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SUMMARY

Programmed death-ligand 1 (PD-L1) drives inhibition of antigen-specific T cell responses through engage-
ment of its receptor programmed death-1 (PD-1) on activated T cells. Overexpression of these immune
checkpoint proteins in the tumor microenvironment has motivated the design of targeted antibodies that
disrupt this interaction. Despite clinical success of these antibodies, response rates remain low, necessi-
tating novel approaches to enhance performance. Here, we report the development of antibody fusion pro-
teins that block immune checkpoint pathways through a distinct mechanism targeting molecular trafficking.
By engaging multiple receptor epitopes on PD-L1, our engineered multiparatopic antibodies induce rapid
clustering, internalization, and degradation in an epitope- and topology-dependent manner. The comple-
mentary mechanisms of ligand blockade and receptor downregulation led to more durable immune cell acti-
vation and dramatically reduced PD-L1 availability in mouse tumors. Collectively, these multiparatopic anti-
bodies offer mechanistic insight into immune checkpoint protein trafficking and how itmay bemanipulated to
reprogram immune outcomes.

INTRODUCTION

Programmed death-ligand 1 (PD-L1) is amember of the B7 family
of immunoregulatory ligands that play a pivotal role in regulation
of the cellular and humoral immune responses. PD-L1 is ex-
pressed in both lymphoid and non-lymphoid tissue, where it is
involved in suppression of immune activity through activation of
the co-inhibitory receptor programmed death-1 (PD-1), which is
expressed primarily on T cells, but also some natural killer (NK)
cells and monocytes.1–4 Immunosuppressive pathways (also
called immune checkpoint pathways) such as the PD-1/PD-L1
axis are essential for maintaining healthy immune regulation.
However, these pathways are frequently exploited by cancer

cells and immune cells in the tumor microenvironment to evade
immune recognition. Indeed, PD-L1 expression is observed in
various forms of cancer, both constitutively and as a feedback
response to inflammatory signals, resulting in inhibition of tu-
mor-specific T cell responses.5–9 To counteract this effect, mono-
clonal antibodies known as immune checkpoint inhibitors (ICIs)
have been developed, which target immune checkpoint proteins
such as PD-L1.10,11 ICIs that disrupt the PD-1/PD-L1 interaction
have shown unprecedented success in treating a variety of can-
cers, including 3 FDA-approved anti-PD-L1 antibodies: atezolizu-
mab, durvalumab, and avelumab.12–14 However, the immunolog-
ical mechanisms by which anti-PD-L1 therapies function are
complex and still only partially understood.
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Blockade of the PD-1/PD-L1 pathway has been shown to
restore functionality to chronically exhausted CD8+ T cells,15

suggesting that tumor-associated PD-L1 primarily inhibits pro-
liferation and effector functions of activated tumor-specific
T cells. Upregulation of PD-L1 by tumor cells is often associ-
ated with adaptive resistance to endogenous tumor-specific
immune responses, in particular the secretion of interferon-
gamma (IFN-g) as well as inflammatory cytokines.9,16 But
although high-level expression of PD-L1 in tumor biopsies
has been generally used as a criterion to guide anti-PD-L1
treatment, it has become increasingly clear that PD-L1 expres-
sion on infiltrating immune cells, including myeloid cells and
T cells can in many cases be sufficient to predict therapeutic ef-
ficacy.14,17,18 Some data suggest that PD-L1 expression on an-
tigen-presenting cells (APCs) may play a vital role in deter-
mining the efficacy of anti-PD-L1 therapy, whereas PD-L1 on
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Figure 1. Discovery of PD-L1-targeted anti-
bodies
(A) Schematic representation of receptor traf-

ficking following treatment with a multiparatopic

antibody that targets two non-competitive epi-

topes on PD-L1.

(B and C) Progression of PD-L1 binding (1,000 nM)

over four rounds of selections against 2 yeast

surface-displayed libraries: (B) a synthetic scFv li-

brary;41 and (C) a VNAR library derived from im-

munization of sharks with the PD-L1 extracellular

domain.

(D and E) On-yeast PD-L1 binding titrations of in-

dividual clones isolated from: (D) the synthetic

scFv library; and (E) the immunization-derived

VNAR library, as measured by flow cytometry

analysis.

See also Figures S1 and S2, Tables S1 and S2.

tumor cells and tumor infiltrating lym-
phocytes is irrelevant, highlighting the
continued uncertainty on the underlying
mechanisms of PD-L1-targeted ICIs.19

Recent data reporting the ability of PD-
L1 to form ligand-ligand heterodimers
with CD80, imply that PD-L1 may exert
additional, and as of yet unclear, ef-
fects on the co-stimulatory CD28
pathway and the co-inhibitory cytotoxic
T-lymphocyte associated protein 4
(CTLA-4) pathway.20–22 Despite incom-
plete understanding of the immune ef-
fects of anti-PD-L1 antibodies, these
drugs have been shown to achieve com-
plete and durable cures in some pa-
tients, which has led to their approval
across cancer types, including non-
small cell lung cancer (NSCLC) and Mer-
kel cell carcinoma.13,14 Unfortunately,
patient response rates to anti-PD-L1
therapies remain disappointingly low
and most tumor regressions are only
partial,23–25 necessitating the develop-

ment of new mechanistic strategies to enhance the efficacy
of immune checkpoint protein-targeted therapies.
One potential approach to introducing alternative mecha-

nisms for PD-L1-targeted therapies is through the development
of antibodies thatmodulate themolecular trafficking dynamics of
this protein. All 3 clinically approved anti-PD-L1 drugs act
through a common mechanism that entails binding to PD-L1
and sterically blocking its interaction with the PD-1 receptor.26,27

A potential complementary mechanism could involve targeting
several distinct binding epitopes on PD-L1 with either a combi-
nation of antibodies or a single multispecific antibody (known
as a multiparatopic antibody), in order to cross-link and subse-
quently internalize and degrade surface-expressed protein
(Figure 1A). Antibody cocktails28–30 and multiparatopic anti-
bodies31–38 have been previously reported to increase endocy-
tosis and lysosomal degradation of a variety of surface proteins,
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including the receptor tyrosine kinases epidermal growth factor
receptor (EGFR), human epidermal growth factor receptor 2
(HER2), and MET, as well as major histocompatibility complex
(MHC) class I molecules, transferrin receptor, and the glycosyl-
phosphatidylinositol (GPI)-linked enzyme CD73. In the case of
cancer-associated antigens, such as EGFR and HER2, downre-
gulation induced by these antibody cocktails and multiparatopic
antibodies has been shown to elicit robust antitumor activity.28,32

Multiparatopic antibodies in particular have frequently been
shown to increase therapeutic efficacy compared to both mono-
clonal antibody treatments and combinations of their constituent
parent antibodies.31–36 Recently, Park and colleagues demon-
strated an effective immune checkpoint inhibition strategy based
on small molecule-induced internalization of PD-L1,39 and
Zhang and colleagues reported antibodies that alter the immu-
nostimulatory activities and toxicity of anti-CTLA-4 therapy
through modulation of trafficking behavior,40 offering promising
rationale for exploring the trafficking dynamics of immune
checkpoint proteins. Here, we sought to extend the concept of
multiparatopic antibody-mediated downregulation to the PD-
L1 system. We engineered bi- and tri-paratopic antibody fusion
proteins based on the clinically approved drug atezolizumab and
demonstrated that thesemolecules induced rapid clustering and
internalization of PD-L1, leading to increased receptor degrada-
tion. We further showed that treatment with the most active PD-
L1-targeted multiparatopic antibody resulted in improved im-
mune cell activation and led to durable suppression of PD-L1
in mouse tumor models. Overall, our study establishes PD-L1-
targetedmultiparatopic antibodies as promising tools for interro-
gating and manipulating immune checkpoint protein pathways.

RESULTS

Discovery of PD-L1-targeted antibodies
To identify new PD-L1 binding proteins, we selected a naive
yeast-displayed synthetic antibody single-chain variable frag-
ment (scFv) library41 against the extracellular domain (ECD) of
PD-L1 by performing iterative rounds of magnetic-activated
cell sorting (MACS) and fluorescence-activated cell sorting
(FACS)42,43 (Figure 1B). Several PD-L1-specific clones were
identified from the enriched library, with affinities ranging from
10- to >1,000-fold weaker than atezolizumab (Figure 1C;
Table S1). Additionally, we screened a yeast-displayed variable
new antigen receptor (VNAR) library developed through immuni-
zation of nurse sharks with the PD-L1 ECD.44 Successive rounds
ofMACS and FACS led to identification of additional PD-L1 bind-
ing domains, which also showed a range of affinities from 10- to
>1,000-fold weaker than atezolizumab (Figures 1D and 1E;
Table S1).

Newly discovered anti-PD-L1 antibodies target distinct
epitopes compared to atezolizumab
Among the isolated clones from the enriched libraries, 1 scFv
(D12) and 2 VNARs (A9 and B8) were expressed in soluble
form as variable fragments through transient transfection of hu-
man embryonic kidney (HEK) 293F cells, alongside the scFv of
atezolizumab. Bio-layer interferometry studies revealed that
the equilibrium binding affinity (KD) for PD-L1was 5.3 nM for ate-
zolizumab, compared to 100 nM for D12, 130 nM for A9, and

34 nM for B8 (Figure 2A; Table S1). We next sought to examine
overlap between the PD-L1 binding epitopes of the various
binders through bio-layer interferometry-based cross-competi-
tion studies. Whereas the scFv D12 was found to compete with
atezolizumab for PD-L1 binding, both VNAR domains (A9 and
B8) were found to be noncompetitive with atezolizumab (Fig-
ure 2B). A9 and B8 were further determined to be noncompeti-
tive with D12 (Figure 2C), as well as with one another (Figure 2D),
suggesting the presence of at least 3 unique binding epitopes
among these clones. Upon examining competition of the
various anti-PD-L1 binding domains with the PD-1 receptor,
we found that both atezolizumab and D12 directly compete
with PD-1 for PD-L1 engagement whereas B8 is noncompetitive
with PD-1 (Figure S1A). Interestingly, the interplay between A9
and PD-1 was more nuanced, with simultaneous but slightly
attenuated binding of PD-1 to PD-L1 observed in the presence
of the VNAR domain, possibly due to allosteric effects. All three
binding domains were found to not cross-react with mouse PD-
L1, in contrast with atezolizumab which binds mouse PD-L1
albeit with a slightly lower affinity than human PD-L1 (Fig-
ure S1B). In the absence of crystallographic structures for
D12, A9, and B8 in complex with PD-L1, we used high ambiguity
driven protein-protein docking (HADDOCK, web server version
2.4)45 to model the interactions of our newly discovered anti-
PD-L1 binding domains with the target protein, and we
compared the resulting structural predictions with the crystallo-
graphic structures of the atezolizumab/PD-L126 and PD-1/PD-
L146 and complexes (Figures S1C and S1D). Interface residues
of each protein complex were determined by the Proteins, Inter-
faces, Structures, and Assemblies (PISA) service at the Euro-
pean Bioinformatics Institute47 and structural figures were visu-
alized with PyMOL.48 In line with competition studies
(Figures 2A–2D) and PD-1 binding analysis (Figure S1A), the
binding epitopes of scFvs atezolizumab and D12 on PD-L1
overlap extensively with the binding epitope of PD-1, and atezo-
lizumab, D12, and PD-1 all bind on ‘‘top’’ of the PD-L1 molecule
(see Figures S1C and S1D). In contrast, VNARs A9 and B8 were
predicted to bind on different ‘‘sides’’ of the PD-L1 molecule,
and the VNAR binding epitopes on PD-L1 did not overlap with
the binding epitope of PD-1.

Engineered anti-PD-L1 multiparatopic antibodies
downregulate PD-L1 surface expression on cancer cells
We utilized the 4 recombinantly expressed PD-L1-targeted pro-
teins (scFvs atezolizumab and D12 and VNARs A9 and B8) to
produce a panel of bi- and tri-paratopic antibody constructs.
The variable fragments of D12, B8, and A9 were fused to the
N- and C-termini of the heavy chain (HC) and/or light chain
(LC) of the full-length atezolizumab human immunoglobulin G1
(IgG1) antibody using flexible (Gly4Ser)3 15 amino acid linkers
(except for the C-terminal LC constructs, which used a flexible
(Gly4Ser)2 10 amino acid linker). Additionally, heterodimeric anti-
body fusion proteins were produced using engineered knobs-
into-holes mutations in the HC constant domain (Figure 2E).49,50

To ensure proper chain pairing of asymmetric multiparatopic an-
tibodies, a recently published method for single-chain Fab
expression was utilized.51 As in the parent atezolizumab
antibody, the N297A mutation was included in the HC constant
domain to reduce interactions with Fc gamma receptors
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Figure 2. Design of multiparatopic antibodies targeting PD-L1
(A) Equilibrium binding titrations of two scFv (atezolizumab and D12) and two VNAR (B8 and A9) fragments against immobilized PD-L1, as measured by bio-layer

interferometry.

(B–D) Cross-competition analysis of PD-L1 binding between two scFvs (atezolizumab and D12) and two VNARs (B8 and A9). Charts depict bio-layer interfer-

ometry analysis of equilibrium binding of an immobilized antibody fragment ((B) atezolizumab, (C) D12, and (D) B8) to saturating amounts of PD-L1 ((B and D)

100 nM, (C) 250 nM) in the presence of varying concentrations of the indicated soluble competitor.

(E) Schematic depictions of bi- and triparatopic antibody fusion proteins. All constructs are based on the atezolizumab human IgG1 antibody, and include either N

or C terminal fusions to the heavy and/or light chains, or asymmetric knobs-into-holes Fc mutations.

See also Figures S1 and S2, and Table S2.
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and thereby mitigate antibody-dependent destruction of PD-L1-
expressing T cells.52 Atezolizumab-basedmultispecific antibody
fusion proteins were expressed via transient transfection of HEK
293F cells, and high purity was achieved for the various antibody
constructs following separation by size-exclusion chromatog-
raphy (Figure S2). To ensure that aggregates and/or multimers
were removed from the protein preps, samples of atezolizumab
and TS1521 were run over the size-exclusion column a second
time (Figure S3A). A single monodisperse peak was observed
in both cases, confirming that the samples which were used
in all experiments were free of aggregates and multimers.
Moreover, we found TS1521 to be robust to freeze-thaw and
remarkably stable at physiological temperature over a period
of 3 weeks (Figure S3B), providing a positive indication for
developability.

Using MDA-MB-231 human triple negative breast cancer
cells, we examined the ability of each of the engineered bi-/tri-
paratopic constructs to downregulate PD-L1 expression
(Figures 3A and 3B). After treatment with antibody for 14 h, sur-
face PD-L1-bound antibody was stripped using an acidic solu-
tion (Figures S3C and S3D) prior to surface PD-L1 staining and
detection by flow cytometry. The effectiveness of downregula-
tionwas observed to be affected by both the topology of themul-
tiparatopic construct as well as the binding epitopes that were
engaged. For example, in the context of biparatopic antibodies
(Figure 3A), fusing B8 to the N-terminus of theHC (BS15) resulted
in approximately 25% greater PD-L1 downregulation compared
to fusion to the N-terminus of the LC (BS19), whereas A9 and
D12 did show much variation between N-terminal HC or LC
fusion orientations. Surprisingly, bivalent biparatopic antibodies
(BS1 and BS12) could achieve equivalent downregulation to the
tetravalent constructs, although the relative performances were
also dependent on geometry. D12 fusions were the least effec-
tive on average, which was expected based on the overlapping
binding epitopes between D12 and atezolizumab. A9 fusions
were the most effective on average. B8 fusions varied most
significantly with topology, and the B8 N-terminal HC construct
(BS15) was found to be the most effective of all biparatopic an-
tibodies that were tested.

Triparatopic antibodies were generally more efficient downre-
gulators compared to their component biparatopic antibodies,
though only a few of the triparatopic constructs weremore effec-
tive than BS15 (Figure 3B). As with biparatopic antibodies, topol-
ogy and epitope coverage were important determinants for
downregulation extent. For instance, a triparatopic antibody
with B8 N-terminally fused to the HC and A9 C-terminally fused
to the LC (TS1521) elicited 28% greater downregulation than a
similar antibody that relocated B8 to the C-terminus of the HC
(TS1621) and 27% greater downregulation than another similar
antibody that substituted D12 at the HC N-terminus (TS1421).
Of note, only triparatopic antibodies that engaged 3 unique epi-
topes of PD-L1 (i.e., containing atezolizumab scFv and A9 and
B8 VNARs) were found to be more effective than the most active
biparatopic antibody (BS15). Among the triparatopic antibodies
with 3 unique epitopes that were tested, geometries that posi-
tioned A9 at the C-terminus and B8 at the N-terminus were
most effective at inducing PD-L1 downregulation. Overall,
MDA-MB-231 downregulation studies identified the most
actively downregulating anti-PD-L1 multiparatopic antibody in

our panel to be TS1521, which decreased surface PD-L1 levels
by 60–70%.
To assess the effects of target protein expression levels on

multiparatopic antibody-mediated downregulation, we as-
sessed antibody-induced PD-L1 downregulation on 5 different
tumor cell lines, representing a spectrum of expression levels
that would likely be found in human cancers, ranging from
5,800 to 526,000 copies per cell (Figure 4A). We observed that
the extent of downregulation increases modestly with increasing
PD-L1 expression up to a density of at least 526,000 copies per
cell (Figures 4A and 4B). Very low receptor density (for instance
on the A549 cell line) eliminated multiparatopic antibody-medi-
ated PD-L1 downregulation effect entirely, which could be due
to geometric challenges in cross-linking PD-L1 when few copies
are present on the surface. A similar trend of downregulation
dependence on PD-L1 surface density was observed for multi-
paratopic antibodies BS1, BS15, and TS2319 (Figures S4A and
S4B). Interestingly, the threshold for PD-L1 surface density
required to enable downregulation was found to vary with anti-
body design (Figures 4A, 4B, S4A, and S4B). For instance, the bi-
paratopic antibody BS15 induced significant downregulation on
cells that expressed >41,000 receptors/cell, whereas the tripar-
atopic antibody TS2319 only induced significant downregulation
on cells that expressed >347,000 receptors/cell. Treatment with
a combination of the atezolizumab and D12 monoclonal anti-
bodies did not induce downregulation of PD-L1 levels, whereas
treatment with a biparatopic antibody incorporating both binding
fragments (BS1) significantly reduced surface PD-L1, supporting
an important role for combining multiple paratopes within a sin-
gle molecule (Figure S4C). Downregulation was also found to be
dependent on antibody concentration, with maximal reduction in
PD-L1 surface levels observed at saturating concentrations of
multiparatopic antibody (Figure S4D; Table S2). This result is
consistent with a model in which surface cross-linking of PD-
L1 precipitates downregulation. For the specific case of BS1,
the effective concentration (EC50) of the downregulation effect
was found to be 0.40 nM, substantially more potent than the af-
finities of the individual antibody domains for PD-L1 (ranging
from z5 to 130 nM). Taken together, the results of our downre-
gulation assays establish that multiparatopic antibodies mediate
robust downregulation of surface PD-L1 across cancer cell lines
in a manner that is dependent on antibody topology, epitope
engagement, and surface protein density.

Multiparatopic antibodies induce PD-L1 internalization,
clustering, and lysosomal sorting
We next sought to understand the receptor trafficking patterns
that underlie the downregulating effects of engineered multipar-
atopic antibodies. Kinetic studies with TS1521 on H2444 human
NSCLC cells showed that antibody-induced downregulation oc-
curs rapidly upon addition of the treatment, reaching steady
state within 4–6 h (Figure 4C). In contrast, the parent monoclonal
antibody (atezolizumab) did not alter PD-L1 surface levels rela-
tive to untreated cells. Live cell confocal microscopy imaging
of H2444 cells showed that upon treatment with fluorescently
labeled TS1521, significant PD-L1 clustering was observed
within 3 h, whereas no clustering was observed following treat-
ment with fluorescently labeled atezolizumab (Figure 4D). Visual-
ization of PD-L1 clustering was found to correspond with the
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steady state kinetic downregulation profile, and internalization
occurred (based on flow cytometry analysis) before detectable
clustering was observed bymicroscopy (Figures 4C and 4D). Su-
per resolution (SR) microscopy studies on H2444 cells revealed
clustering of labeled TS1521 on the cell membrane at single-
molecule resolution (Figures 4E, 4F, and S5). Compared to the
more disperse surface distribution of labeled atezolizumab,
labeled TS1521 was significantly more clustered, with a median
of more than 60% of TS1521 molecules occurring in clusters of
10 or more, compared to less than 40% for atezolizumab
(Figure 4G).
As shown in Figure 1A, surface levels of PD-L1 are dictated by

the balance between synthesis, internalization, recycling, and
degradation of the protein. To determine whether PD-L1 recy-
cling was impacted by multiparatopic antibody treatment,
H2444 cells were incubated with TS1521 in the absence or pres-

ence of the recycling inhibitor monensin. We observed no
change in TS1521-mediated PD-L1 downregulation with or
without monensin, suggesting that no recycling was occurring
in the presence of the multiparatopic antibody (Figure 5A). Inter-
estingly, there was no difference in PD-L1 surface levels in un-
treated cells incubated with or without monensin, indicating
that recycling was not contributing significantly to the molecular
dynamics of this system. We further confirmed that recycling
was not impacted by multiparatopic antibody treatment using
a pulse-chase quenching assay. In brief, H2444 cells were
pulsed with Alexa Fluor 488-labeled antibody (either atezolizu-
mab or TS1521) at 37"C for 2 h to allow for internalization, and
then briefly incubated with an anti-Alexa Fluor 488 antibody at
4"C to quench surface staining of PD-L1 while also preventing
further internalization. Cells were subsequently returned to
37"C for a chase period in the continued presence of the

A

B

Figure 3. Topology and epitope dependence of antibody-mediated PD-L1 downregulation
(A and B) MDA-MB-231 human breast cancer cells were treated with the specified (A) biparatopic or (B) triparatopic antibody for 12 h, then surface PD-L1 was

quantified by flow cytometry. All values were normalized to an untreated control (black). Error bars represent the standard deviation from three replicates.

Statistical significance was determined by one-way ANOVA and is presented in Table S4.

See also Figure S4 and Table S4.
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quenching antibody, so that a subsequent drop in fluorescent
signal would be observed if recycling was occurring. The
pulse-chase assay showed that minimal recycling of PD-L1
occurred in cells treated with either atezolizumab or TS1521 (Fig-
ure 5B), consistent with the findings of monensin studies. Mini-
mal recycling of PD-L1 was also observed following treatment
with BS1. Notably, a less effective multiparatopic downregulat-
ing antibody (BS15) was found to enable PD-L1 recycling,
perhaps contributing to its inferior efficacy in reducing surface
protein levels (Figure S4E). Divergence in PD-L1 recycling in
response to treatment with TS1521 versus BS15 further high-
lights the relevance of topology and epitope engagement in
determining how an antibody will influence molecular trafficking.
To delineate the ultimate fate of internalized PD-L1, we sepa-

rately conjugated the monoclonal antibody atezolizumab and
the multiparatopic antibody TS1521 to a pH-sensitive fluores-
cent dye, which increases in intensity at lower pH ranges char-
acteristic of endosomal and lysosomal compartments. Fluores-
cence intensity was dramatically higher in H2444 cells treated
with TS1521 compared to those treated with atezolizumab
over the course of 36 h, indicative of higher endosomal and lyso-
somal accumulation of PD-L1 in the context of the multipara-
topic antibody (Figure 5C). Significant divergence between lyso-
somal accumulation of the monoclonal versus the
multiparatopic antibody was observed within 12 h of treatment.
Other multiparatopic antibodies (BS1 and BS15) also induced
increased lysosomal trafficking relative to atezolizumab (Fig-
ure S4F), and the extent of lysosomal accumulation corre-
sponded to downregulation efficiency of the respective anti-
bodies (Figure 3). Confocal microscopy was performed to
visualize subcellular localization of fluorescently labeled anti-
PD-L1 monoclonal or multiparatopic antibodies after a 14-h-in-
cubation with H2444 cells (Figures 5D and S4G–S4H). Atezoli-
zumab treatment resulted in a diffuse cell surface distribution
of PD-L1, displaying minimal association of the antibody with
endosomal marker early endosome antigen 1 (EEA1) or the lyso-
somal marker lysosome-associated membrane glycoprotein 1
(LAMP1), which is also present—albeit at lower levels—on late
endosomes. In contrast, TS1521 treatment resulted in extensive
PD-L1 clustering across focal plans, with substantial evidence
of both endosomal and lysosomal colocalization of the anti-

body. Image quantification reinforced the observed enhance-
ment of endosomal and lysosomal trafficking of PD-L1, and
the fraction of lysosomes associated with PD-L1 was nearly
3-fold higher after treatment with TS1521 compared to treat-
ment with atezolizumab (Figure 5E). Taken together, trafficking
studies established that PD-L1-targeted multiparatopic anti-
bodies orchestrate downregulation by enhancing PD-L1 endo-
cytosis and lysosomal sorting, with recycling playing a minimal
role in regulating surface protein levels.

PD-L1-targeted multiparatopic antibody treatment
leads to enhanced immune cell activity
Based on our observation that engineered multiparatopic anti-
bodies downregulate PD-L1, we sought to determine whether
this feature could be exploited to inhibit the immunosuppressive
activities of the PD-1/PD-L1 pathway. As an initial test of the im-
munostimulatory capacity and consequent immunotherapeutic
potential for multiparatopic antibodies, we compared the perfor-
mance of the monoclonal antibody atezolizumab and the multi-
paratopic antibody TS1521 in a commercially acquired T cell re-
ceptor (TCR) activation reporter assay (Promega). In brief, the
assay consists of 2 cell lines: Chinese hamster ovary (CHO)-K1
cells that stably express PD-L1 and a cell surface protein which
elicits antigen-specific TCR activation (serving as APCs); and hu-
man Jurkat T cells with cognate TCRs that stably express PD-1
and an NFAT-inducible luciferase reporter (serving as effector
cells). The APCs were first incubated with either atezolizumab
or TS1521 for 2 h to allow for PD-L1 downregulation. In some
samples, the antibody was then removed, followed by addition
of PD-1-expressing effector cells, whereas in other samples
the antibody was still present after the addition of effector cells.
NFAT-induced luminescence was used as a readout for TCR
activation enabled by antibody-mediated blockade of PD-1/
PD-L1 signaling. In samples wherein the antibody was continu-
ously present, TS1521 was slightly less potent in eliciting TCR
activation compared to atezolizumab (EC50 = 0.51 vs. 0.30 nM)
(Figure 6A; Table S2), which parallels the PD-L1 binding affinity
data (Figures S6A and S6B; Table S1). However, when the anti-
body was removed prior to addition of the effector cells, TS1521
led to more potent activation of TCR compared to atezolizumab
(0.95 vs. 1.6 nM). The more dramatic reduction in TCR activation

Figure 4. Antibody-induced clustering and internalization of PD-L1
(A) Quantification of PD-L1 receptor expression on 5 human cancer cell lines via flow cytometry.

(B) The indicated cells were treatedwith atezolizumab (red) or themultiparatopic antibody TS1521 (purple) for 12 h, and then surface PD-L1was quantified by flow

cytometry. Data were normalized relative to an untreated control (black). Error bars represent SD (n = 3), and significance was determined by one-way ANOVA.

(C) H2444 cells were exposed to atezolizumab (red), TS1521 (purple) or were left untreated (black) for varying time periods. Surface receptor levels were

quantified by flow cytometry. Error bars represent SD (n = 3).

(D) Confocal imaging of PD-L1 on live H2444 human lung cancer cells treated with Alexa Fluor 488-conjugated atezolizumab or TS1521 at different time points.

The scale bars measure 14 mm.

(E) Representative regions of interest (ROIs) sampled from super resolution (SR) imaging data of H2444 cells treated with Alexa Fluor 647-conjugated atezoli-

zumab or TS1521 for 12 h. The scale bars measure 1,000 nm. The dots on these images are Gaussian representations of the point spread function for each

localization detected.

(F) Cluster boundaries (in magenta) found by DBSCAN superposed on top of the SR localization locations (black points) from the SR images shown in (E). The

green boxes define the ROI boundaries. The points that fall outside the magenta boundaries are counted as not clustered. DBSCAN was run with parameters

epsilon = 100 nm, minimum number of localizations to form a cluster = 10.

(G) Boxplot depicting the percent of clustered localizations per ROI for H2444 cells treated with atezolizumab and TS1521, determined as shown in (F). In this plot,

the middle bars indicate the median, the edges of the boxes extend from the 25th to the 75th percentiles of the data, and the whiskers reach to the most extreme

data. Significance was determined by two-sample Kolmogorov-Smirnov goodness-of-fit hypothesis test. Results from all statistical tests are shown in Table S4.

See also Figures S4 and S5, Table S4, Videos S1, and S2.

ll
Article

Cell Chemical Biology 31, 904–919, May 16, 2024 911



potency for atezolizumab versus TS1521 in the continued pres-
ence versus removal of antibody (5.3-fold versus 1.9-fold reduc-
tion) suggests that the downregulation effect of the multipara-
topic antibody bolsters the durability of PD-1/PD-L1 blockade.

We next sought to determine whether the improvement in im-
mune effector cell activation for multiparatopic versus mono-
clonal antibodies would extend to a primary cell system. To
this end, we treated human peripheral blood mononuclear cells
(PBMCs) isolated from hepatitis C virus (HCV)-infected donors
from time points at which high T cell PD-1 expression was
measured.53 This cohort was chosen due to expression of high
levels of PD-1 on T cells, and all specimens were tested that con-
tained sufficient cell numbers for analysis. PBMCs were treated
with either atezolizumab or TS1521 for 1 h to allow for PD-L1
downregulation. The antibodies were then either retained or
washed off. PBMCs were then stimulated with HCV-derived
peptides and ELISpot assays were performed to identify the
number of IFN-g-producing cells as a measurement of immune
effector cell activation (Figures 6B and S6C). In donor 175, an in-
crease in the number of IFN-g-secreting cells was observed
following continuous treatment with either atezolizumab or
TS1521. However, in samples where the antibody was removed
prior to stimulation, atezolizumab-treated cells returned to base-
line levels of stimulation. In contrast, TS1521-treated samples
maintained elevated levels of effector cell activity even when
the antibody was removed. As in the TCR activation reporter
assay, the reduced sensitivity to antibody removal for TS1521
versus atezolizumab indicates that our engineered multipara-
topic antibody enhances immune checkpoint blockade through

downregulation of PD-L1. Studies on a second donor (donor
29) corroborated the observed increase in the number of IFN-
g-secreting effector cells upon treatment with either atezolizu-
mab or TS1521, and the increase was more pronounced for
the multiparatopic versus the monoclonal antibody. Collectively,
immune cell signaling assays on both immortalized cell lines and
primary human cells illustrate the potential for our strategy to
enhance immune checkpoint blockade by recruiting a traf-
ficking-focused mechanism in addition to competitive inhibition.

Multiparatopic antibodies exhibit robust tumor
localization and durably attenuate PD-L1 availability in
mouse cancer models
Building on the promising immunostimulatory effects of our PD-
L1-targeted multiparatopic antibody in cellular studies, we
sought to examine the biodistribution and pharmacokinetic
properties of TS1521 in a mouse tumor xenograft model. We
compared tumor trafficking of systemically (i.v.) injected atezoli-
zumab and TS1521 in non-obese diabetic scid gamma (NSG)
mice bearing MD-MBA-231 tumors were via near infrared imag-
ing (Figures 7A and 7B). No major differences in the specificity or
persistence of tumor localization were observed over time be-
tween the antibodies, affirming that our engineered multipara-
topic antibody recapitulates the biodistribution and pharmacoki-
netic properties of the clinical anti-PD-L1 monoclonal antibody.
Finally, we tested whether our multiparatopic antibody could
reduce the bioavailability of PD-L1 in a mouse tumor model.
To do this, we leveraged a recently developed approach that de-
tects radiolabeled peptides which bind PD-L1 at the PD-1/PD-L1

A

D E

CB Figure 5. Antibody-mediated effects on PD-
L1 trafficking and subcellular localization
(A) Surface PD-L1 expression time course in H2444

cells treated with TS1521 (purple) or untreated

control (black) in either the presence (closed cir-

cles) or absence (open circles) of the recycling in-

hibitor monensin. Error bars represent SD (n = 3).

(B) H2444 cells were pulsed with Alexa Fluor

488-conjugated atezolizumab (red) or TS1521

(purple) for 2 h at 37"C, followed by quenching of

surface signal at 4"C. Cells were then chased at

37"C in the continued presence of quenching

antibody for the indicated time period, such that

further decreases in signal would reflect recycling

of internalized PD-L1. Data are plotted normalized

to surface PD-L1 signaling following the initial

quenching reaction. Error bars represent SD (n = 3).

(C) H2444 cells were treated with either atezolizu-

mab (red) or TS1521 (purple) conjugated to a pH-

sensitive fluorescent dye for the indicated amount

of time. Error bars represent SD (n = 3). Signifi-

cance was determined by two-way ANOVA.

(D) Confocal microscopy imaging of H2444 cells

treated with Alexa Fluor 488-conjugated atezoli-

zumab or TS1521 (green) for 13 h, then stained for

endosomes (blue, EEA1) and lysosomes (red,

LAMP-1) to assess colocalization. The scale bars

measure 21 mm.

(E) Fraction of endosomes and lysosomes from

images presented in (D) that are associated with

atezolizumab (red) or TS1521 (purple). Results

from all statistical tests are shown in Table S4.

See also Table S4.
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binding interface in order to quantify the amount of cell surface
PD-L1 that is not bound to a PD-L1-competitive antibody and
therefore ostensibly available for signaling.54 Mice were im-
planted orthotopically with MDA-MB-231 tumor cells and
divided into groups of equally sized tumors after tumors were
palpable (Figure S7A). At time points of 1- and 4-days following
a single antibody injection, availability of PD-L1 was found to be
significantly decreased in animals treated with TS1521
compared to untreated control animals (Figure 7C). Although
PD-L1 availability increased on day 4 compared to day 1, signif-

icant reduction was maintained compared to untreated control
mice, confirming the durable effects of our engineered multipar-
atopic antibody in suppressing the PD-1/PD-L1 pathway. We
observed that despite its lower affinity for PD-L1 (Figure S6A),
TS1521 performed equivalently to atezolizumab in blocking
PD-L1 availability in vivo, as shown in Figure S7B, indicating
that superior downregulation induction may contribute to the
inhibitory activity of TS1521 in this model. These results were
confirmed by positron emission tomography (PET) imaging (Fig-
ure S7C). Adjustment of dosing amount and frequency will be
required to optimize the in vivo inhibitory activity of TS1521 in
future studies.

DISCUSSION

The concept of promoting cell surface protein clustering using
multiparatopic antibodies has been reported previously31–38

and presents a promising mechanism to hijack innate trafficking
pathways for targeted degradation of transmembrane proteins.
Moreover, this mechanism is complementary to and synergistic
with competitive inhibition of ligand/receptor interactions. How-
ever, most studies have focused on receptor tyrosine kinases,
with limited exploration of systems beyond this family of pro-
teins. In this study, we hypothesized that the multiparatopic anti-
body approach could be applied to a new class of proteins, spe-
cifically immune checkpoint proteins, to relieve cancer-mediated
suppression of T cell activity. Our results established that multi-
paratopic antibody-mediated downregulation can be achieved
in the PD-L1 system, and that this effect leads to enhanced im-
mune cell stimulation and sustained suppression of PD-L1 in
mouse tumor models.
Consistent with previous results in designing multiparatopic

antibodies that target other surface proteins, induced downregu-
lation depends on a variety of molecular factors, including the
specific binding epitopes that are targeted and antibody fusion
topology31,32 (Figure 3). With respect to epitope, several promi-
nent themes emerged in our study. First, we observed that
combining non-competitive epitopes (e.g., atezolizumab and
A9) led to superior PD-L1 downregulation compared to use of
overlapping epitopes (e.g., atezolizumab and D12). This finding
was consistent with previous observations for receptor tyrosine
kinases,31,33 and it implies that target protein cross-linking is
essential to the downregulation mechanism. Second, we estab-
lished that certain combinations of binding domains (e.g., atezo-
lizumab and A9) more actively downregulated PD-L1 compared
to others (e.g., atezolizumab and B8). Finally, we found that con-
structs comprising 3 non-competitive binding domains led to
more efficient target downregulation compared to constructs
comprising 2 non-competitive binding domains, in agreement
with observations in the EGFR system.31 Regarding antibody to-
pology, we demonstrated that subtle differences in orientation
can have profound effects on downregulation induction. Slight
modifications such as relocation of fusion from the N-terminus
of the HC to the N-terminus of the LC of an antibody, a distance
far shorter than the flexible linker connecting the domains, could
lead to significantly different downregulation outcomes (e.g.,
BS15 versus BS19, p = 0.0088), although these differences
were only observed for certain epitope combinations (e.g., differ-
ences were not observed for BS22 versus BS24, p = 0.9685). We

A

B

Figure 6. Enhancement of immune cell activation following anti-
body-mediated downregulation of PD-L1
(A) Activation readouts from a commercial TCR signaling reporter assay.

Atezolizumab (red, left) or TS1521 (purple, right) was added to PD-L1-ex-

pressing antigen-presenting cells (APCs) for 2 h to allow for downregulation to

occur. Subsequently, the antibodies were maintained in some samples (solid

lines), while in others the antibody was washed away (dotted lines). The APCs

were then incubated with effector (Jurkat) cells, and NFAT-induced lumines-

cence was used a readout for TCR signaling, reflecting the extent of PD-1/PD-

L1 blockade. Error bars represent SD (n = 3).

(B) Activation readouts from a primary human T cell functional assay. PBMCs

from two human donors with T cells specific for HCV peptides were first

treated with either atezolizumab (red) or TS1521 (purple), then stimulated with

peptide in either the continued presence of the antibody (closed circles), or

with the antibody washed off (wash, open circles). Activation was quantified by

ELISpot analysis of interferon-g secretion. The signal reported is normalized to

the untreated control, and combines data from two identical experiments.

Error bars represent SD. Significance was determined by one-way ANOVA.

Detailed statistical results are shown in Table S4.

See also Figure S6, Tables S3 and S4.
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further found that multivalent representation of each binding
domain was not required for downregulation, as constructs
incorporating monovalent binding for one of the anti-PD-L1 do-
mains successfully mediated downregulation (e.g., BS1 and
BS12). For triparatopic antibodies, binding domain orientation
and not just the particular combination of domains used was
found to impact extent of downregulation, as distinct effects
were observed for different permutations of the atezolizumab,
A9, and B8 domains (e.g., TS1521 versus TS1621
(p < 0.0001)). Thus, although there is a clear dependency of
PD-L1 downregulation on antibody topology, the effects cannot
always be predicted by inspection of structural layout alone. It is
also worth noting that the PD-L1 affinities of the newly discov-
ered VNARs are significantly weaker than that of the approved
drug atezolizumab, and it would be interesting to engineer affin-
ity variants of these binding domains and compare downregula-
tion efficiency of multiparatopic combinations thereof in
future work.

In addition to dependence on antibody design, extent of
downregulation is also impacted by other factors, such as target
protein expression levels. We found that the extent of downregu-
lation increased with target protein surface density (Figures 4A,
4B, S4A, and S4B), consistent with the requirement for a
threshold number of cell surface expression in order to achieve
antibody-mediated cross-linking and consequent downregula-

A

CB

Figure 7. In vivo pharmacodynamics of PD-
L1-targeted multiparatopic antibody
(A) Antibody localization and persistence in MDA-

MB-231 tumors in NSG mice after i.v. (tail vein)

injection of 10 mg/kg near-infrared (IR) dye-labeled

atezolizumab or TS1521, detected by LI-COR im-

aging.

(B) Quantification of antibody persistence in the

tumor over time from (A). Error bars represent SD

(n = 4).

(C) Bioavailability of tumor PD-L1. NSG mice

bearing MDA-MB-231 tumors were injected i.v.

with 1 mg/kg TS1521 for 24 or 96 h. Surface PD-L1

that was not bound to a PD-1 competitive antibody

(i.e., bioavailable PD-L1) was quantified using a

radiolabeled peptide.54 Significance was deter-

mined by one-way ANOVA, further statistical re-

sults are included in Table S4.

See also Figure S7 and Table S4.

tion. Interestingly, this is the opposite of
what was observed for the EGFR system,
wherein the extent of downregulation
decreased with increasing target protein
surface density.31,55 However, it should
be noted that the range of surface den-
sities sampled differed between these 2
studies: the current study with PD-L1
examined cell lines with surface densities
ranging from 5,800 to 530,000 proteins/
cell whereas previous work with EGFR
examined cell lines with surface densities
ranging from 100,000 proteins/cell to
2,800,000 proteins/cell. Taken together,

these 2 multiparatopic antibody studies consistently suggest
an optimum level of target protein expression for maximal down-
regulation in the range of 100,000–600,000 proteins/cell. This
range is on the higher end of the PD-L1 expression levels on can-
cer cell lines studied herein, and PD-L1 expression levels in the
tumor microenvironment are likely to fall in this range, as cells
in the tumor context have been shown to upregulate PD-L1
compared to cultured cell lines due to the presence of IFN-g.9

For cells that express >600,000 receptors per cell, as was
observed for certain EGFR-expressing cell lines,31,55 it is
possible that the downregulation machinery may become satu-
rated or that antibody-mediated clustering may become less
efficient due to crowding effects. Future studies will probe the
downregulation activity of our engineered multiparatopic anti-
bodies in additional cancer types. The increased internalization
with increasing target protein surface density in the case of
PD-L1 could be leveraged for improved cell selectivity of multi-
paratopic antibodies, as seen in the case of HER2.56 Other
possible factors that could modulate the downregulation effi-
ciency of TS1521 are the proteins CMTM4 and CMTM6, which
are ubiquitously expressed and colocalized in the membrane
to stabilize PD-L1 and protect it from degradation.57 This phe-
nomenon will be interesting to explore in future studies. We
further note that the effects of target protein surface density
are also dependent on antibody topology, as TS1521 and
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TS2319 induce similar levels of downregulation on cell lines with
high levels of PD-L1 but only TS1521 induces significant down-
regulation on cell lines that express lower PD-L1 levels, such as
H226 (Figures 4B and S4A). This finding suggests that altering
the topology could be leveraged to tune downregulation effects
toward cell populations with differential target protein expres-
sion levels. Collectively, our findings argue for the importance
of considering antibody structure, orientation, valency, and
target expression profile in the design of therapeutic multipara-
topic antibodies.
Previous work has generally shown that multiparatopic anti-

body-induced downregulation may increase rates of internaliza-
tion, decrease rates of recycling, or both.31–38 Here, we report
that at least one of the antibody constructs we created (BS15)
actually increased the rate of recycling compared to both treat-
ment with a monoclonal antibody and untreated PD-L1 (Fig-
ure S4E). Incidentally, BS15 was also the most effective bipara-
topic antibody, implying that the antibody compensated for its
proclivity toward PD-L1 recycling rather than degradation by
dramatically increasing internalization rates. Further exploration
of preferential partitioning toward recycling versus degradation
pathways for various multiparatopic constructs could inform
our understanding of and ability to manipulate PD-L1 trafficking
in order to regulate immune behavior.
To probe the translational potential formultiparatopic antibody

strategies targeting PD-L1, we assessed the immunomodulatory
activities of our lead construct in both cellular and animal
models. Studies in both immortalized cell lines and primary hu-
man immune cells illustrated the advantage for multiparatopic
relative to monoclonal anti-PD-L1 antibodies in terms of potency
and durability of PD-1/PD-L1 pathway suppression resulting
from the combined mechanisms of competitive inhibition and
downregulation (Figure 6). Encouragingly, pharmacokinetics of
our lead construct in a mouse model of breast cancer revealed
that TS1521 exhibits similar tumor-targeting and tumor persis-
tence properties compared to the clinical monoclonal antibody
atezolizumab (Figures 7A and 7B). Furthermore, using a recently
reported imaging approach,54 we found that TS1521 led to sig-
nificant and durable suppression of PD-L1 bioavailability (Fig-
ure 7C). While the recently reported antitumor efficacy of a small
molecule that internalizes PD-L1 supports the relevance of traf-
fickingmodulation in ICI therapies,39 future in vivo studies will us-
ing immunocompetent and translationally relevant models of
cancer be required to establish the immunotherapeutic activities
of the multiparatopic antibodies we designed.
One potential concern for our multi-faceted approach is that it

could lead to an increase in immunotherapy-related adverse
events (irAEs). A recent report by Zhang and colleagues demon-
strates increased irAEs related to lysosomal trafficking of
CTLA-4 following ICI antibody treatment.40 However, unlike
CTLA-4, which is known to rapidly cycle between the surface
and intracellular compartments, our data suggest that PD-L1
has minimal rates of recycling in either untreated or antibody-
treated cells (Figures 5A and 5B). Therefore, we anticipate, sug-
gesting that increased lysosomal degradation would not dispro-
portionately impact the balance of pre-existing internal PD-L1
stores that are needed to coordinate peripheral tolerance.
In addition to previously discussedmechanisms, the rapid for-

mation of antibody/PD-L1 clusters on the tumor cell surface

could potentially serve to enhance antibody-dependent cellular
cytotoxicity (ADCC). While the multiparatopic antibodies we de-
signed here have impaired Fc effector function, the clinical anti-
PD-L1 antibody avelumab has fully intact Fc effector activities
and has been shown to mediate tumor cell lysis by NK cells in
a PD-L1 density-dependent manner.58,59 Clustering of multipar-
atopic antibodies on the surface of tumor cells could increase
Fc-mediated immune cell recruitment and ADCC-induced tumor
cell lysis, presenting a third concurrent antitumor mechanism for
our engineered constructs.
Recently, there has been a surge of interest in harnessing

endogenous machinery to promote internalization of cell surface
proteins for various purposes, such as targeted elimination or
payload delivery. Many promising strategies have emerged in
the area of targeted protein degradation, including platforms
such as antibody-based proteolysis-targeting chimeras
(AbTACs), which cross-link a target transmembrane protein
with a ubiquitin ligase to induce proteosomal degradation,60

and lysosome-targeting chimeras (LYTACs),61 which colocalize
a target protein with a lysosome-shuttling receptor to coordinate
lysosomal degradation. Our strategy presents a streamlined
alternative to these targeted protein degradation approaches
in that it does not require the expression or engagement of a sec-
ond target protein in the cell membrane, which could improve
specificity and efficiency, while also allowing for broader appli-
cation. There has also been tremendous progress in the field
of antibody-drug conjugates (ADCs), which link a cytotoxic
drug payload to a monoclonal antibody to achieve targeted
destruction of diseased cells following binding and internaliza-
tion of the ADC.62 Future extensions of our technology could
combine our multiparatopic approach with ADC strategies to
promote internalization of PD-L1 for enhanced delivery of the
cytotoxic payload. Indeed, a HER2-targeted biparatopic ADC
was found to induce regression of refractory tumors in preclinical
models of breast cancer.56 Furthermore, since our multipara-
topic antibodies are composed of newly discovered anti-PD-
L1 domains with lower target affinity compared to the approved
antibody therapeutic atezolizumab (Figure 2A), these molecules
could potentially exhibit enhanced tumor penetration, as faster
rates of dissociation (Table S2) have been shown to result in a
more homogeneous distribution in solid tumors.63,64 Overall,
we have established a new class of ICI antibodies that acts
through a distinct trafficking-focused mechanism and identified
an optimized format for blocking T cell suppressive pathways,
which could inform the development of more effective
immunotherapies.

Limitations of the study
This study provides key proof of concept that multiparatopic an-
tibodies that target multiple epitopes on PD-L1 induce robust
internalization and degradation of the target protein, leading to
enhanced immune cell activation compared to the FDA-
approvedmonoclonal antibody atezolizumab. Preliminary in vivo
studies showed that multiparatopic antibody-mediated downre-
gulation leads to sustained suppression of PD-L1 bioavailability
in mouse tumor xenograft models. However, due to the lack of
reactivity between our newly discovered anti-human PD-L1
VNARs andmouse PD-L1, thesemolecules will need to be inves-
tigated further using humanized mouse models. Development
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and implementation of such immunocompetent and translation-
ally meaningful models will be required to demonstrate the ther-
apeutic benefit for our engineered multiparatopic antibody rela-
tive to current clinical ICI antibodies. In addition, in vivo
mechanistic studies will be required to demonstrate the immu-
nostimulatory effects of our intervention, again compared to
currently approved therapies. A further consideration for our
molecule is the need for rigorous biophysical and biochemical
characterization to ensure developability and enable scalable
production of the antibody. Overall, this work represents a first
step toward harnessing endogenous protein trafficking machin-
ery to establish new mechanisms for immunotherapy.

SIGNIFICANCE

Immune checkpoint inhibitor antibodies have revolutionized
the cancer treatment landscape and have shown clinical
success across a range of solid tumor and hematological
malignancies. However, tumor regression is uneven across
patients and overall response rates remain low, motivating
the need for new mechanistic insights regarding immuno-
suppressive pathways. We report the development of multi-
paratopic antibodies against the immune checkpoint protein
programmed death-ligand 1 (PD-L1) and show that these an-
tibodies: (1) induce clustering, internalization, and degrada-
tion of PD-L1 in a topology- and epitope-dependent manner;
(2) effect more potent immune cell activation than a clinical
monoclonal antibody; and (3) suppress PD-L1 availability in
mouse tumor models. Our findings offer insights into the
impact of trafficking mechanisms on the PD-L1/PD-1 axis
and present a roadmap for the design of immunomodulatory
therapeutics.
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Absolute Antibody; Rumfelt et al.65 Cat# Ab01553-2.0

Sheep polyclonal anti-mouse IgG

(whole molecule) horseradish peroxidase

Sigma-Aldrich Cat# A6782; RRID: AB_258315

Mouse monoclonal anti-human

IgG Fc APC (clone HP6017)
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Mouse monoclonal anti-myc epitope

Alexa Fluor 647 (clone 9B11)

Cell Signaling Technologies Cat# 2233; RRID: AB_823474

Mouse monoclonal anti-human CD274

(B7-H1, PD-L1) PE (clone MIH2)

BioLegend Cat# 393607; RRID: AB_2749924

Rabbit polyclonal anti-Alexa Fluor 488 ThermoFisher Scientific Cat# A-11094; RRID: AB_221544

Rabbit monoclonal anti-human
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ThermoFisher Scientific Cat# MA5-14794; RRID: AB_10985824

Mouse monoclonal anti-human

CD107A AlexaFluor 647(clone H4A3)

BD Biosciences Cat# 562622; RRID: AB_2737684
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ThermoFisher Scientific Cat# A-11011; RRID: AB_143157
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IFN-g (clone 1-D1K)
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Mouse monoclonal biotin-labeled

anti-human IFN-g (clone 7-B6-1)

MAbtech Cat# 3420-6-250, RRID: AB_907273

Bacterial and virus strains

One Shot! MAX Efficiency!
DH5a-T1R Competent Cells

ThermoFisher Scientific Cat# 12297016

Biological samples

Human Peripheral blood mononuclear cells Cox et al.53 N/A

Chemicals, peptides, and recombinant proteins

OptiPRO! SFM ThermoFisher Scientific Cat# 12309019

FreeStyle! 293 Expression Medium ThermoFisher Scientific Cat# 12338018

Polyethylenimine, Linear, MW 25000,

Transfection Grade (PEI 25K!)

Polysciences Cat# 23966

4% paraformaldehyde in 0.1M PBS, pH7.4 Electron Microscopy Sciences Cat# 15735-85

Alexa Flour 647-conjugated streptavidin ThermoFisher Scientific Cat# S21374

Monensin sodium salt Sigma-Aldrich Cat# M5273; CAS: 22373-78-0

Glucose oxidase, Type VII Sigma-Aldrich Cat# G2133; Cas: RN 9001-37-0

Catalase Sigma-Aldrich Cat# C9322; Cas: 9001-05-2

[18F]DK222 Peptide Kumar et al.54 N/A

Human PD-L1 ECD This paper N/A

Mouse PD-L1 ECD This paper N/A

Biotinylated human PD-L1 ECD This paper N/A

PD-1 This paper N/A

HCV peptides (CINGVCWTV) Genemed Synthesis N/A

IRDye" 800CW NHS Ester LI-COR Biosciences Cat# 929-70021

Soluble Atezolizumab scFv This paper N/A

Soluble D12 scFv This paper N/A
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Soluble A9 VNAR This paper N/A

Soluble B8 VNAR This paper N/A

Atezolizumab (N297A) This paper N/A

D12 Ab (N297A) This paper N/A

A9 VNAR Fc (N297A) This paper N/A

B8 VNAR Fc (N297A) This paper N/A

BS1 (N297A) This paper N/A

BS14 (N297A) This paper N/A

BS20 (N297A) This paper N/A

BS7 (N297A) This paper N/A

BS22 (N297A) This paper N/A

BS24 (N297A) This paper N/A

BS23 (N297A) This paper N/A

BS21 (N297A) This paper N/A

BS12 (N297A) This paper N/A

BS15 (N297A) This paper N/A

BS19 (N297A) This paper N/A

BS16 (N297A) This paper N/A

BS8 (N297A) This paper N/A

TS1421 (N297A) This paper N/A

TS148 (N297A) This paper N/A

TS2320 (N297A) This paper N/A

TS1912 (N297A) This paper N/A

TS1012 (N297A) This paper N/A

TS1621 (N297A) This paper N/A

TS1624 (N297A) This paper N/A

TS1521 (N297A) This paper N/A

TS2319 (N297A) This paper N/A

TS238 (N297A) This paper N/A

Critical commercial assays

BirA Biotin-Protein Ligase Standard Reaction Kit Avidity LLC Cat# BirA500

Octet" Streptavidin (SA) Biosensor Sartorius Cat# 18-5019

FastGene Scriptase II Bulldog Bio Cat# LS53

Phusion polymerase New England Biolabs Cat# M0530S

Alexa Fluor! 488 Microscale Protein Labeling Kit ThermoFisher Scientific Cat# A30006

pHrodo! iFL Green Microscale Protein Labeling Kit ThermoFisher Scientific Cat# P36015

PD-1/PD-L1 Blockade Bioassay Kit Promega Cat# J1250

Experimental models: Cell lines
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a T-cell-activating surface protein

(antigen-presenting cells, APCs)
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Human: MDA-MB-231 cells ATCC Cat# HTB-26; RRID: CVCL_0062

Human: H2444 cells ATCC Cat# CRL-5945; RRID: CVCL_1552

Human: HCC38 cells ATCC Cat# CRL-2314; RRID: CVCL_1267

Human: H226 cells ATCC Cat# CRL-5826; RRID: CVCL_1544

Human: A549 cells ATCC Cat# CCL-185; RRID: CVCL_0023
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Chinese hamster ovary (CHO)-K1

cells stably transduced with PD-L1

Kumar et al.54 N/A

Experimental models: Organisms/strains

Mouse: NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG!) The Jackson Laboratory Strain #:005557; RRID: IMSR_JAX:005557

Recombinant DNA

Human IgG1 constant heavy chain sequence ImMunoGeneTics (IMGT) IMGT: JN582178

Human IgG1 constant lambda chain sequence ImMunoGeneTics (IMGT) IMGT: J00241

Atezolizumab VH (1-118) and VL (1-107) sequences Drugbank Drugbank: DB11595

pCT3CBN Derived from pCTcon2

(Boder and Wittrup, 1997b)

N/A

pCT3CBN_ Atezolizumab_scFv This paper N/A

pCT3CBN_A1_scFv This paper N/A

pCT3CBN_B5_scFv This paper N/A

pCT3CBN_B6_scFv This paper N/A

pCT3CBN_B7_scFv This paper N/A

pCT3CBN_B8_scFv This paper N/A

pCT3CBN_C7_scFv This paper N/A

pCT3CBN_D2_scFv This paper N/A

pCT3CBN_D8_scFv This paper N/A

pCT3CBN_D12_scFv This paper N/A

pCT3CBN_A9_VNAR This paper N/A

pCT3CBN_B8_VNAR This paper N/A

pCT3CBN_B11_VNAR This paper N/A

pCT3CBN_C7_VNAR This paper N/A

pCT3CBN_C4_VNAR This paper N/A

gWiz High Expression Blank Vector Genlantis Ca# P000200

gWiz_Human_PD-L1_ECD

(PD-L1 sequence obtained

from UniProt: Q9NZQ7)

This paper N/A

gWiz_Mouse_PD-L1_ECD

(PD-L1 sequence obtained

from UniProt: Q9EP73)

This paper N/A

gWiz_human_PD-1

(PD-1 sequence obtained

from Uniprot: Q15116)

This paper N/A

gWiz_Atezolizumab_scFv This paper N/A

gWiz_D12_scFv This paper N/A

gWiz_B8_VNAR This paper N/A

gWiz_A9_VNAR This paper N/A

gWiz_Atezolizumab_HC_N297A This paper N/A

gWiz_Atezolizumab_LC This paper N/A

gWiz_D12_HC_N297A This paper N/A

gWiz_D12_LC This paper N/A

gWiz_A9_Fc_N297A This paper N/A

gWiz_B8_Fc_N297A This paper N/A

gWiz_BS1_Knobs_N297A This paper N/A

gWiz_BS1_Holes_N297A This paper N/A

gWiz_BS14_HC_N297A This paper N/A

gWiz_BS14_LC (same as

gWiz_Atezolizumab_LC)

This paper N/A

gWiz_BS20_HC_N297A (same as

gWiz_Atezolizumab_HC_N297A)

This paper N/A
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Continued
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gWiz_BS20_LC This paper N/A

gWiz_BS7_HC_N297A (same as

gWiz_Atezolizumab_HC_N297A)

This paper N/A

gWiz_BS7_LC This paper N/A

gWiz_BS22_HC_N297A This paper N/A

gWiz_BS22_LC (same as

gWiz_Atezolizumab_LC)

This paper N/A

gWiz_BS24_HC_N297A (same as

gWiz_Atezolizumab_HC_N297A)

This paper N/A

gWiz_BS24_LC This paper N/A

gWiz_BS23_HC_N297A This paper N/A

gWiz_BS23_LC (same as

gWiz_Atezolizumab_LC)

This paper N/A

gWiz_BS21_HC_N297A (same as

gWiz_Atezolizumab_HC_N297A)

This paper N/A

gWiz_BS21_LC This paper N/A

gWiz_BS12_Knobs_N297A This paper N/A

gWiz_BS12_Holes_N297A This paper N/A

gWiz_BS15_HC_N297A This paper N/A

gWiz_BS15_LC (same as

gWiz_Atezolizumab_LC)

This paper N/A

gWiz_BS19_HC_N297A (same

as gWiz_Atezolizumab_HC_N297A)

This paper N/A

gWiz_BS19_LC This paper N/A

gWiz_BS16_HC_N297A This paper N/A

gWiz_BS16_LC (same as

gWiz_Atezolizumab_LC)

This paper N/A

gWiz_BS8_HC_N297A (same as

gWiz_Atezolizumab_HC_N297A)

This paper N/A

gWiz_BS8_LC This paper N/A

gWiz_TS1421_HC_N297A

(same as gWiz_BS14_HC_N297A)

This paper N/A

gWiz_TS1421_LC (same as gWiz_BS21_LC) This paper N/A

gWiz_TS148_HC_N297A

(same as gWiz_BS14_HC_N297A)

This paper N/A

gWiz_TS148_LC (same as gWiz_BS8_LC) This paper N/A

gWiz_TS2320_HC_N297A

(same as gWiz_BS23_HC_N297A)

This paper N/A

gWiz_TS2320_LC (same as gWiz_BS20_LC) This paper N/A

gWiz_TS1912_Knobs_N297A This paper N/A

gWiz_TS1912_Holes_N297A This paper N/A

gWiz_TS1012_Knobs_N297A This paper N/A

gWiz_TS1012_Holes_N297A This paper N/A

gWiz_TS1621_HC_N297A

(same as gWiz_BS16_HC_N297A)

This paper N/A

gWiz_TS1621_LC (same as gWiz_BS21_LC) This paper N/A

gWiz_TS1624_HC_N297A

(same as gWiz_BS16_HC_N297A)

This paper N/A

gWiz_TS1624_LC (same as gWiz_BS24_LC) This paper N/A

gWiz_TS1521_HC_N297A

(same as gWiz_BS15_HC_N297A)

This paper N/A

gWiz_TS1521_LC (same as gWiz_BS21_LC) This paper N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jamie B.
Spangler (jamie.spangler@jhu.edu).

Materials availability
Reagents generated in this study will be made available on request, but we may require a completed Materials Transfer Agreement.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.
d This paper does not report original code.
d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
MDA-MB-231 cells (ATCC) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine, 1 mM Pyruvate, and penicillin-streptomycin (100 mg/mL) (Thermo Fisher Scientific). H2444 cells (ATCC),
HCC38 cells (ATCC) and H226 cells (ATCC) were cultured in RPMI-1640 medium supplemented with 10% FBS and

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

gWiz_TS2319_HC_N297A

(same as gWiz_BS23_HC_N297A)

This paper N/A

gWiz_TS2319_LC (same as gWiz_BS19_LC) This paper N/A

gWiz_TS238_HC_N297A

(same as gWiz_BS23_HC_N297A)

This paper N/A

gWiz_TS238_LC (same as gWiz_BS8_LC) This paper N/A

Software and algorithms

GraphPad Prism v9.3.1 GraphPad https://www.graphpad.com/

FlowJo v10.7.1 FlowJo, LLC https://www.flowjo.com/solutions/flowjo

PyMOL v2.3.2 PyMOL https://pymol.org/2/

BioRender BioRender https://biorender.com/

UNICORN! v7.1 Cytiva Life Sciences https://www.cytivalifesciences.com/

en/us/shop/chromatography/software/

unicorn-7-p-05649

Octet" Data Analysis software v7.1 FortéBio N/A

Fiji ImageJ; Schindelin et al.66 https://imagej.net/software/fiji/

MATLAB R2018b MathWorks https://www.mathworks.com/

products/matlab.html

Single Molecule Imaging Toolbox

Extraordinare (SMITE)

Schodt et al.68 https://github.com/LidkeLab/smite

High Ambiguity Driven Protein-Protein

Docking v2.4

Honorato et al.45 https://wenmr.science.uu.nl/haddock2.4/

Proteins, Interfaces, Structures,

and Assemblies (PISA) service

Krissinel et al.47 https://www.ebi.ac.uk/pdbe/pisa/

Pearl Impulse Software v2.0 LI-COR Biosciences N/A

Other

Ni-NTA Affinity Resin Abcam Cat# ab270549

Pierce! Protein G Agarose ThermoFisher Scientific Cat# 20397

Streptavidin MicroBeads Miltenyi Biotec Cat# 130-048-101

Anti-Alexa Fluor 647 MicroBeads Miltenyi Biotec Cat# 130-091-395

Quantum! Simply Cellular"
anti-mouse IgG beads

Bangs Laboratories Cat# 815
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penicillin-streptomycin (100 mg/mL). Chinese hamster ovary (CHO)-K1 cells (ATCC) stably transduced with PD-L1 were kindly pro-
vided to us by Dr. Sridhar Nimmagadda (Department of Oncology at Johns Hopkins Medicine) and cultured in F-12K medium con-
taining 10% FBS, 2 mM L-glutamine, 2 mg/mL. PD-L1 expression was confirmed regularly by flow cytometry. G418 Sulfate (Thermo
Fisher Scientific), and penicillin-streptomycin (100 mg/mL). A549 cells (ATCC) and CHO-K1 cells (Promega) were cultured in F-12K
medium containing 10% FBS and penicillin streptomycin (100 mg/mL). Jurkat cells (Promega) were cultured in RPMI-1640 medium
supplementedwith 10%FBS and penicillin-streptomycin (100 mg/mL). Human embryonic kidney (HEK) 293F cells (Thermo Life Tech-
nologies) were cultured in FreeStyle 293 Expression Medium (Thermo Fisher Scientific) containing penicillin-streptomycin (2 mg/mL).
All cells were grown at 37"C and 5% CO2. HEK 293F cells were rotated continuously at 125 rpm. Cell lines were validated by com-
mercial vendors.

Human PBMCs
Blood samples were obtained from subjects enrolled in the BBAASH cohort.53 As previously described, this study included consent-
ing males and females aged 15-30 years who were hepatitis C virus (HCV) antibody negative and acknowledged use of injection
drugs. Participants who consented to co-enroll in a substudy of acute-phase HCV infection had blood samples obtained for isolation
of serum, plasma, and peripheral blood mononuclear cells in a protocol designed for monthly follow-up. At each visit, participants
were provided counseling to reduce the risks of injection drug use. The study protocols were approved by the institutional review
boards of the Johns Hopkins Schools of Medicine and Hygiene and Public Health.53 Human peripheral blood mononuclear cells
(PBMCs) were isolated from whole blood by density gradient centrifugation using a Ficoll-Hypaque (Ficoll Paque, MilliporeSigma),
according to the manufacturer’s protocol.

Mice
NSGmice (The Jackson Laboratories, Strain # 005557) were obtained from the Johns Hopkins University Immune Compromised An-
imal Core. For pharmacokinetic studies, 6 week-old female NSG mice (n = 4 mice per cohort) were used, and for biodistribution
studies, 6 week-old female NSG mice (n=5 mice per cohort) Animals were housed in specific pathogen-free conditions and exper-
iments conducted in accordance with the Johns Hopkins University Animal Care and Use Committee (ACUC) under protocol number
MO20M285.

METHOD DETAILS

Protein expression and purification
The extracellular domain of human PD-L1 (amino acids 19-228), antibody fragments isolated from yeast surface display-based se-
lections (scFvs and VNARs), and the heavy and light chains of monoclonal or multiparatopic human IgG1 antibodies were inserted
into the gWiz mammalian expression vector (Genlantis). The sequence of atezolizumab was obtained through Drugbank. scFv con-
structs consisted of the variable heavy (VH) chain followed by the variable light chain (VL) separated by a (G4S)3 linker. For PD-L1,
scFv, and VNAR constructs, a C-terminal biotin acceptor peptide (GLNDIFEAQKIEWHE) and 63 His-tag for purification were also
included. HEK 293F cells were grown to 1.23106 cells/mL and on the day of transfection were diluted to 13106 cells/mL. Polyethy-
leneimine (PEI, Polysciences, 2mg per Liter cells) andmidiprepped DNA (1mg total DNA per Liter cells) were separately diluted to 0.1
and 0.05 mg/mL, respectively, in OptiPro medium (Thermo Life Technologies), and incubated at room temperature for 15 min. For
antibodies, optimal ratios of heavy and light chain constructs were mixed prior to dilution for co-transfection. Subsequently, PEI
was added to an equal volume of DNA and incubated proceeded at room temperature for 15 min. The DNA/PEI mixture was then
added to the HEK 293F cells at 40 mL/L and incubated for 72-96 h. Proteins were harvested from HEK 293F cell supernatants by
either Ni-NTA (Expedeon) affinity chromatography for 63 His-tagged molecules or Protein G (VWR) affinity chromatography for anti-
body constructs and multispecific antibody fusion proteins. Biotinylated proteins were prepared via overnight biotinylation at 4"C
using BirA ligase enzyme in 0.5 mM Bicine pH 8.3, 100 mM ATP, 100 mMmagnesium acetate, and 500 mM biotin (Avidity). Proteins
were further purified using a Superdex 200 sizing column on a fast protein liquid chromatography (FPLC) instrument (GE Healthcare)
equilibrated in either HEPES-buffered saline (HBS) or phosphate-buffered saline (PBS). Purity of post-FPLC proteins was verified by
running analytical samples over the Superdex 200 sizing column a second time, ensuring that all proteins used in the study were free
of aggregates and multimers. Fluorophore-labeled proteins were prepared by NHS-conjugation according to the manufacturer’s in-
structions and SEC was conducted after fluorescent labelling to remove aggregates.

Protein stability tests
Purified TS1521 (1mg/mL in HBS) was cryopreserved at#80"C for 3 days and then thawed prior to SEC analysis. The thawed protein
was then incubated at 37"C for 0, 7, 14, or 21 days. At each time point, 500 mg TS1521 was analyzed by SEC using a Superdex 200
Increase 10/300 GL column (GE Healthcare) on an FPLC instrument, equilibrated in HBS.

Yeast surface binding studies
General yeast display protocols were carried out using EBY-100 yeast cells as described previously.42,43 The variable heavy (VH)
chain followed by the variable light (VL) chain of the anti-PD-L1 antibody atezolizumab, separated by a (G4S)3 linker, were cloned
into the pCT3CBN yeast display vector. Other clones were selected from a naı̈ve yeast-displayed scFv library.41 Yeast were grown
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overnight in SDCAA medium at 30"C and shaking at 200 rpm. Yeast were induced in SGCAA at an optical density (OD) of 1.0 (13107

cells/mL) and grown for an additional 24-48 h at 20"C. After induction, 105 yeast per well were transferred to a 96-well plate and incu-
bated in PBE (PBS with 0.1% bovine serum albumin [BSA] and 1 mM ethylenediaminetetraacetic acid [EDTA]) containing serial di-
lutions of biotinylated PD-L1 for 2 h at room temperature. Cells were then washed and incubated for an additional 20 min at 4"C with
50 nM Alexa Flour 647-conjugated streptavidin (SA-647, Thermo Fisher Scientific) in PBE. Cells were analyzed using a Beckman
Coulter CytoFLEX flow cytometer. Data were analyzed in Prism software (GraphPad) using a single logistic model, and equilibrium
dissociation constant (KD) values were determined. Experiments were performed in triplicate and repeated twice with similar results.

Shark immunizations
Two juvenile nurse sharks (one male, one female, aged between 2-3 years and weighing between 2.0-2.9 kg), were held in a contin-
uously-recirculating 12,000 L seawater tank maintained at 28"C, in the Aquaculture Research Center at the Institute of Marine &
Environmental Technology (IMET), Baltimore, USA. The sharks were primed with an antigen cocktail containing 62.5 mg recombinant
human PDL1 emulsified in complete Freund’s adjuvant (CFA) and administered subcutaneously into the ventral surface of the lateral
fin. At three-week intervals the sharks were boosted with 62.5 mg PDL1 emulsified in incomplete Freund’s adjuvant (IFA) also admin-
istered subcutaneously into the opposite lateral fin, or intravenously with 50 mg (unadjuvanted) soluble PDL1 diluted in shark PBS and
administered directly into the caudal sinus; each animal received four immunizations in total. A blood sample was drawn from the
caudal vein two weeks after the final immunization, mixed with 1/10 volume of heparin (reconstituted to 1000 U/mL in shark-modified
PBS), and centrifuged at 1000 rpm for 10 min to separate peripheral blood lymphocytes (PBLs) and blood plasma. Sharks were
sedated with MS-222 prior to any procedure and all animal procedures were conducted in accordance with University of Maryland,
School of Medicine Institutional Animal Care and Use Committee (IACUC) approved protocols.

IgNAR antigen-binding ELISAs
Antigen-binding ELISAswere performed on 96-well NuncMaxiSorp flat bottommicrotiter plates coatedwith 100 mL per well of 10 mg/
mL recombinant human PDL1 for 1 h at room temperature and then blocked with 5% milk-PBS (MPBS) solution; control wells were
not coated prior to blocking. Wells were washed 2-4 times with 200 mL/well PBS containing 0.5% Tween20 (PBST) after each step.
Plasma was diluted 1:30 in PBS and a 1:3 serial dilution series set up on each plate. Samples of 100 mL/well were incubated for 2 h at
room temperature. Nurse shark anti-IgNAR mouse monoclonal antibody GA865 was diluted 1:2 in PBS and 100 mL/well added to
wells. Sheep anti-mouse IgG (whole molecule), peroxidase conjugate (Sigma Aldrich), diluted 1:1,000 in MPBS was then added at
100 mL/well. Plates were developed with 100 mL/well tetramethyl benzidine (TMB) substrate. After 5 mins the reaction was stopped
by the addition of an equal volume of 1M H2SO4 and the absorbance of each well read at 450nm.

cDNA synthesis
PBLs were lysed in phenol solution and total RNA prepared from each as per standard protocols. Oligo-dT-primed cDNA was pre-
pared for each animal using FastGene Scriptase II (Bulldog Bio) according to themanufacturer’s instructions. Briefly, 1 mg of PBL total
RNA was mixed with 1 mL of 80 mMoligo dT primer and 2 mL of dNTPs (2 mM each) in a 0.5 mL PCR tube, and the volumemade up to
12.5 mLwithmolecular gradewater. Themixture was heated to 65"C for 5min on a PCRblock then rapidly chilled on ice. After chilling,
4 mL of 5x FastGene Scriptase II buffer (Bulldog Bio) and 2 mL of 0.1MDTTwere added to themixture and incubated at 42"C for 2min.
The mixture was again chilled on ice before the addition of 1 mL of FastGene Scriptase II enzyme (200 U/ml) (Bulldog Bio) and then
incubated at 42"C for 50 min to permit cDNA synthesis. Finally, the mixture was heated to 70"C for 15 min to inactivate the reverse
transcriptase enzyme.

VNAR library cloning
cDNA encoding the VNAR variable domain was PCR amplified using Phusion polymerase (New England Biolabs) according to the
manufacturer’s instructions, and the desired product isolated by gel electrophoresis. A second round of PCR amplification was per-
formed using primers containing an additional 50 bp on both the 3’ and 5’ ends which overlapped with adjacent regions of the
pCTcon2 yeast display vector. The pCtcon2 vector was prepared for homologous recombination by digestion with NheI and
BamHI, and both the linearized vector and VNAR insert were transformed into EBY100 yeast by electroporation.

Yeast library selections
A previously described synthetic single-chain variable fragment (scFv) yeast library41 was kindly provided by Dr. K. Dane Wittrup
(Chemical Engineering and Biological Engineering, MIT). Selections were performed using magnetic-activated cell sorting (MACS)
with LSMACS separation columns (Miltenyi Biotec), according to the manufacturer’s protocol. The first round of selections was per-
formed with 131010 cells to achieve 10-fold coverage of the naı̈ve library, and subsequent rounds used 13108 cells. All selections
were carried out at 4"C. PD-L1 oligomer was formed by incubating 400 nM biotinylated PD-L1 with SA microbeads (Miltenyi Biotec)
for 15 min. In applicable rounds, PD-L1 tetramer was formed by incubating a 4:1 ratio of biotinylated PD-L1 to SA-647 for 15 min.
Each MACS selection was preceded by a negative selection in which yeast were incubated with either anti-Alexa Fluor 647 or
SA-coated microbeads (Miltenyi Biotec), and clones non-specifically binding to the microbeads were discarded. Between each
round, the selected yeast were regrown overnight in SDCAA and then induced in SGCAA for 48 h.
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In the first round, yeast were incubated with 250 mL PD-L1 oligomer in 4.7mL PBE for 2 h, followed byMACS selection. The second
round was a myc-tag selection to isolated full-length antibodies, in which yeast were incubated with 1:100 v/v ratio of Alexa Fluor
647-conjugated anti-myc eptipope antibody (Cell Signaling Technologies) in PBE for 2 h, followed by a 15 min incubation with
50 mL anti-Alexa Fluor 647 microbeads in 950 mL PBE. In the third round, yeast were incubated with 50 nM PD-L1 tetramer for
2 h, followed by a 15min incubation with 50 mL anti-Alexa Fluor 647microbeads as in the second round. In the fourth round, the yeast
were incubated with 2 mM biotinylated PD-L1 for 2 h, followed by a 10 min incubation with 1:200 v/v SA-647 and another 10 min in-
cubation with anti-Alexa Fluor 647 microbeads. Yeast selected after the fourth round were plated and individual clones were picked
for screening.

Bio-layer interferometry
Antibody binding and competition measurements were obtained using bio-layer interferometry (BLI) on an OctetRED96 instrument
(Sartorius). For binding studies, biotinylated PD-L1 was immobilized to streptadvidin (SA)-coated biosensors (Sartorius) in 0.45 mm
filtered PBSA (phosphate-buffered saline containing 0.1% BSA). Target proteins were serially diluted in PBSA. Binding kinetics were
measured by submerging biosensors in these dilutions for 300 seconds (association), followed by submerging the biosensors in wells
containing PBSA alone for 300 seconds (dissociation). Tips were regenerated in 0.1 M glycine pH 2.7. Curves were fitted using the
Octet Data Analysis HT Software version 7.1 (Sartorius), assuming a 1:1 binding model to determine the association rates, dissoci-
ation rates, and KD values. Experiments were repeated twice with similar results.
For competitive binding studies, biotinylated protein was immobilized to streptavidin (SA)-coated biosensors (Sartorius) in 0.45 mm

filtered PBSA (phosphate-buffered saline containing 0.1% BSA). Competitor proteins were serially diluted into PBSA containing a
saturating concentration of PD-L1 and incubated at room temperature for 30 min. Binding kinetics were measured by submerging
biosensors in these mixtures for 300 seconds (association), and subsequently submerging the biosensors in wells containing only
PBSA for 300 seconds (dissociation). Tips were regenerated in 0.1 M glycine pH 2.7. Extent of binding in presence of competitor
antibody was determined by total response measured after 295 seconds. Signal was normalized to that of the PD-L1 only sample.
Data were analyzed in Prism software (GraphPad) using a single logistic model, and half maximal inhibitory concentration (IC50)
values were determined where applicable. Experiments were repeated twice with similar results.

Quantification of target expression
The PD-L1 expression levels of MDA-MB-231, A549, HCC38, H226, H2444, and PD-L1-transduced CHO-K1 cells were quantified
using Quantum Simply Cellular anti-mouse IgG beads (Bangs Laboratories), according to the manufacturer’s protocol. In short, cells
were grown to 90% confluency, detached with trypsin-EDTA (Gibco), and quenched using FBS-containing culture medium. 23105

cells and standard beads were separately incubated with a 1:50 dilution of allophycocyanin-conjugated mouse anti-human PD-L1
antibody (BioLegend, clone MIH2) in PBSA for 1 h at 4"C with rotation. Cells and beads were then washed and analyzed on a Beck-
man Coulter CytoFLEX flow cytometer. MFI values of the beads were used to generate a standard curve, which was then used to
extrapolate PD-L1 expression of the cells.

Receptor downregulation assays
Cells were seeded at 53104 cells per well in 96 well flat bottom plates. The next day, cells were treated with 50 nM of the indicated
antibody in culture medium and incubated at 37"C for various lengths of time. Cells were then washed and treated with trypsin-EDTA
for 10-20 min. The trypsin was neutralized with culture medium and the cells were transferred to v-bottom plates. All subsequent
steps were performed on ice. The cells were washed in PBSA and acid stripped via incubation for 30 min in 0.2 M acetic acid,
0.5MNaCl at pH 2.0. Note that all treatments and downregulation studies were performed prior to acid solution exposure. The length
of the acid strip was optimized to ensure complete removal of bound antibody. Cells were washed in PBSA and then incubated with
50 nM atezolizumab antibody for 1 h, followed by labeling with a 1:50 dilution of allophycocyanin-conjugated anti-human IgG Fc anti-
body (Biolegend, CloneHP6017) in PBSA. Cells were then washed and resuspended in PBSA and analyzed on a Beckman Coulter
CytoFLEX flow cytometer. For monensin-based recycling studies, experiments were conducted as in the receptor down-regulation
assays, except that in monensin-treated wells, 200 mMmonensin sodium salt (Sigma) was added to the wells 10min prior to antibody
treatment and its presence was maintained throughout the antibody incubation period. Background-subtracted MFI values were
normalized to the MFI of a control sample that was incubated in allophycocyanin-conjugated anti-human IgG Fc antibody only. Ex-
periments were performed in triplicate or quadruplicate and conducted 3 times with similar results.

Pulse-chase assays
Antibodies were labeled using an Alexa Fluor 488 microscale labeling kit (Thermo Fisher Scientific), according to the manufacturer’s
instructions. Cells were seeded at 53104 cells per well in 96 well flat bottom plates. The next day, the cells were treated with 50 nM
Alexa Fluor 488-labeled antibody diluted in culture medium and incubated at 37"C for 2 h. Cells were then washed in culture medium
and treated with 25 mg/mL anti-Alexa Fluor 488 quenching antibody diluted in culturemedium (Thermo Fisher Scientific, polyclonal) at
4"C for 30 min. Cells were subsequently returned to 37"C for the indicated length of time in the continued presence of the quenching
antibody. Cells were then trypsinized (Gibco) for 15 min, neutralized with FBS-containing culture medium and transferred to a v-bot-
tom plate on ice. Cells were then washed and resuspended in PBSA and analyzed on a Beckman Coulter CytoFLEX flow cytometer.
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Percent unchased signal was calculated relative to samples that were not returned to 37"C after the addition of quenching antibody
for each antibody treatment condition. Experiments were performed in triplicate and conducted 2 times with similar results.

Lysosomal accumulation assays
Antibodies were labeled using the pHrodo! iFL Green microscale labeling kit (Invitrogen P36015) according to the manufacturer’s
instructions. Briefly, 53104 cells per well were seeded in 96 well flat bottom plates and incubated overnight. The cells were then
treated with 50 nM iFL green-labeled antibody diluted in culture medium and incubated at 37"C for the given amount of time. The
cells were then trypsinized (Gibco) for 15 min, neutralized with culture medium and transferred to a v-bottom plate. The cells were
subsequently washed and resuspended in PBSA and analyzed on a Beckman Coulter CytoFLEX flow cytometer. Mean fluorescent
intensity was normalized between treatments based on the degree of labeling. Experiments were performed in triplicate and
repeated once.

Confocal microscopy
For fixed cell imaging studies, 13104 cells were seeded in each well of an 8 well Nunc! Lab-Tek! II Chamber Slide! System
(ThermoFischer Scientific), incubated in culture medium for 2 days and then treated with 50 nM Alexa Fluor 488 labeled antibody
for 12 h at 37"C. The cells were then washed once with PBS and fixed with 4% paraformaldehyde in PBS (Electron Microscopy Sci-
ences) for 15 min at room temperature. The cells were then washed 3 times with PBS and permeabilized with 0.2% Tween20 (Sigma
Aldrich) in PBS for 40 min at room temperature. The cells were washed with PBS and blocked with 1% BSA in PBS for 3 h at room
temperature. The cells were then stained with 1:100 Rabbit anti-EEA1 Monoclonal Antibody (ThermoFischer Scientific MA5-14794)
and 1:50 Alexa Fluor 647 Mouse Anti-Human CD107A (LAMP-1, BD Biosciences 562622) overnight at 4"C. The next day the cells
were washed once with 0.02% Tween20 in PBS and twice with PBSA, and then stained with Alexa Fluor 568 Goat anti-Rabbit
IgG (ThermoFischer Scientific A11011) for 1 h at room temperature. After washing 4 more times with PBS, the cells were mounted
in 90% glycerol using a #1.5 glass coverslip and stored at 4"C. Fixed cell imaging was performed twice with similar results.

For live cell imaging studies, 23104 cells were seeded in a #1.5 Nunc! Lab-Tek! II Chambered Coverglass (ThermoFischer Sci-
entific) and incubated in culturemedium for 2 days. The coverglass was thenmoved to themicroscope andmaintained at 37"C using
an environmental chamber. The cells were then treated with 50 nM Alexa Fluor 647-labeled antibody in culture medium, and a series
of images were taken over a 3 h time period post treatment.

All confocal microscopy was performed on a Zeiss LSM 710NLO Inverted Confocal Microscope using a Plan-Apochromat 63X/1.4
Oil DIC lens. Image processing and analysis was performed using Fiji.66

Super Resolution (SR) imaging
H2444 cells were prepared on 25 mm round #1.5 coverslips and incubated with Alexa-Fluor 647-conjugated antibody for 12 h. Cells
were then fixed with 4% paraformaldehyde, 0.1% glutaraldehyde in PBS for 2 h at room temperature. Samples were placed in an
Attofluor cell chamber (A-7816, life technologies). The imaging buffer was prepared as follows. TN buffer consisting of 50 mM Tris
and 10 mM NaCl in diH2O was prepared at pH 8.0. TNG buffer consisting of 50 mM Tris,10 mM NaCl, and 10% w/v glucose was
prepared at pH 8.0. A concentrated solution of glucose oxidase and catalase was prepared as 3,376 U/mL glucose oxidase (Sigma
#G2133) and 28,080 U/mL catalase (Sigma #C9332) in TN buffer, which was placed in a centrifuge at 13,000 rpm for 10 minutes. The
supernatant was collected and further diluted with glycerol, yielding a final solution of 1,688 U/mL glucose oxidase, 14,040 U/mL
catalase, 50% v/v TN buffer, and 50% v/v glycerol. A 1 M solution of 2-aminoethanethiol (MEA) was prepared in diH2O at pH 8.0.
The imaging buffer was prepared fresh from the concentrated solutions as 168.8 U/mL glucose oxidase, 1,404 U/mL catalase,
and 30 mM MEA in TNG buffer. 1.5 mL of the fresh imaging buffer was immediately placed on the sample in the Attofluor chamber
and sealed with a clean 25 mm round #2 coverslip. The sealed Attofluor chamber was placed at room temperature for 30 minutes to
allow the oxygen scavenging reaction to progress before imaging. Direct stochastic optical reconstruction microscopy (dSTORM)
imaging was performed using a custom-built microscope equipped with a 1.35 NA silicon oil immersion lens (UPLSAPO100XS,
Olympus) and an sCMOS camera (C11440-22CU, Hamamatsu). A 647 nm fiber laser (2RU-VFL-P-500-647-B1R, MPB Communica-
tions) was used for excitation light. Emission light was collected with a 708/75 nm band pass filter (FF01-708/75-25, Semrock).
Brightfield registration67 was performed before each sequence using a 660 nm LED (M660L3, Thorlabs) illumination lamp and a
3D piezo sample stage (MAX341/M, Thorlabs). A total of 60,000 frames were collected for each cell (10 sequences of 6,000 frames
each) at 100 frames per second.

Super Resolution (SR) image analysis
Raw dSTORM data were processed as follows.68 Emitter candidate locations were found by applying a difference of Gaussians filter
to images and identifying local maxima. Subregions were drawn around local maxima and emitter photon counts were estimated
assuming each subregion contains a single emitter. Subregions containing candidates with photon counts above a threshold
were retained. A Gaussian point spread function (PSF) model was used to fit candidate emitters as described previously,69 assuming
one emitter per subregion. Resulting localizations were thresholded based on their estimated photons, background, Cramér-Rao
lower bound of the fit coordinates, and a p-value describing the goodness of fit of the PSF model. A frame-connection algorithm70

was applied to the retained localizations to combine localizations arising from a single blinking event of an emitter, followed by a final
drift-correction67 algorithm to correct for residual sample drift.
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Cluster analysis
The four SR images for each of the two datasets were broken up into four ROIs per image covering the entire image, producing a total
of 16 128x128 pixel ROIs per dataset. The SR localizations in each of these ROIs was analyzed using DBSCAN,71 setting the param-
eters epsilon (the minimum distance between separate clusters of points, or equivalently, the maximum nearest neighbor distance
between points within a cluster) to 100 nm, and the minimum number of points for a point ensemble to be considered a cluster (N) to
10. These values were chosen after a parameter study varying epsilon and N, and assessing the clustering produced. The data was
collected and analyzed for the total clustered fraction of localizations per ROI. The observed trends were observed consistently over
a wide range of DBSCAN parameters. The clustered fraction per ROI in the two datasets was then compared by performing a two-
sample Kolmogorov-Smirnov goodness-of-fit hypothesis test72 using theMATLAB function kstest2. The P-value produced indicated
the likelihood that the null hypothesis that the two data collections come from the same distribution would not be rejected. All these
analyses were done in MATLAB.

Cell surface binding studies
PD-L1-expressing CHO-K1 cells were grown to 90% confluency, detached with trypsin-EDTA (Gibco), quenched using FBS-con-
taining culture medium, resuspended in PBSA, and aliquoted into a 96-well plate a 13105 cells per well. Cells were then incubated
with various concentrations of either atezolizumab or TS1521 diluted in PBSA for 2 h at 4"C. Cells were subsequently washed and
incubated with a 1:50 dilution of allophycocyanin-conjugated anti-human IgG Fc antibody (Biolegend, CloneHP6017) in PBSA. Cells
were washed, resuspended in PBSA, and analyzed on a Beckman Coulter CytoFLEX flow cytometer. Data were analyzed in Prism
software (GraphPad) using a single logistic model, and equilibrium dissociation constant (KD) values were determined. Experiments
were performed in triplicate and repeated twice with similar results.

PD-1/PD-L1 blockade TCR activation reporter cell assay
A PD-1/PD-L1 Blockade Bioassay kit was obtained from Promega, containing Bio-Glo luciferase substrate and 2 cell lines: CHO-K1
cells expressing PD-L1 and a T-cell-activating surface protein (antigen-presenting cells, APCs); and Jurkat T cells expressing PD-1
and cognate TCR driving a luciferase reporter via a nuclear factor of activated T-cells (NFAT) response element (effector cells). The
assay was performed according to the manufacturer’s protocol, with slight modifications noted below.
53104 APCswere plated in each of the innermost 60 wells of two 96-well, opaque white, flat-bottom plates at a density of 500,000/

mL, while the peripheral wells were filled with an identical volume of cell medium. Assay plates were then incubated overnight
(16-20 h) at 37"C, after which the medium was aspirated. Serial dilutions of antibody were prepared in assay buffer (RPMI medium
supplemented with 1% FBS). For samples wherein the antibody was removed prior to effector cell addition (hereafter called wash
plate), 40 mL of diluted antibody was added to eachwell of APCs, followed by 40 mL of assay buffer. For samples wherein the antibody
was not removed (hereafter called control plate), 80 mL of assay buffer was added to eachwell of APCs in two, 40 mL increments. Both
plates were then returned to the incubator for 2 h at 37"C. A 10 mL solution of effector cells was prepared to a density of 1.25 million
cells/mL in assay buffer. After the 2-h incubation period, both plates had their innermost 60 wells again aspirated of volume. To the
wash plate, 40 mL of antibody serial dilution was added to each well followed by 40 mL of effector cells. To the control plate, 40 mL of
assay buffer was added to each well, followed by 40 mL of effector cells. Both plates were then returned to the incubator for 6h at
37"C. The plates were then removed from the incubator and equilibrated to ambient temperature for 10 min in the dark. 80 mL of
Bio-Glo reagent was added to each well. The plates were incubated in darkness for 10 min and luminescence was read on a
BioTek Synergy 2 Multi-Mode Microplate Reader. Data was normalized to a cell-free control, and half-maximal effective concentra-
tion (EC50) was determined by fitting to a single logistic model using Prism software (GraphPad).

ELISpot T-Cell Activation Assay
Peripheral blood mononuclear cells (PBMCs) from subjects enrolled in the BBAASH cohort as previously described,53 and who
became chronically infected with HCV were thawed from time points wherein HCV-specific T-cell responses were previously shown
to induce high PD-1 levels.73 All specimens were tested that contained sufficient cell numbers for analysis, and the wash conditions
were only tested on donor 175 due to limited cell numbers for donor 29. The ability for T cells to produce interferon-gamma (IFN-g) in
response to HCV peptides after incubation with anti-PDL1 antibodies was measured by IFN-g enzyme-linked immunosorbent spot
(ELISpot), as described previously,74,75 with modifications. 96-well polyvinylidene plates (Millipore) were coated with 5mg/ml recom-
binant human anti-IFN-g antibody (MAbtech clone 1-D1K) in PBS at 4"C overnight. Previously frozen PBMCs were incubated with
10nM TS1521 or Atezolizumab in R10 media (RPMI 1640, 10% FBS, and 10 mM Hepes buffer with 2mM glutamine and antibiotics
[50 U/ml penicillin-streptomycin]) for one hour prior to stimulation with HCV peptides. Following incubation, 50% of the cells were
washed and then given fresh R10 media to remove the soluble anti-PD-L1 antibodies. PBMCs were plated at 200,000 cells/well
in 50mL R10 media on the streptavidin-coated polyvinylidene plates. HCV peptides were added directly to the wells at a final con-
centration of 0.02 mg/mL. The plates were incubated at 37"C, 5% CO2 for 20 hours. Plates were then washed and incubated with
0.5 mg/mL biotin-labeled anti-IFN-g antibody (MAbTech clone 7-B6-1) in PBS containing 0.5% BSA. Plates were developed as
previously described.74 Spots (corresponding to IFN-g-secreting cells) were counted by the Immunology Core at Johns Hopkins
University. ELISpot assays for each subject were performed twice. A positive immune response was defined as more than 48
spot-forming cells per 1,000,000 PBMCs.74
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Mouse pharmacokinetic and biodistribution studies
All mouse studies were conducted under Johns Hopkins University Animal Care and Use Committee approved protocols. NSGmice
were obtained from the Johns Hopkins University Immune Compromised Animal Core. For both studies, mice were implanted with
tumor cells approximately two weeks prior to dosing.

For pharmacokinetic studies, 6 week-old female NSG mice (n=4 mice per cohort) were implanted orthotopically with 2.5 3 106

MDA-MB-231 cells. Antibody labeled with IRDye 800CW NHS Ester (Li-Cor) was mixed 1:4 with unlabeled antibody, and
10 mg/kg total antibody was injected intravenously at a concentration of 2.5 mg/mL in PBS. Images were taken using a Li-Cor Pearl
Impulse Imager. Quantitation of tumor localization based on fluorescent intensity was analyzed using Pearl Impulse Software and
plotted in GraphPad Prism.

For biodistribution studies, 6 week-old female NSGmice (n=5 mice per cohort) were implanted orthotopically with 2.53 106 MDA-
MB-231 cells. On day 16 after tumor implantation, mice in the 96 h treatment group were injected intravenously with either 1 mg/kg
antibody in PBS at a concentration of 0.1 mg/mL. On day 19, mice in the 24 h treatment group were given an identical dose. On day
20, all mice were injected intravenously with 30 mCi of [18F]DK222 and tissues were harvested, including blood, muscle, tumor, heart,
lung, liver, spleen, and kidney. Harvested tissues were weighed and analyzed in an automated gamma counter (Perkin Elmer - 2480
Automatic Gamma counter - Wizard2 3’’ Wallac, Waltham, MA), and the percentage of incubated dose per gram of tissue (%ID/g)
values were calculated as described previously.54

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyseswere performed usingGraphPad Prism software (v9.3.1). The sample size, number of cell replicates, number of
mice, definition of center, dispersion and precision measures, and type of analyses performed are described in the above section
where applicable. Statistical significance is defined as p<0.05 (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). Significance between
all groups is not always shown in figures. For full analyses see Table S4.
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Multiparatopic antibodies induce targeted
downregulation of programmed death-ligand 1
Seth D. Ludwig, Bunyarit Meksiriporn, Jiacheng Tan, Rakeeb Kureshi, Akhilesh Mishra, Kyle J. Kaeo, Angela Zhu,
Georgia Stavrakis, Stephen J. Lee, David J. Schodt, Michael J. Wester, Dhiraj Kumar, Keith A. Lidke, Andrea L. Cox,
Helen M. Dooley, Sridhar Nimmagadda, and Jamie B. Spangler*
*Correspondence: jamie.spangler@jhu.edu
https://doi.org/10.1016/j.chembiol.2024.04.011

(Cell Chemical Biology 31, 904–919.e1–e11; May 16, 2024)
In the originally published version of this article, Dhiraj Kumar was not listed as an author. This has now been corrected both online
and in print. The authors regret this error and apologize for any confusion that it has caused.
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