
degradation efficiency. The degradation efficiency of the site-specific Ctx conjugates was
slightly lower than that of the non-specifically labeled LYTACSs. This could imply either
that the antibody requires several tri-GalNAc moieties to achieve maximum degradation or
that an optimal site for conjugation remains to be identified. However, we also generated
site-specific conjugates based on Pertuzumab (Extended Data Fig. 7), and observed that a
single tri-GalNAc conjugation at the hinge showed comparable degradation (70%) as the
non-specific Ptz-GalNAc, while attachment at the C-terminus or the CH1 domain resulted in
60% degradation (Fig. 6¢). This indicates that a homogeneous, site-specific GaINAc-LYTAC
can achieve comparable degradation as the non-specific conjugate and that the optimal site
of the conjugation may differ between antibodies, potentially due to their different binding
sites of the target and the resulting orientation of the LYTAC conjugate between ASGPR and
the target.

Nat Chem Biol. Author manuscript; available in PMC 2021 September 25.
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We observed that site-specifically labeled Ctx conjugates maintained similar binding to
EGFR but exhibited lower uptake efficiency in HEPG2 cells compared to the nonspecific
conjugates (Extended Data Fig. 8a, b). Based on these results, we asked whether site-
specifically labeled conjugates might exhibit altered /7 vivo clearance profiles. To test this,
Balb/c mice were intraperitoneally injected with 5 mg/kg of Ctx, nonspecifically conjugated
Ctx-(GalNAC) g, Ctx-C-terminus-(GalNACc)1, or Ctx- CHI-(GalNAc), and plasma was
collected at 6, 24, 48, and 72 hours to analyze their clearance rate. Ctx-(GalNACc)4q cleared
rapidly before 6 hours (Fig. 6d), implying frequent treatments would be required to maintain
reduced EGFR levels given that the degradation was not durable for more than 24 hours

in vitro following wash-off after LYTAC treatment (Extended Data Fig. 9). However,
site-specific conjugates showed an initial clearance followed by sustained presence 72
hours post injection (Fig. 6d, €), demonstrating that site-specific GaINAc-LYTACs may

be advantageous /n vivo due to less frequent dosing than nonspecific conjugates, enhancing
the potential for sustained degradation of membrane targets. On the other hand, nonspecific
conjugates may be preferred for rapid clearance of soluble targets.

Liver and spleen were collected at 72 hours and were probed for the presence of the
conjugates. Ctx and Ctx-GalNAc conjugates were present in the liver while only Ctx was
present in the spleen, reaffirming that Ctx-GalNAc conjugates preferentially accumulate in
the liver (Fig. 6f). Based on the clearance regime of these nonspecific and site-specific
LYTAC conjugates, we evaluated hepatic toxicity in mice with two different dosing
schedules. Both a liver function panel from mouse serum and liver histological analysis
showed that neither treatment with nonspecific nor site-specific Ctx-GalNAc result in
toxicity in the liver compared to the untreated mice (Extended Data Fig. 10). Altogether,
these results demonstrate that we can modulate the clearance regime of LYTACSs by altering
the number of ligands per antibody and that GaINAc-LY TACs are promising for future in
vivo applications given their safety profiles even with repeated dosing.

Discussion

An advantage of LYTACSs as a protein degradation modality is the ability to tune degradation
to a specific cell-type expressing a given lysosome targeting receptor. To demonstrate this,
we established that LYTACs can be designed to utilize ASGPR for liver cell-specific
degradation. GalINAc-LYTAC: efficiently ablated EGFR and HER2 in HCC cells. We
verified that the mechanism of degradation was through the endo-lysosomal system and
dependent on ASGPR internalization. Increased trafficking of proteins to the lysosome did
not significantly impact lysosomal health, suggesting that removal of a desired protein

does not negatively impact the lysosomal stability or homeostatic capabilities of a given
cell and that LYTACs would be applicable to indications where avoiding cell damage is
desirable. Co-culture of HCC cells with cells lacking ASGPR demonstrated that GalNAc-
LYTACs are indeed capable of cell-specific degradation. GaINAc-LY TACs degraded EGFR
and induced more substantial abrogation of downstream kinase signaling than inhibition
alone. A synthetic peptide with a single tri-GaINAc moiety was able to degrade integrins
and resulted in substantial anti-proliferative effect, which demonstrated that the structural
design of LYTACSs can be simplified to small conjugates. Finally, systematic variation

of madification sites and GalNAc/antibody ratios through antibody engineering allowed
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us to optimize degradation activity and pharmacokinetic profile /7 vivo. Broadly, GaINAc-
LYTACs represent a strategy for receptor-mediated and cell-specific degradation that can be
applied to membrane proteins relevant in liver diseases, such as HCC, that does not depend
on cell penetrance or carrier-degradation.

Additionally, we showed that GaINAc-LYTACSs are far better at internalizing extracellular
cargoes than M6Pn-LYTACs in HEPG2 cells, likely resulting from the higher surface
expression of ASGPR relative to CI-M6PR in hepatocytes. Despite the difference in surface
levels of these receptors, GaINAc- and M6Pn-LY TACs performed comparably in membrane
protein degradation assays, though Ptz-GalNAc showed faster kinetics than Ptz-M6Pn.
These observations suggest factors other than the expression levels of the recycling receptors
modulate the degree of degradation. These factors might include the distinct sorting of these
receptors, the rate of target release from the receptor to the lysosome, the rate of target
turnover, or the rate of the receptor trafficking. Further studies that probe the mechanistic
features influencing degradation mediated by endocytic receptors are needed, and may
provide insight into rational strategies to enhance degradation efficiency.

Recently, antibody-PROTAC conjugates demonstrated HER2-dependent degradation via a
mechanism of delivery similar to antibody-drug conjugates*6. However, a general approach
for tissue-specific degradation utilizing the UPS or intracellular autophagy machinery
would require ligand development campaigns for tissue-restricted E3 ligases or autophagy
regulators#’48, GaINAc-LYTACs serve as an example for applications to other recycling
receptors that may be exploited for cell-specific degradation, such as mannose receptors
for macrophage specific targeting?® and CD22 for B-cell selective degradation®°. Additional
discovery of recycling receptors with distinct and exclusive localization would expand the
range of tissues or cells that LYTACSs can target with selectivity. We envision that further
structure-function studies in combination with mechanistic elucidation will determine the
optimal architecture of LYTACs and provide structural understanding of degradation driven
by lysosome targeting receptors.

Online Methods

General chemical synthesis procedures

Reagent-grade chemical reagents were purchased from Carbosynth, Sigma Aldrich, TCI,
Click Chemistry Tools, and TCI. All chemical reactions were performed in standard, flame-
dried glassware capped with rubber septa under an inert atmosphere of nitrogen unless stated
otherwise. Stainless steel syringes or cannulae were used to transfer moisture-sensitive
liquids. Anhydrous solvents (dichloromethane and A, A-dimethylformamide) were prepared
by passage through an activated alumina column. Thin layer chromatography (TLC) was
conducted on pre-coated glass plates covered with 0.2 mm silica gel for monitoring
reactions. TLC was visualized with UV light, 5% H,SO,4 in MeOH, and ninhydrin stain.
Reaction mixtures were purified via column chromatography using Biotage SNAP KP-Sil
or Ultra C18 cartridges (10-100g) with a Biotage Isolera Prime ACI automated fraction
collector.

Nat Chem Biol. Author manuscript; available in PMC 2021 September 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahn et al.

Page 10

Chemical analysis instrumentation

Cell lines

Proton nuclear magnetic resonance (*H NMR) spectra were recorded on a Varian-400
spectrometer and proton-decoupled carbon-13 nuclear magnetic resonance (13C {1H} NMR)
spectra were recorded on a Varian-500 NMR spectrometer at 25 °C. Spectra were reported
in parts per million downfield of tetramethylsilane, and are referenced to the residual
resonances of the protium NMR solvent (CD30D: 3.31 [MeOH]) and carbon NMR solvent
(CD30D: 49.00 [MeOH]). MestReNova (v12.0.3) was used for all chemical NMR analysis.
Data are reported as chemical shift, multiplicity (br = broad, s = singlet, d = doublet, t

= triplet, g = quartet, quin = quintet, sept = septet, m = multiplet), coupling constants in
Hertz (Hz), and integration. High-resolution mass spectrometric data were obtained on a
Thermo Exactive Orbitrap mass spectrometer by the Stanford University Mass Spectrometry
(SUMS) core facility.

Adherent cells were cultured in T75 flasks or 15 cm plates at 37 °C in a 5%

CO, atmosphere. HEP3B (ATCC), HUH7 (JCRB), and HeLa-GFP (MyBioSource) were
cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. HEPG2 (ATCC) were cultured in DMEM with low glucose supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Expi293 cells
expressing formylglycine-generating enzyme from M. tuberculosis (toFGE) were a generous
gift from Melissa Gray, and were cultured with Expi293 Expression Medium (Thermo
Fischer) supplemented with 2 pg/ml puromycin in 250 ml polycarbonate shaker flasks
(Corning), rotating 120 rpm at 37 °C and 8% CO5.

LYTAC antibody conjugation

General procedure for antibody azide labeling—A 2 mg/ml solution of antibody was
buffer exchanged into PBS using 7K Zeba size exclusion column. The antibody was reacted
with 25 equiv. of NHS-(PEG)4-Azide (20 mg/ml in DMSO), and the reaction was incubated
overnight at rt. The reaction mixture was filtered using 7K Zeba size exclusion column to
yield the conjugated antibody.

General procedure for antibody tri-GalNAc labeling—Tri-GalNAc-DBCO (100
equiv) was weighed into an Eppendorf tube and 2 mg/ml solution of Antibody-(PEG)4-N3
was added. The reaction was manually agitated until the mixture was homogeneous. The
reaction mixture was allowed to incubate at rt in the dark for 3 days and filtered using 40K
Zeba size exclusion column.

HEPG?2 internalization assay

HEPG?2 cells were plated (100,000 cells/well in a 24-well plate) 2 days before the
experiment. Cells were incubated with 200 pl of complete growth media with 50 nM Rabbit
or Human 1gG-647 and 25 nM goat anti-rabbit, cetuximab, or M6Pn or GaINAc-LYTACs
for 1 hour. Following incubation, cells were washed with PBS three times, trypsinized, then
transferred to a 96 well V-bottom plate. The cells were washed 3 times with PBS + 0.5%
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BSA + 5 mM EDTA, then incubated with Sytox Green for 15 minutes on ice prior to flow
cytometry analysis.

HEPG2 co-localization live-cell imaging

To make Rabbit 1gG-647, a 2 mg/ml solution of Rabbit IgG (Bio X Cell) was reacted with
15 equiv. of NHS-AF647 (Thermo Fischer) for overnight at rt. The reaction mixture was
filtered using 7K Zeba size exclusion column to yield the conjugated antibody.

HEPG?2 cells were plated (30,000 cells/well in an 8-well Labtek) 2 days before the
experiment. Cells were incubated with 200 pl of complete growth media with 50 nM Rabbit
1gG-647 and 25 nM goat anti-rabbit, goat anti-rabbit-M6Pn, or goat-anti-rabbit-GalNAc for
1 hour. Following incubation, cells were washed with HBSS then incubated with 50 nM
Lysotracker in HBSS for 30 minutes at 37 °C. Cells were then washed with HBSS 3 times,
incubated with Hoescht for 5 minutes, and imaged by confocal microscopy.

Protein degradation analysis by western blot

Adherent cells were plated (100,000 cells/well in a 24-well plate) one day before the
experiment. Cells were incubated with 250 pl of complete growth media with 10 nM LYTAC
or controls for indicated time. Cells were then washed with DPBS 3 times and lysed

with RIPA buffer supplemented with protease inhibitor cocktail (Roche), 0.1% Benzonase
(Millipore-Sigma), and phosphatase inhibitor cocktail (Cell Signaling Technologies) on ice
for 30 minutes. The cells were scraped, transferred to Eppendorf tubes, and spun down at
21,0009 for 15 minutes at 4 °C. The supernatant was collected and the protein concentration
was determined by BCA assay (Pierce). Equal amounts of lysates were loaded onto 4-12%
Bis-Tris gel and separated by sodium dodecyl sulfate-polacrylamide gel electrophoresis
(SDS-PAGE). Then, the gel was transferred onto a nitrocellulose membrane and stained
with REVERT Total Protein Stain (LI1-COR), then blocked with Odyssey Blocking Buffer
(TBS) (LI-COR) for 1 hour at rt. The membrane was incubated with primary antibody
overnight at 4 °C, washed 3 times with TBS-T. Subsequently, the membrane was incubated
with secondary antibody for 1 hour at rt, and washed 3 times with TBS-T for visualization
with an Odyssey CLx Imager (LI-COR). Image Studio (LI-COR) was used to quantify band
intensities.

Cell-surface EGFR and HER2 degradation analysis by flow cytometry

Adherent cells were plated (100,000 cells/well in a 24-well plate) one day before the
experiment. Cells were incubated with 250 pl of complete growth media with 10 nM LYTAC
or controls for indicated time. Cells were then washed with PBS 3 times, trypsinized for <5
minutes, and transferred to a 96-well V-bottom plate. The cells were washed 3 times with
PBS + 0.5% BSA + 5 mM EDTA (FACS buffer) and incubated with primary antibody for
30 minutes on ice. The cells were washed 3 times with PBS + 0.5% BSA + 5 mM EDTA
(FACS buffer) and incubated with secondary antibody for 30 minutes on ice. After washing
3 times with FACS buffer, cells were incubated with either Sytox Green or Sytox Blue for
15 minutes on ice. Flow cytometry was performed on either a BD LSR Il or BD Accuri

C6 Plus, and FlowJo software was used to gate on single cells and live cells for analysis. A
representative gating strategy is shown in Supplementary Fig. 13.
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Cell-surface integrin degradation analysis by flow cytometry

HEPG?2 cells were plated (100,000 cells/well in a 24-well plate) one day before the
experiment. Cells were incubated with 250 pl of complete growth media with 100 nM

of PIP or PIP-GalNAc for 48 h. Cells were washed with integrin binding buffer (20 mM
Tris, pH 7.4, 0.1% BSA, 150 mM NaCl, 2 mM CaCl,, 1 mM MgCl,, 1 mM MnCly,) and
stained with primary antibodies on ice. For PIP-Fc staining, cells were washed with 5 mM
EDTA in PBS to remove bound PIP following treatments, then stained with PIP-Fc (mouse
1gG2a). After primary incubation, cells were washed 3 times with PBS + 0.5% BSA (PBSA)
and incubated with secondary antibody in PBSA for 30 minutes on ice. After secondary
incubation, cells were prepared for flow cytometry analysis as shown above.

Confocal microscopy for membrane protein degradation

Adherent cells were plated (30,000 cells/well in an 8-well Labtek) one day before the
experiment. Cells were incubated with 200 pl of complete growth media with 10 nM
LYTAC or controls for indicated time. Cells were then washed with DPBS and cells

were stained with Membrite using the manufacturer’s protocol. Cells were fixed with 4%
paraformaldehyde in PBS for 20 minutes at rt, washed 3 times, and permeabilized with 0.1%
Triton for 5 minutes at 4 °C. Cells were washed 3 times with DPBS and blocked in 10%
goat serum in PBS for 1 hour at rt, and incubated with primary antibody overnight at 4 °C.
Cells were washed with DPBS, then incubated with secondary antibody and DAPI for 1
hour at rt. Cells were washed with DPBS and imaged with Nikon A1R confocal microscope
using Plan Fluor 60x oil immersion 1.30-numerical aperture objective. 405-nm violet laser,
488-nm blue laser, 561-nm green laser, and 639-nm red laser were used.

siRNA knockdown

HEP3B (75,000 cells/well in 24 well plate) were transfected with 20 pmoles of SiRNA
(Dharmacon) and jetPRIME reagent using manufacturer’s specifications.

EGF stimulated phosphorylation

HEP3B cells were plated (100,000 cells/well in a 24-well plate) one day before the
experiment. Cells were incubated with 250 pl of complete growth media with 10 nM LYTAC
or controls for 48 hours. Following incubation, cells were washed 3 times with PBS, and

50 or 100 ng/ml of EGF was added and cells were incubated for 1 hr at 37 °C. Cells were
washed and lysed for western blot analysis.

Co-culture assay

HEP3B (100,000 cells/well) and GFP-HelLa (20,000 cells/well) cells were co-cultured in
24-well plate. Cells were then treated with 50 nM of Ctx conjugates for 48 hours and
surface-level EGFR was assessed by flow cytometry.

Lysosomal health assay

HEP3B cells were plated (30,000 cells/well in a 8-well Labtek) and treated with 10 nM
Ctx or Ctx-GalNAc for 48 hours, or 1 uM of LLOMe for 1 hour. Cells were then treated
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with indicated markers. For all conditions, ImageJ was used to set the same threshold across
images and quantify the fluorescence.

Lysotracker Red—Lysotracker Red (100 nM final concentration) was added to each well
and incubated at 37 °C for 30 minutes protected from light. Following incubation, cells were
washed with DPBS, fixed with 4% paraformaldehyde, washed, then stained with DAPI for
15 minutes.

Magic Red—Magic Red (Immunochemistry) was resuspended in DMSO and diluted
according to the manufacturer’s specification. 8 pl of diluted Magic Red solution was added
to each well (200 pl) and cells were incubated at 37 °C for 30 minutes protected from light.
Following incubation, cells were washed with DPBS, fixed with 4% paraformaldehyde,
washed, then stained with DAPI for 15 minutes.

ALIX—Cells were first washed, fixed with 4% paraformaldehyde and permeabilized with
0.1% Triton X-100. Cells were washed and blocked with 10% goat serum in PBS for 1 hour
and incubated with ALIX primary antibody (BioLegend) overnight at 4 °C. Then cells were
washed and stained with secondary antibody and DAPI.

Generation of PIP-GalNAc

Synthesis of PIP—Solid phase peptide synthesis, peptide cleavage, and folding methods
are described in previous work that utilized azide-modified knottin synthesis®’. It is
important to note that 1,2-ethanedithiol (EDT) is excluded from the cleavage cocktail

in this protocol because it reduces the azide of the unnatural amino acid. Briefly, solid
phase peptide synthesis with standard Fmoc conditions was used to synthesize PIP with

an unnatural amino acid, 5-azido-L-norvaline, at position 15. In this work, we also
substituted tyrosine in place of phenylalanine at position 31 to facilitate peptide detection
and concentration measurements by UV absorbance at 280 nm. The method used for HPLC
purification was a linear gradient from 10% solvent B to 46% solvent B over 32 minutes
(solvent A: water + 0.1% TFA,; solvent B: acetonitrile + 0.1% TFA). A C18 prep column
(Microsorb 100-5 C18 Dynamax, 5 pm, 21.4 mm x 250 mm, Agilent) was used at a 20
mL/min flow rate.

PIP-GalNAc conjugation—Tri-GalNAc-DBCO (5 mg/ml, 3 equiv) was added to PIP
(1.88 mM in PBS). The reaction was incubated overnight at rt and purified by HPLC using
an Agilent Infinity Lab Poroshell 120 EC-C19, 4.6 x 50 nm analytical LC column with a
linear gradient from 10% solvent B to 46% solvent B over 32 minutes (solvent A: water +
0.1% TFA; solvent B: acetonitrile + 0.1% TFA) at 0.4 mL/min.

Anti-proliferation assay

HEPG?2 cells (100,000 cells/well in a 24-well plate) were treated with various concentrations
of PIP or PIP-GalNAc. After treatments were added, cells were imaged every 4 hours

for the indicated times in the IncuCyte S3 Live-Cell Analysis system using the Phase
imaging channel and 10X objective setting. For co-incubation experiment with asialofetuin,
10 mg/ml of asialofetuin (Sigma Aldrich) was treated with either PIP or PIP-GalNAc.
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The following analysis was used to quantify Phase Confluence (%) in the Incucyte software:
Segmentation Adjustment = 1, Cleanup- Hole Fill (um2) = 300, Filters- Area Minimum
(um?2) = 150. No other constraints were selected.

Percent proliferation was then calculated by normalizing Phase Confluence (%) values.
Specifically, at any given timepoint 77in the treatment time course (t =0 — t = 1), the
change in Confluence fromt =0 to t = 7 (AConfluence { - ,;) was calculated for each well

as follows: AConfluence ¢ = , of well x= (Confluence { = ,, of well x) — (Confluence { = o of
well x), where x represents any given well in the experiment. This ensures the value of each
well is set to 0 at t = 0. The average AConfluence at the final time point of the untreated
wells was set as the “Max Value” (equivalent to 100% Proliferation). Finally, data were
normalized as follows:

%Proliferation; — ,, of well x = (AConfluence; = ,, of well x)/(Max Value).

Site-specific antibody expression

Plasmids of Antibodies with SMARTag—Cetuximab and Pertuzumab with SMARTag
plasmid sequences are listed in the Supplementary Note 2. Plasmids were transformed into
Stellar competent £. coliand isolated using PureLink HiPure Plasmid Filter Maxiprep Kit
(Fischer Scientific).

Expression and purification of aldehyde-tagged Cetuximab antibodies—
Antibodies were expressed in FGE-expressing Expi293 cells (a generous gift from Melissa
Gray) following Thermo Fischer Scientific’s Expi293 expression protocol. 1 ug (0.5 pg
heavy chain and 0.5 pg light chain encoding plasmid) of DNA per mL culture was used
for transfection. Antibodies were harvested after 7 days by collecting the supernatant

from centrifugation at 300g for 5 min, then centrifugation at 3200g for 30 min at

4 °C. The supernatant was filtered using a 0.22 pum filter unit (Fischer Scientific).
Antibodies were purified using Protein A-Sepharose® 4B (Thermo Fisher Scientific)
column chromatography in dark. The Protein A beads were packed into Econo-Pac
chromatography column (BioRad). The beads were then washed with elution buffer (100
mM Glycine in MQ Water, pH 2.8) and equilibrated under PBS. The filtered supernatant
was run through the Protein A column 3 times, washed with PBS 3 times, and eluted with
elution buffer into a falcon tube containing 100 pl 1 M Tris buffer, pH 8. Antibody was then
buffer exchanged to citrate buffer (50 mM sodium citrate, 50 mM NaCl, pH 5.5) using 30
kDa Amicon Centrifugal Filter.

Site-specific antibody conjugation

HIPS-azide*445 was resuspended in DMSO to 5 mg/ml and was added to aldehyde-tagged
antibody in citrate buffer. The reaction was agitated overnight at 37 °C protected from
light. Upon reaction completion, the reaction mixture was filtered using a 40 kDa Zeba size
exclusion column. Tri-GalNAc DBCO (50 equiv.) was then added to antibody labeled with
HIPS-azide (>1 mg/ml) and the reaction mixture was incubated at rt for 3 days in dark. The
reaction mixture was filtered using a 40 kDa Zeba size exclusion column and the protein
concentration was determined from A,gg using Nanodrop 200 Spectrophotometer.
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Mass spectrometry

MALDI-MS—Samples were prepared by mixing the antibody sample with 1 pl SPA matrix
(7.5 mg/ml in 0.1% TFA, 50% acetonitrile). The mixture was vortexed then loaded onto a
MALDI stainless plate. The sample was dried at room temperature, and the MALDI-MS
was acquired by AB SCIEX TOF/TOF and 5800 CovalX High Mass Detector with mass
range of 10,000-250,000 Da and laser intensity of 5,000-5,300. Data was analyzed by AB
SCIEX.

PIP and PIP-GalNAc MS—The samples were analyzed by ESI-MS on the Agilent
1260 HPLC and Bruker MicroTOF-Q Il. The samples were run in a BioResolve RP mAb
Polyphenyl 450A 100x2.1mm from Waters, with a flow rate was 0.3ml/min. The injection
volume was 2 uL. Data was collected in full scan MS mode. The collision RF setting was
800 Vpp.

Site-specific antibody analysis—Approximately 15-20 ug of each antibody conjugate
in PBS was brought to 50 pL with 100 mM Tris, pH 8. Conjugates were reduced with

5 mM dithiothreitol for 18 minutes at 55 °C, and cysteines were alkylated with 20 mM
iodoacetamide for 30 minutes at room temperature in the dark. Trypsin (Promega) was
added at an approximate 1:50 protease:protein ratio and in-solution digestions proceeded
overnight (~16 hours) at room temperature. The digestion was quenched by acidifying with
formic acid prior to desalting with a 10 mg Strata-X polymeric reversed phase cartridge
(Phenomenex). Desalting steps included: 1) conditioning the cartridge with 1 mL ACN, 2)
addition of1 mL 0.2% formic acid (FA) in water, 3) loading the digestion mixture onto the
cartridge, and 4) washing with 1 mL 0.2% FA in water. Peptides were eluted with 400 uL of
0.2% FA in 80% ACN, dried via lyophilization, and resuspended at 1 ug/uL in 0.2% FA.

Peptides were analyzed using 90 minute LC-MS/MS methods with a gradient that increased
from 0% to 5% B over the first 6 minutes of the analysis, followed by an increase from

5% to 40% B from 6 to 70 minutes, an increase from 40% to 90% B from 70 to 71

minutes, isocratic flow at 90% B from 71 to 76 minutes, and a re-equilibration at 0% for 14
minutes. Mobile phases A and B were water and acetonitrile, respectively, each with 0.2%
formic acid. Peptides were separated over a 25 cm EasySpray reversed phase LC column
(75 um inner diameter packed with 2 um, 100 A, PepMap C18 particles, Thermo Fisher
Scientific), and precursors were ionized using an EASY-Spray ionization source (Thermo
Fisher Scientific) source held at +2.2 kV compared to ground. The column temperature

was held at 45 °C, and the inlet capillary temperature was held at 275 °C. Survey scans of
peptide precursors were collected in the Orbitrap from 350-1350 Th with an AGC target of
1,000,000, a maximum injection time of 50 ms, RF lens at 60%, and a resolution of 60,000
at 200 m/z. Monoisotopic precursor selection was enabled for peptide isotopic distributions,
precursors were selected for data-dependent MS/MS scans for 2 seconds of cycle time, and
dynamic exclusion was set to exclude after 3 times with an exclusion duration of 10 seconds
and a £10 ppm window set around the precursor monoisotope. Precursor ions with z = 2-4
were isolated with a 1 m/z window with the quadruple and fragmented with both HCD at

a normalized collision energy of 30 and ETD with supplemental HCD activation of 25 nce
(EThcD) and calibrated charged dependent ETD parameters enabled®?. Precursor ions with z
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= 5-10 were only fragmented with EThcD using the same conditions. Product ions from all
MS/MS events were mass analyzed in the Orbitrap with a resolution of 60,000 at 200 m/z,
with an AGC target of 50,000 and a maximum injection time of 118 ms. The mass range was
set to automatic (normal) with a first mass set to 100 m/z. Precursor priorities were set to
favor highest charge state and lowest m/z precursor ions, and an isolation window of 2 Th
was used to select precursor ions with the quadrupole.

Separate fasta files were created for each cetuximab and pertuzumab conjugate. For each,
the canonical antibody sequence was included in addition to sequences that included

the SmarTag sequence at various locations as described in the text. SmarTag sequences
included two versions: one with the cysteine remaining and one with the cysteine as

a glycine to represent conversion by the formylglycine-generating enzyme. Raw files

were searched against corresponding fasta sequences using MetaMorpheus®2, and custom
modifications were created for formylglycine (CO), HIPS-azide modifier (C23H33N704),
and the intact tri-GalINAc modification (105H160N18033). These searches confirmed
exclusive modification at expected SmarTag sequences. Carbamidomehtylation of cysteine
was set as a fixed modification with formylglycine, HIPS-azide, and tri-GalNAc as
variable modifications on glycine. Tryptic cleavage specificity was set with up to 2 missed
cleavages allowed. Appropriate m/z ratios for modified peptide sequences were calculated
for variations that included carbamidomethylated cysteine (i.e., unconverted) in the SmarTag
sequence, formylglycine in the SmarTag sequence (i.e., unreacted), HIPS-azide modified
glycine in the SmarTag sequence, and tri-GalNAc-modified in the SmarTag sequence. An
additional modification for the GaINAc-modified sequences was also calculated to account
for possible gas-phase fragmentation of the tri-GaINAc moiety (modification on glycine

= C44H52N807). The Xcalibur QualBrowser software suite was used to calculate areas
under the curve for m/z values of appropriate charge states for each peptide species for
each conjugate using the ICIS algorithm. Areas for each sequence and modification type
were summed and ratios of total signal were generated, as shown in Extended Data Figures
6 and 7. The Interactive Peptide Spectral Annotator (IPSA) was used to aid with spectral
annotation3,

In vivo pharmacokinetic study

Mouse experiments were performed at Stanford University in compliance with ethical
regulations approved by the Administrative Panel on Laboratory Animal Care (APLAC)
under protocol 31511. Mice were housed in the veterinary service center facility at Stanford
where they were kept at a constant temperature and humidity, exposed to 12 h cycles

of alternating light and dark, and were continuously provided water and standard rodent
food. Female BALB/c (6-8 weeks old, Jackson Laboratory) were injected intraperitoneally
with 5 mg/kg Ctx or Ctx conjugates. Blood was collected at 6, 24, 48, 72h via tail-bleed
and plasma was separated. 2 pl of plasma was loaded onto SDS-PAGE (4-12% Bis-Tris
gel) and transferred onto a nitrocellulose membrane for detecting human antibody presence
(800CW goat anti-human, LI-COR). Organs were harvested at 72 hours, lysed with RIPA
buffer supplemented with protease inhibitor and 0.1% Benzonase. Protein concentration was
determined using BCA and 50 ug of total protein were loaded onto SDS-PAGE (4-12%
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Bis-Tris gel) and transferred onto a nitrocellulose membrane for detecting human antibody
presence (800CW goat anti-human, LI-COR).

In vivo hepatic toxicity study

Female BALB/c (6-8 weeks old, Jackson Laboratory) were intraperitoneally injected with
5 mg/kg of Ctx or Ctx-(tri-GalNAC) ;pevery 2 days or 5 mg/kg Ctx or Ctx-C-term-(tri-
GalNAC) ; every 4 days for a week. Blood and liver were harvested on day 8. Blood

was submitted to the Stanford Veterinary Service Center (VSC) Diagnostics Lab for liver
biochemistry testing (ALP, AST, ALP, bilirubin). Livers were fixed with 10% neutral
buffered formalin and submitted to the Stanford Animal Histology Services (AHS) for
histopathology analysis.

Statistical analyses

All statistical analyses were performed using GraphPad Prism 8. Two-tailed tests were used
for all #tests.

Figure illustration

Illustration of the cell membrane, organelles, and organs in Fig. 1a, 1b, 1e, and 2a were
modified from Servier Medical Art, licensed under a Creative Common Attribution 3.0
Generic License. https://smart.servier.com

Data Availability

All data that supported the findings of this manuscript are included and are also available
from the corresponding author upon request. Source data are provided with this paper. The
flow cytometry gating strategy is provided in the Supplementary Information.
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Extended Data
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Extended Data Fig. 1. HER2 degradation by Ptz-GalNAc is inhibited by exogenous tri-GalNAc
ligand.
Degradation of HER2 in HEPG2 cells determined by live-cell flow cytometry following

co-treatment with DMSO or 5 mM of exogenous tri-GalNAc ligand (10) and 10 nM Ptz
conjugates for 48 h. Data are the mean of three independent experiments + SEM. Pvalues
were determined by unpaired two-tailed #tests.
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Extended Data Fig. 2. Ptz-GalNAc internalizes membrane HER2 within 2 hours.
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a, Visualization of HER2 in HEPG2 cells by confocal microscopy after 10 nM pertuzumab

conjugate treatments for 2 h. EEA1 is included as an early endosomal marker. b,

Visualization of HER2 in HEPG2 cells by confocal microscopy after 10 nM pertuzumab
conjugate treatments for 48 h. EEA1 is included as an early endosomal marker. Images are

representative of two independent experiments. Scale bar, 30 um.
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Extended Data Fig. 3. Ctx-GalNAcs show similar lysosomal health as untreated cells.
a, Visualization and quantification of Lysotracker by confocal microscopy imaging of

HEP3B cells treated with 10 nM cetuximab conjugates for 48 h or 1 uM LLOMe for 1 hour.
b, Visualization and quantification of Cathepsin B activity using Magic Red in HEP3B cells
treated with 10 nM cetuximab conjugates for 48 h or 1 uM LLOMe for 1 h. ¢, Visualization
and quantification of ALIX in HEP3B cells treated with 10 nM cetuximab conjugates for 48
hor 1 uM LLOMe for 1 h. Scale bar, 30 um. Values are the average + SEM of three separate
images from confocal microscopy. P values were determined by unpaired two-tailed #tests.
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Extended Data Fig. 4. Ptz-GalNAcs do not affect lysosomal health.
a. Visualization and quantification of Cathepsin B activity using Magic Red in HEPG2 cells

treated with 100 nM Ptz conjugates for 48 h or 1 pM LLOMe for 1 h. b, Visualization and
quantification of ALIX in HEPG2 cells treated with 100 nM Ptz conjugates for 48 h or 1 uM
LLOMe for 1 h. Scale bar, 30 um. Values are the average £ SEM of three separate images
from confocal microscopy. Pvalues were determined by unpaired two-tailed #tests.
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Extended Data Fig. 5. PIP-GalNAc conjugate and ASGPR are required for enhanced anti-
proliferative effect.
a, Time-course percent proliferation of HEPG2 cells during 44 h of treatment with 50 or

100 nM PIP or PIP-GalNAc. b, Percent proliferation of HEPG2 cells over 48 h with 100
nM exogenous tri-GalNAc, 100 nM PIP, 100 nM PIP + 100 nM exogenous tri-GalNAc, or
100 nM PIP-GalNAc conjugate. c, Percent proliferation of HEPG2 cells at 48h following
co-incubation of 100 nM of PIP or PIP-GalNAc with or without 10 mg/ml asialofetuin
(ASF). Data are three independent experiments in b. For ¢, values are the average of three
independent experiments £ SEM. Ordinary two-way ANOVA with adjusted £ values shown
from Tukey’s multiple comparisons.
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Extended Data Fig. 6. Analysis of site-specific conjugation of the tri-GalNAc ligand to three
different locations on cetuximab

a, Reducing SDS-PAGE gel of Ctx and Ctx with aldehyde tag at C-terminus, Hinge, and
CH1 Heavy chain. b, The proportion of signal seen between tri-GaINAc-modified (blue)
peptides and peptides from the sequence that should have harbored the tri-GalNAc ligand
but were seen unmaodified (gray). Due to the dimer nature of the antibody, 50% of signal as
modified indicates one site of modification per antibody molecule while 100% of signal as
modified shows two ligands per antibody molecule. ¢, EThcD spectra of peptides showing
site-specific localization of the tri-GalNAc ligand in the SMARTag sequence. Note, “M”
represents the intact mass of the modified peptide, “GalNAc” shows the oxonium ion of a
GalNAc residue, and the “M-GalNAc(x)” annotations show the intact mass minus x number
of GalNAc moieties. a is a representative data from two independent experiments.
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Extended Data Fig. 7. Analysis of site-specific conjugation of the tri-GalNAc ligand to three

different locations on pertuzumab.
a, Reducing SDS-PAGE gel of Ptz with aldehyde tag at C-terminus, Hinge, and CH1

Heavy chain.b, The proportion of signal seen between tri-GalINAc-modified (blue) peptides
and peptides from the sequence that should have harbored the tri-GalNAc ligand but

were seen unmodified (gray). Due to the dimer nature of the antibody, 50% of signal as
modified indicates one site of modification per antibody molecule while 100% of signal as
modified shows two ligands per antibody molecule. ¢, EThcD spectra of peptides showing
site-specific localization of the tri-GalNAc ligand in the SMARTag sequence. Note, “M”
represents the intact mass of the modified peptide, “GalNAc” shows the oxonium ion of a
GalNAc residue, and the “M-GalNAc(x)” annotations show the intact mass minus x number
of GalNAc moieties. a is a representative data from two independent experiments.

Nat Chem Biol. Author manuscript; available in PMC 2021 September 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ahn etal.

Relative MFI

Page 25

NS
NS
407 ' NS ;
1
P=0.0084 ™
— =
o
- =
20 E
O]
e
M-~ 5
& O ¢
> S N
& &
RN
@) e \((\
O @
& I

Extended Data Fig. 8. Non-specific Ctx-GalNAc conjugates show enhanced uptake in vitro
compared to site-specific Ctx conjugates.

a, Binding of Ctx conjugates in HEPG2 cells measured by live-cell flow cytometry
following 1 h incubation on ice. b, Mean fluorescence intensity (MFI) relative to the control
(human 1gG-647 only) for HEPG2 cells incubated at 37 °C for 1 h with 50 nM human
19gG-647 and 25 nM Ctx, Ctx-(tri-GalNAC)1g, Ctx- C-term-(tri-GalNAC)1, or Ctx- CHI-(tri-
GalNAc)1. MFI was determined by live cell flow cytometry. Values are the average £ SEM
of three independent experiments. P values were determined by unpaired two-tailed #tests.
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Extended Data Fig. 9. Durability of LYTAC-mediated degradation in HEP3B cells.
a, HEP3B cells were treated with 10 nM Ctx conjugates, then washed with PBS 3 times,

and were incubated in fresh media for 6, 24, 48h. EGFR levels were measured by western
blot. 100 ng/ml of EGF was included as a control. b, Quantification of EGFR levels with and
without wash-off following treatment with Ctx conjugates. Values are the average of three
independent experiments + SEM. Pvalues were determined by unpaired two-tailed #tests.

Nat Chem Biol. Author manuscript; available in PMC 2021 September 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ahn etal. Page 27
a b
j 5 mg/kg i.p. Cix or Ctx-(tri-GalNAG);
2} I <
A ————] Harvestplasma, liver  * 2 days
Dayo 2 4 6 8 = 4days
Balb/c T
5 mg/kg i.p. Ctx or Ctx-C-term-(tri-GalNAc),
Cc AST d ALP e
600 i 3007 — N
A L]
EX 3
400- 200 * &+ ';' -
e | = A
5 3
200- - i 100
T LlEoa
O-——T—T—1T O-—r—T—T—T
48 T @ & TS RESEE
& & P & F P & & S
O'd. d@&\ O'd. 0"@&\ O'd' 0@&\
O\". Q’d: o'd'
f

Extended Data Fig. 10. GalNAc-LYTACs do not cause hepatic toxicity in mice.
a, Balb/c mice were intraperitoneally injected with 5 mg/kg of Ctx or Ctx-(tri-GalNAC)1

every 2 days or 5 mg/kg Ctx or Ctx-C-term-(tri-GalNAc), every 4 days for a week. Plasma
and liver were harvested on day 8, and levels of liver enzymes (b — alanine transaminase
(ALT); ¢ — aspartate transaminase (AST), d, alkaline phosphatase (ALP), e — total bilirubin)
from plasma were measured. Values in b-e are the average of three independent mice = SEM
and were evaluated using Ordinary one-way ANOVA with Tukey’s multiple comparisons. f,
Representative H&E staining of the liver from three independent experiments. Scale bar, 40
um.
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Fig. 1. LYTACs can hijack the asialoglycoprotein receptor (ASPGR) for targeted and cell-specific
protein degradation.

a, First-generation LYTACs co-opt the broadly expressed cation independent mannose 6-
phosphate receptor (CI-M6PR). b, GaINAc-LYTACs hijack the liver-specific ASGPR to
target hepatocytes specifically. ¢, Structure of tri-GaINAc-DBCO (1) ligand for ASGPR-
targeting. d, Synthesis of antibody-tri-GalNAc conjugates (GalINAc-LYTACSs). Native gel
electrophoresis of 1gG, 1gG-N3, and 1gG-GalNAc. e, LY TAC-mediated internalization of
rabbit 19G-647 in HEPG2 cells. f, Mean fluorescence intensity (MFI) relative to the control
(rabbit 1gG-647 only) for HEPG2 cells incubated at 37 °C for 1 h with 50 nM rabbit
1gG-647 and 25 nM goat-anti-rabbit, goat-anti-rabbit-M6Pn, or goat-anti-rabbit-GalNAc.
MFI1 was determined by live cell flow cytometry. g, Live-cell imaging of HEPG2 cells that
were incubated at 37 °C for 1 h with 50 nM rabbit 1gG-647 and 25 nM goat-anti-rabbit,
goat-anti-rabbit-M6Pn, or goat-anti-rabbit-GalNAc. Scale bar, 20 um. For d, g, gels and

Nat Chem Biol. Author manuscript; available in PMC 2021 September 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ahn et al.

Page 33

images are representative of two independent experiments. For f, data are the mean of three
independent experiments + SEM. Pvalues were determined by unpaired two-tailed #tests.
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Fig. 2. GalINAc-LYTACs promote degradation of epidermal growth factor receptor (EGFR) in
HCC cell lines.

a, EGFR degradation mediated by Cetuximab (Ctx)-GalNAc. b, Degradation of cell surface
EGFR in HEP3B determined by live cell flow cytometry following 48 h of treatment with
10 nM Ctx or conjugates. ¢, Western blot analysis of total EGFR levels in HEP3B, HEPG2,
and HUH?7 after treat with 10 nM Ctx conjugates for 48 h. d, Dose-response curve for

cell surface EGFR degradation in HEP3B incubated with 1 nM, 10 nM, 50 nM, 100 nM
Ctx conjugates for 48 h. Relative surface expression of EGFR is determined by live cell
flow cytometry. e, Time-course of degradation of cell surface EGFR in HEP3B incubated
with 10 nM Ctx conjugates for 3, 6, 24, and 48 h. Relative surface expression of EGFR

is determined by live cell flow cytometry. f, Visualization of EGFR degradation in HEP3B
cells by confocal microscopy after 10 nM Ctx conjugate treatments for 48 h. Scale bar, 30
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um. For b-e, data are three independent experiments and mean £ SEM for b,c. Images in f
are representative of two independent experiments. Pvalues were determined by unpaired
two-tailed #tests. NS, not significant.
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Fig 3.I_GaINAc-LYTACs operate via an endo-lysosomal mechanism and attenuate EGFR-driven
signaling.

a,g Westgrn blot of EGFR in HEP3B cells treated with 10 nM Ctx conjugates for 48 h
following knockdown of ASGPR by siRNA. Non-targeting siRNA is included as a control.
b, Degradation of EGFR in HEP3B cells determined by live-cell flow cytometry following
co-treatment with DMSO or 5 mM of exogenous tri-GalNAc ligand (10) and 10 nM Ctx
conjugates for 24 h. ¢, Western blot of EGFR degradation in HEP3B cells incubated with
10 nM Ctx conjugates and 50 nM bafilomycin Al or 10 uM chloroquine for 24 h. d,
Western blot of pEGFR, pAkt, and pMAPK in HEP3B cells following incubation of 10
nM Ctx conjugates for 48 h then 1 h stimulation with 100 ng/ml or 50 ng/ml of EGF.

a, c are representative of two independent experiments. For b, data are the mean of three
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independent experiments + SEM. Pvalues were determined by unpaired two-tailed ~tests. d
is a representative of three independent experiments.
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a, HEP3B (ASGPR+, EGFR+, M6PR+) and HeLa-GFP (ASGPR-, EGFR+, M6PR+) were
co-cultured and treated with Ctx conjugates. Ctx-GalNAc degrades EGFR selectively in
HEP3B cells. b, Representative flow cytometry plot of cell-surface EGFR levels in HEP3B

cells and HeLa-GFP cells following co-culture and treatment with 50 nM cetuximab
or conjugates for 48 h. ¢, Quantification of relative surface expression of EGFR in
b determined by live cell flow cytometry. b is a representative of three independent

experiments. For c, data are the mean of three independent experiments + SEM. Pvalues
were determined by unpaired two-tailed #tests.
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Fig. 5. GalINAc-LYTAC degrades the membrane proteins HER2 and integrins and induces anti-
proliferative effects in HEPG2 cells.

a, Western blot of HER2 degradation in HEPG2 cells following incubation with 100 nM
Pertuzumab (Ptz) or Ptz conjugates for 48 h. b, Visualization of HER2 degradation in
HEPG?2 cells by confocal microscopy after 100 nM Ptz conjugate treatments for 48 h.
Scale bar, 30 pm. ¢, Synthesis of PIP-GalNAc. Tri-GaINAc-DBCO was conjugated to PIP,
a knottin peptide that binds to multiple integrins. d, Degradation of cell surface integrins in
HEPG2 determined by live cell flow cytometry following 44 h of treatment with 100 nM
PIP or PIP-GalNAc using anti-avp3, anti-avp5, and PIP-Fc fusion for detection. PIP was
genetically fused to the Fc domain of a mouse 1gG2a to generate a PIP-Fc fusion construct
that measures the surface expression of integrins recognized by PIP. e, Percent proliferation
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of HEPG2 cells following 44 h of treatment with 50, 100, and 200 nM PIP or PIP-GalNAc.
Proliferation was quantified by phase confluence over time on IncuCyte. f, Time-course
percent proliferation of HEPG2 cells during 44 h of treatment with 200 nM PIP or PIP-
GalNAc. g, Percent proliferation of HEPG2 cells for 6 days following wash-out. Cells

were treated with 200 nM PIP or PIP-GalNAc on day 0. PIP+ and PIP-GalNAc+ indicate
the conditions where cells were washed on day 4 and replaced with fresh media without
treatment. PIP++ and PIP-GalNAc++ indicate the conditions where cells were washed on
day 4 and replaced with fresh media containing 200 nM PIP or PIP-GalNAc. h, Live HEPG2
imaging by IncuCyte throughout 5 days after treatment with 100 nM PIP or PIP-GalNAc.

a is a representative of three independent experiments. Images are representative of two
independent experiments for b and three independent experiments for h. d-g represent three
independent experiments, where d,e show the mean of three independent experiments +
SEM. Pvalues were determined by unpaired two-tailed #tests.
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Fig. 6. Site-specific conjugation improves pharmacokinetics of antibody-based GalNAc-LY TACs.
a, Site-specific conjugation of antibody at the CH1 domain, hinge, and C-terminus of the

antibody using the SMARTag technology*3. b, Western blot of EGFR degradation in HEP3B
after treatments with 10 nM site-specific cetuximab conjugates for 48 h. ¢, Western blot of
HER2 degradation in HEPG2 cells after treatments with 100 nM site specific pertuzumab
conjugates for 48h. d, /n vivo pharmacokinetic study of GaINAc LYTACSs. Representative
human-1gG light chain western blot of plasma following 5 mg/kg intraperitoneal injection

of Ctx, Ctx-(tri-GalNACc)q, Ctx- CHI-(tri-GalNAC)4, Ctx-C-term-(tri-GalNAc);. Plasma was
collected 6, 24, 48, and 72 h post injection. e, Quantification of d representing the ratio of
site specific Ctx conjugates over unmodified Ctx. Values are the average of three separate
mice = SEM. f, Representative human-1gG light chain blot of liver and spleen 72 h after

Ctx and Ctx conjugate injections. For b-d, f, data are representative of three independent
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experiments. For e, data are the mean of three independent experiments + SEM. Pvalues
were determined by unpaired two-tailed #tests.
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