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Cysteine cathepsins are a family of proteases that are relevant therapeutic
targets for the treatment of different cancers and other diseases. However,
no clinically approved drugs for these proteins exist, as their systemic
inhibition caninduce deleterious side effects. To address this problem, we
developed amodular antibody-based platform for targeted drug delivery
by conjugating non-natural peptide inhibitors (NNPIs) to antibodies.
NNPIs were functionalized with reactive warheads for covalent inhibition,
optimized with deep saturation mutagenesis and conjugated to antibodies

to enable cell-type-specific delivery. Our antibody-peptide inhibitor
conjugates specifically blocked the activity of cathepsins in different
cancer cells, as well as osteoclasts, and showed therapeutic efficacy in vitro
andinvivo. Overall, our approach allows for the rapid design of selective
cathepsininhibitors and can be generalized to inhibit a broad class of
proteasesin cancer and other diseases.

Several important protein classes, including proteases, kinases, and
chaperones are ubiquitously expressed in our body, regulating many
physiological processes. However, their activity is frequently co-opted
by tumor cells to support malignant growth. Treatment with specific
inhibitors blocking the activity of these proteins has the potential to
effectively impair tumor growth. Nevertheless, their applicationin the
clinicis limited because of their on-target but off-tumor activity. This
poses animportant challenge for the development of the next genera-
tion of drugs that specifically block the activity of these proteins in
tumor cells while sparing normal cells to limit toxicity.

Cysteine cathepsins are afamily of 11 proteases regulating several
physiological processes'*; these proteases have been considered
promising therapeutic targets for the treatment of cancer and other
diseases, such as autoimmune disorders and osteoporosis>*~’. Cath-
epsins are usually synthesized as zymogens and then transported to

the lysosome, where the low pH triggers their catalytic activation.
In the lysosome, they contribute to protein catabolism"®, whereas
upon release outside the cell they can participate to the remodeling
of the extracellular matrix>’. In tumors, increased cathepsin activ-
ity due to mutations or gene overexpression contributes to changes
in antigen presentation and interactions with the tumor microenvi-
ronment favoring tumor progression and metastasis®'°'*. Genetic
knockout (KO) of specific cathepsins in transgenic animal models
showed that different tumor types depend on the activity of different
cathepsins®'%™°, For example, cathepsin S (CTSS) is predominantly
expressed in antigen-presenting cells such as B cells, macrophages and
dendritic cells”'®. Inhibition of CTSS activity in malignant B cells altered
antigen processing and maturation of the major histocompatibility
complex class I (MHC-II), inducing an antitumoral immune response
and reducing tumor growth'®", Cathepsins B and L (CTSB and CTSL)
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are ubiquitously expressed in normal tissues’ but increased activ-
ity has been reported in several solid tumors, associated with tumor
progression and poor prognosis'®'?~*, Cathepsin K (CTSK) regulates
bone remodeling and favors bone metastasis formation”*?, Overall,
cathepsin activity promotes tumor development by favoringimmune
evasion, extracellular matrix remodeling or tumor cell migration, indi-
cating that targeting specific cathepsins is necessary in an individual
tumor context.

Structural and biochemical characterization”** has been used to
profile the substrate selectivity of each protease, which can aid in the
design of specific inhibitors. Small molecules inhibiting individual
cathepsins have been developed and tested in preclinical and clinical
trials” . However, despite the high in vitro specificity of some of these
inhibitors, clinical trials were interrupted because of side effects and/
or alack of efficacy®*°"*2. These results suggested that these inhibi-
torseither affected the physiological role of these proteins in healthy
tissues or were not able to reach the target cells*. As an alternative to
small-moleculeinhibitors, itis possible to use therapeutic peptides to
block the proteolytic activity of cathepsins***. However, their poor
pharmacokinetic properties, such as low bioavailability and rapid
degradation, limit their application in vivo. Hence, new therapeutic
strategies are needed to selectively block the activity of cathepsinsin
cancer cells while limiting deleterious side effects.

Systemic toxicity is a common problem of routinely adopted
chemotherapies designed to induce cytotoxic effects in rapidly prolif-
erating cancer cells. Tolimit the side effects associated with chemother-
apy treatments, cytotoxic drugs have been conjugated with antibodies
to guide their delivery and promote selective activity in the tumor
cells***, Antibody-drug conjugates enter the cells by endocytosis
and are transported to and confined in the lysosome, where they are
degraded***. The cytotoxic payload is then released from the antibod-
ies, exits the lysosome and reaches the cytosolic compartment where it
will be effective. In addition to the classical antibody-drug conjugate
combinations where the antibody delivers cytotoxic compounds, it
is possible to conjugate antibodies with drugs targeting specific pro-
teins. Hence, we sought to create a modular drug platform to couple
non-natural peptideinhibitors (NNPIs) blocking the activity of cysteine
cathepsins with antibodies to guide their delivery to the desired type of
target cells, thereby creating antibody-peptide inhibitor conjugates
(APICs) (Fig. 1a). Importantly, with this approach, we exploited the
natural trafficking and accumulation of antibodies in the lysosomes to
deliver NNPIsto the compartment where cysteine cathepsins are active
(Fig. 1a). Using this antibody-based platform, we elicited therapeutic
antitumor responses in different tumor types by targeting distinct
cathepsins with specific antibody-NNPI combinations.

Results

Design and development of NNPIs

Proteases of the cysteine cathepsin family present an enzymaticactive
site containing a Cys-His-Asn catalytic triad"*. To develop covalent
inhibitors that would block cysteine cathepsin activity, we designed
NNPIs functionalized to react with the catalytic cysteine and form a
covalent bond (Fig. 1a). We started from the octameric peptide LRM-
KLPKP extracted from the sequence of CD74, a specific substrate of
CTSS'**, and used it as a template to introduce a Michael acceptor
at four different positions to attempt to design a covalent inhibitor

(Fig. 1b). The initial peptide sequence was further modified by add-
ing alysine at the N terminus for future functionalization and substi-
tuting the proline at the C terminus with an aspartate, as it increased
the ability of the peptide to be bound by CTSS (Fig. 1b and Extended
Data Fig. 1a). The Michael acceptor was positioned on the side chain
of the amino acids at position P2 or P1’ (NNPI-1or NNPI-2), in the back-
bone of the peptide substituting the lysine and leucine in P1and P1’
(NNPI-3) or at the N terminus of a truncated version of the peptide
(NNPI-4) (Fig. 1b). In particular, the NNPI-3 design was inspired
by the result of docking the CD74 peptide into the CTSS structure
(Protein Data Bank (PDB) 1INPZ)*° using the Attracting Cavities dock-
ing software’’. We found that the lysine and leucine at positions P1
and P1’ weressituated in the vicinity of the reactive cysteine, providing
the opportunity to replace them with a Michael acceptor to create a
potential covalentligand (Extended Data Fig.1b). Using a fluorescence
resonance energy transfer (FRET) assay, we tested the ability of any of
these NNPIs to inhibit CTSS. We incubated purified CTSS protein with
eachNNPIlandthenadded a peptide bearing a fluorescent dye asasub-
strate, with a quencher at the N and C termini; fluorescence emission
over time was used as the readout of enzymatic activity. Only NNPI-3
reduced the protease activity (Fig. Icand Extended DataFig.1c), albeit
withlow potency (half-maximalinhibitory concentration (ICs,) > 25 pM)
(Extended Data Fig. 1d). To assess the specificity of NNPI-3, we tested
iton a panel of five additional cathepsins. NNPI-3 also inhibited CTSB
and CTSK but had no measurable activity against cathepsins H, Z and
L (CTSH, CTSZ and CTSL; Fig. 1c). To improve the potency and speci-
ficity of NNPI-3, we designed a site saturation mutagenesis screening
to determine the impact of every possible amino acid change on the
potency of NNPI-3wheninhibiting CTSS and CTSB (Fig. 1d and Extended
DataFig. 3a). The library contained 126 NNPIs and we compared their
activity relative to that of the original NNPI-3 (Fig. 1d). This unbiased
screening revealed several amino acid changes thatimproved potency
and specificity toward CTSS or CTSB. For example, avalinereplacing the
prolinein position 5 (P5V) or different amino acids at positions 2 (L2F,
L2H), 6 (K6F,K6L,K6M,K6W, K6Y) and 7 (D7F, D7W) strongly improved
CTSS inhibition (Fig.1d and Extended Data Fig.1e). On the other hand,
substitutions L2R, M4Y and P5W improved CTSB inhibition (Fig. 1d).

Next, we tested whether the combination of the single variants
was additive and improved inhibition. Hence, we combined dual amino
acid changes at positions 5, 6 and 7 and identified NNPI-C1and NNPI-C2
as the best candidates for CTSS inhibition, improving the IC, from
>25 UM to 362.5 nM, a 68-fold improvement (Extended Data Fig. 1f,g).
Then, we used NNPI-C2 and tested additional changes at positions 2
and 7 (L2F, L2H, D7Y and D7W) and identified NNPI-C10 as the most
potent CTSS inhibitor (Fig. le and Extended Data Fig. 1h). NNPI-C10
inhibited theactivity of CTSS (IC;, = 70.7 nM) and CTSB (IC,, =117.0 nM)
(Fig. 1e and Extended Data Fig. 1j). Subsequently, we used the screen-
inginformation to further modify NNPI-C10 at positions 2,4 and 5 and
improved the specificity toward CTSB, thereby identifying NNPI-D5
as a highly specific inhibitor of CTSB (IC,, = 68.8 nM) (Fig. 1f and
Extended Data Fig. 1i).

Then, we profiled NNPI-C10 and NNPI-D5 against five additional
cathepsins and confirmed that NNPI-C10 selectively inhibited CTSS
and partially inhibited CTSB, whereas NNPI-D5 was specific to CTSB
(Extended Data Fig. 2a). Furthermore, we observed that NNPI-C10
also inhibited a mutant and overactive form of CTSS (CTSS Y132D;

Fig.1|Design and characterization of NNPIs. a, Overview of the three main
steps of peptide design and antibody conjugation for targeted delivery of NNPIs.
b, Structure of natural substrate and chemically modified peptides. The scissile
bond s highlighted in red and the Michael acceptor is highlighted in pink.

¢, FRET assays testing the inhibitory activity of NNPI-3 on a panel of six cysteine
cathepsins (n=2independent replicates). d, Site saturation mutagenesis
screening and inhibition potency tested on CTSS and CTSB (n =2 independent
replicates). e,f, Dose-response curves quantifying the inhibitory potencyin

FRET assays of NNPI-C10 on CTSS (e) and NNPI-D5 on CTSB (f) (n =3 independent
replicates; mean and s.d. values are shown). A schematic representation of the
structure of each NNPIis given below the corresponding graph. g, Mutagenesis
screening and inhibition potency tested on CTSK and CTSL (n =4 independent
replicates). h,i, Dose-response curves quantifying the inhibitory potency in
FRET assays of NNPI-F17 on CTSK (h) and NNPI-G14 on CTSL (i) (n = 3 independent
replicates; mean and s.d. values are shown). A schematic representation of the
structure of each NNPI is given below the corresponding graph.
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Extended Data Fig. 2b), which has been identified in 5% of patients
diagnosed with follicular lymphoma'’, although we could not identify
specificamino acid changes in NNPI-C10 to further improve selectiv-
ity toward CTSS Y132D (Extended Data Fig. 2c). Interestingly, while

testing the selectivity of NNPIs on different cathepsins, we noticed that
NNPI-D1inhibited CTSK better than CTSS or CTSB; through selected
single amino acid changes, we identified NNPI-E15 as a promising inhibi-
tor of CTSK (Extended Data Fig. 2d-f). Hence, we used the sequence
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Fig. 2| Covalent binding mode of NNPI-C10. a, Fluorescence and Coomassie
blue staining of gel loaded with CTSS alone or incubated with E64 and/or AF488-
derivatized NNPI-C10. Images from one of two independent experiments are
presented. b, Results of FRET assay testing CTSS inhibition by NNPI-C10 and
NNPI-C10-NC (n =3 independent replicates; mean and s.d. values are shown).
Aschematic representation of NNPI-C10-NCis given on the right. ¢, Crystal

T Michael

Catalytic Cys

BN NNPI-C10-NC
B2 NNPI-C10

KQ®W

o

acceptor

structure of C10-CTSS Y132D complex. d, Loop conformation of NNPI-C10in
the substrate binding pocket of CTSS. e, Close distance (3.4 A) between the
Michael acceptor in NNPI-C10 (in white) and the catalytic cysteine of CTSS (in
yellow), consistent with the expected covalent bond formation. f, The terminal
tryptophan of NNPI-C10 engages a hydrophobic cavity of CTSS.

of NNPI-E15 as a starting point to create a second NNPI library (n=32
NNPIs) to determine theimpact of each amino acid type (thatis, small,
apolar, polar, aromatic, negatively charged or positively charged) at
different positions when inhibiting CTSK and CTSL (Extended Data
Fig.3b).Inthe first screening, we identified and confirmed four promis-
ing amino acid changes for CTSK (V5W,M6L, M6W and W7R) and CTSL
(R3L, L4W, M6L and W7T) (Fig. 1g and Extended Data Fig. 3¢,d). Next,
we tested alternative changes at positions 3, 4, 5, 6 and 7 and noticed
that V5Y and Mélimproved potency on CTSK while L4Y, V5H and M6l
were better changes for CTSL inhibition (Extended Data Fig. 3e,f). In
thelast step, we combined the best variants, although we selected L4W
instead of L4Y for the CTSL inhibitor, as Y4 would have increased the
affinity for CTSB (Fig. 1d), and M6L was preferred to Mél, as the latter
also improved inhibition of CTSK (Extended Data Fig. 3e).

Interestingly, for CTSK, the combination yielding the strongest
inhibition was not that in which all promising amino acid changes
were implemented; two changes at positions 6 and 7 were sufficient
to identify NNPI-F17 as the best CTSK inhibitor (ICs, = 4.2 nM) (Fig. 1h
and Extended DataFig.3g), suggesting that the effects of these changes
were not purely additive. For CTSL, the combination of W4,L3and Mé6in
NNPI-G12yielded to the most potentinhibitor (Extended Data Fig. 3h).
However, givenits poor solubility and the similar potency of NNPI-G14,
we selected the latter as the best CTSL inhibitor (IC5, =1.7 nM) (Fig. 1i
and Extended Data Fig. 3h). Lastly, we confirmed the specificity for
CTSK and CTSL of these two NNPIs on the panel of seven cysteine
cathepsins (Extended Data Fig. 2a). Overall, using a stepwise rational
designand screening approach, we identified four potent NNPIs with
distinct specificities for CTSS, CTSB, CTSK and CTSL.

Covalent binding mode of NNPIs

Todemonstrate the covalentinhibition mode of NNPI-C10, we incubated
purified CTSS protein with NNPI-C10 functionalized with a fluorophore
(AlexaFluor 488 (AF488)) and used SDS-PAGE to assess the formation

oftheadduct.Asacontrol, we used E64, ageneric small-molecule cova-
lent inhibitor of cysteine proteases, which would prevent NNPI-C10
binding. Gel-based image analyses revealed a fluorescent band at
the expected molecular mass of CTSS (25 kDa) when the enzyme was
incubated with NNPI-C10***%8 but not in the E64 preincubated sample
(Fig. 2a). Conversely, when NNPI-C10"*# was coincubated with CTSS
and E64 was added later to the mix at increasing concentrations, the
CTSS-C10 complex was still detectable, indicating that the NNPI could
not be displaced and, thus, confirming the formation of a covalent
bond (Extended Data Fig. 4a). Moreover, we modified NNPI-C10 by
replacing the double bond in the Michael acceptor with a single bond
toabrogateits ability to covalently block CTSS activity (Extended Data
Fig. 4b). Indeed, incubation of CTSS with this chemically modified
version of NNPI-C10 did not affect CTSS activity (Fig. 2b). Lastly, we
used intact mass spectrometry analysis in denaturing conditions to
further confirm that a covalent bond was formed between CTSS and
the NNPI. A peak corresponding to the sum of the molecular masses
of CTSS and NNPI-C10 (27,016.701 Da) was observed (Extended Data
Fig.4c), demonstrating that NNPI-C10 is a covalent inhibitor.

Next, to characterize the binding mode of NNPI-C10 to CTSS,
we obtained the crystal structure of NNPI-C10 in complex with CTSS
wild type (WT) and Y132D (Supplementary Table 1). We compared the
structures of CTSS WT and Y132D; although the Y132D substitution
increases the catalytic activity'®, no notable structural change was
observed and the NNPI-C10 binding mode was similar for both variants
(Extended Data Fig. 5a,b). Analyses of the NNPI-C10-CTSS complex
structure confirmed the binding of NNPI-C10 in the catalytic pocket as
expected fromthe substrate’s binding mode, with the Michael acceptor
correctly positioned to form a covalent bond with the catalytic C139
(Fig. 2¢,d). Distinctly from other CTSS-ligand complex structures*?,
NNPI-C10 in the bound state did not adopt a fully extended confor-
mation; instead, it presented a turn configuration at positions 5 and
6 (Fig. 2d). This conformation allowed the Michael acceptor to reach
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theactive cysteine (Fig. 2e) and enabled aninteraction between W7 of
NNPI-C10 and ahydrophobic cavity at the edge of the enzyme’s catalytic
pocket (Fig. 2f).Inaddition, rationalizing the results of the mutagenesis
screens in light of the crystal structures suggested that the preferred
aromaticaminoacids at positions 2 and 7 likely established interactions
with F184 of CTSS (Extended Data Fig. 5c) and F260 or W300 of CTSS
(Extended Data Fig. 5d), respectively. Moreover, we observed the pres-
ence of five hydrogen bonds between NNPI-C10 and CTSS (Extended
DataFig. 5e), involving R3 and M4. In this regard, we also noticed that
M4 appeared to be essential because all possible substitutions were
found to be detrimental (Fig. 1d). Overall, from the crystal structures,
we could confirm that the NNPIs block the catalytic site of cathepsins;
through extensive biochemical characterization, we also confirmed
that suchinhibition occurs in a covalent fashion.

Antibody-mediated delivery of NNPIs to cancer cells
Peptide-based drugs are known to have poor membrane permeability
and ashort half-life in vivo™*. To overcome these limitations and spe-
cifically deliver NNPIs to tumor cells, we designed antibody-peptide
inhibitor conjugates (APIC) (Fig. 3a). Using maleimide chemistry, we
conjugated NNPI-C10 with anti-CD22 (epratuzumab) or anti-CD79
antibodiestotarget B celllymphoma, as CTSS is an oncogenic driverin
this tumor'®, Additionally, NNPI-D5 was conjugated with an anti-HER2
(human epidermal growth factor receptor 2) antibody (trastuzumab) to
target breast cancer cellsand block CTSB activity in solid tumors, while
NNPI-F17 and NNPI-G14 were conjugated with an anti-SIGLEC-15 (sialic
acid-bindingIg-like lectin 15) antibody to target osteoclasts or cancer
cellsandinhibit CTSK and CTSL, respectively. First, we observed using
intact mass spectrometry that antibodies were conjugated with a vari-
able number of NNPIs (Fig. 3b and Extended Data Fig. 6a). Then, CTSS
was coincubated with APICs and mass photometry analyses revealed
that NNPIsdid not need to be released from the antibody to bind CTSS
because we detected the formation of CTSS-APIC complexes (Fig.3c).
The number of CTSS molecules bound to each APIC increased pro-
portionally to the number of NNPIs conjugated (Fig. 3c and Extended
Data Fig. 6b), confirming that NNPIs can bind their target even in the
absence of antibody degradation.

To further investigate the ability of CTSS of binding to APICs in
solution, we coincubated activated histidine-tagged CTSS (molecular
mass =25 kDa) with the anti-CD79-C10 APIC and we used the protease
inhibitor E64 as a control to prevent binding. Western blot analysis con-
firmed the formation of the APIC-CTSS complexes, asdemonstrated by
the presence of multiple specific bands at different molecular masses,
indicating binding of one or multiple CTSS molecules to the APIC light
chain (band at -50 kDa) or heavy chain (bands at ~75 kDa and higher)
(Fig. 3d). Overall, in vitro assays showed that APICs retained the abil-
ity tobind and block cathepsin activity. Next, we tested the activity of
APICsincellular assays to assess binding to cell receptors, internaliza-
tion, accumulation in the lysosomes and inhibition of their specific
targets. We used lymphoma cells (WSU-DLCL2 and Raji) expressing high
levels of CD22 and CD79 and breast cancer cells (BT-474 and HCC-1569)
expressing HER2 (Extended Data Fig. 6c¢,d). First, APICs were conju-
gated with afluorophore (AF488); by flow cytometry (FC), we observed
that they retained the ability to bind to the surface receptor (Fig. 3e).
Then, we used a quencher to block the APIC fluorescence signal on
the cell surface but not in the cytoplasm. In cells maintained in physi-
ological condition (37 °C), the majority of the fluorescence signal was
retained, indicating that most of the APIC was internalized. Conversely,
incellsatlow temperature (4 °C) where receptor-ligand internalization
was slowed down, most of the APICs bound to the receptor remained
onthe cellsurface; thus, the fluorescence signal was quenched (Fig. 3e
and Extended DataFig. 6e). Next, to test the accumulation of APICsin
theacidicendosomes and lysosomes, we used a pH-sensitive dye that
is highly fluorescent only in acidic environments (pHrodo). Here, we
observed a specific increase in fluorescence signal in lymphoma and

breast cancer cells in physiological condition compared to 4 °C (Fig. 3f),
indicating that APICs accumulatedin the endolysosomal compartment
uponinternalization.

Lastly, we used a pan-cathepsin quenched activity-based probe
(qABP, named BMV109)**** to determine the ability of different APICs
toinhibit their targets in cells, while small-molecule inhibitors (petesi-
catib, E64, odanacatib and Z-FY-CHO) were used as controls**>*%¢°,
The BMV109 probeis fluorescent only after reacting with a cathepsin,
which allows an assessment of protease activity. Treatment of lym-
phoma and primary B cells with anti-CD79-C10, breast cancer cells
with anti-HER2-D5, osteoclasts with anti-SIGLEC-15-F17 and prostate
cancer cells with anti-SIGLEC-15-G14 prevented the binding of the
qABPtothe specific cathepsinand the fluorescent band at the expected
molecular mass disappeared (Fig. 3g-j and Extended Data Fig. 7a-c).
A dose-dependent treatment experiment clearly showed that the
fluorescence signal intensity of QABP was inversely proportional to the
inhibition of the given cathepsin (Extended DataFig. 7d). In summary,
antibody-mediated delivery of NNPIs promotes cellular internalization
and efficientinhibition of the catalyticactivity of endogenous cysteine
proteasesin cancer cells.

APIC inhibition of CTSS induces antitumoral immune response
Cathepsins regulate various biological processes and, despite par-
tial functional redundancy, some cathepsins have a specialized role
in specific cellular contexts. CTSS has the nonredundant activity
of cleaving the chaperone protein CD74 in the lysosome'®. Indeed,
genetic KO of CTSS in lymphoma cells induced the accumulation of
CD74 (Fig. 4a), impairing the maturation of MHC-Il and altering the
interaction between lymphoma cells and T cells'. Thus, we tested
whether treatment with APICs (anti-CD79-C10 or anti-CD22-C10)
couldrecapitulate the phenotype observed in CTSSKO cells. Lymphoma
cellstreated with anti-CD22-C10 showed a dose-dependent accumula-
tion of CD74, exceeding the levels that we could detectin cells treated
with petesicatib (a specific CTSS inhibitor) at higher concentrations
(Fig.4b). Asimilar effect was observed in lymphoma cells treated with
anti-CD79-C10 (Extended Data Fig. 8a,b) or in cells expressing the
mutant and overactive form of CTSS (Extended Data Fig. 8c). Inter-
estingly, the combination treatment at low doses with APICs target-
ing different receptors (CD22 and CD79) induced the accumulation
of CD74 similar to the level seen for treatment with individual APICs
at high doses (Fig. 4c), suggesting that combinations of antibodies
targeting different receptors can be used to efficiently deliver NNPIs
to tumor cells. Inlymphomas, loss of CTSS activity and accumulation
of CD74 lead to alterations in antigen presentation, which allow the
recognition of tumor cells by CD8" cytotoxic T cells and the activa-
tion of an antitumoral response. However, this therapeutic immune
response could not be observed using small-molecule inhibitors tar-
geting cysteine proteases'’. Hence, we tested whether treatment with
APICs could overcome this limitation. To determine cytotoxic CD8*
T cellactivation upon APIC treatment, we performed an antigen-based
coculture assay using mouse CD8 T cells and lymphoma cells. We veri-
fied that NNPI-C10, designed to block human CTSS, was able to inhibit
the mouse Ctss (Extended Data Fig. 8d,e) and that treatment with the
mouse APIC (anti-mouse CD79-C10) induced CD74 accumulation in
mouse cells, as observed in the human counterpart (Extended Data
Fig. 9a). Notably, in coculture assays, treatment with APICs induced
the robust proliferation of CD8" T cells (Fig. 4d-f and Extended Data
Fig. 9b,c) and killing of cancer cells (Fig. 4g), fully recapitulating the
phenotype that could be observed using CTSS KO cells. Importantly,
activationof CD8 T cells could only be achieved upon treatment with
APICbut not withasmall-moleculeinhibitor of CTSS such as petesicatib
(Fig. 4e,f and Extended Data Fig. 9b,c).

Moreover, we could demonstrate that the activation of CD8" T cells
is directly linked to a loss of CTSS activity and alteration in antigen
presentation mediated by MHC-I in lymphoma cells because APIC
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treatment in B2M KO cells with impaired formation of MHC-I was not
abletoactivate CD8' T cells (Fig. 4e,f and Extended Data Fig. 9d). Strik-
ingly, these resultsindicate that targeting CTSS exclusively in B cellsis
essential to elicit the full therapeutic potential of this target and APICs
canbe used to achieve this goal.

APIC-mediated inhibition of CTSB hinders tumor invasiveness
Insolid tumors, the intracellular and extracellular activity of cysteine
proteases regulates many aspects of cancer biology*>. In particular,
highlevels of CTSB have been associated with tumor progression and
metastasis in the context of multiple malignancies, including breast
cancer'®*?°, Thus, we tested whether the anti-HER2-D5 APIC target-
ing CTSB in HER2" breast cancer cells could prevent cell migration
and invasion. Treatment of two independent breast cancer cell lines
(BT-474 and HCC-1569) with APICs showed a significant decrease in
cell migration using a Matrigel-based experimental setup (Fig. 4h-j),
while the anti-HER2 antibody, NNPI-D5 alone or an unconjugated mix
ofanti-HER2 and NNPI-D5 did notinduce the same effect (Fig. 4h-j).In
addition, HCC-1569 cells are reported to be resistant to trastuzumab®;
indeed, treatmentwithanti-HER2 antibody or the APIC with D5 did not
affect cell viability or proliferation (Extended Data Fig. 9e), indicat-
ing that the effect on cell migration can be specifically attributed to
intracellular CTSB inhibition and that treatment with anti-HER2-D5
represents an efficient way to blockits activity. Overall, using amodular
combination of NNPIs and antibodies, we were able to achieve and
exploit targeted NNPI delivery to block the activity of specific cath-
epsins and inhibit key oncogenic processes in B cell ymphoma and
breast cancer.

APIC therapeutic efficacy in vivo

To evaluate the therapeutic potential of APICs in vivo, we used preclini-
cal xenografts and transgenic animal models and assessed the ability
of the anti-CD79-C10 APIC to accumulate in cancer cells, block CTSS
activity and induce antitumoralimmune responses. To determine the
invivo biodistribution and pharmacokinetics of APICs, we performed
positron-emissiontomography (PET) imaging and biodistribution stud-
ies with [**Cu]-APIC. Specific accumulation of [**Cu]-APIC was detected
inthe tumor mass 48 h after injection but notin other organs (Fig. 5a,b)
orcirculatinginthe peripheral blood (Fig. 5¢c), while we observed that
the radioactive signal from the tumor decreased in animals injected
with [**Cu]-APIC together with an excess of unlabeled APIC, indicat-
ing that labeled and unlabeled APICs were competing for the same
receptor on tumor cells. Similar results were obtained inindependent
biodistribution experiments using [""In]-APIC at 48 h and 72 h after
injection (Extended Data Fig.10a-d).

Next, we directly measured cathepsin activity in lymphoma-
bearing mice by systemic injection of gQABP BMV109 (Fig. 5d) and we
detected a clear reduction in fluorescence signal intensity in animals
treated with APICs or in CTSS KO tumors compared to the untreated
animals (Fig. Se,f). Altogether, these results indicate that, in preclinical
models using human cancer cells, we specifically delivered APICs to
the tumor and inhibited the target activity. Lastly, because inhibition
of CTSS induces antitumoral immune responses mediated by acti-
vated cytotoxic CD8' T cells, to fully assess the efficacy of APIC treat-
mentinvivo, we needed animmunocompetent model. To thatend, we
selected VavP-Bcl2transgenic animals, which spontaneously develop
follicular lymphoma, anindolent form of B cell malignancy, and whose
tumors recapitulate key pathological features of the human disease®.
Notably, animals treated with the anti-mouse CD79-C10 APIC biweekly
for3 weeks showed asignificant decreasein B220" B cells, in correlation
with an increase in antitumoral cytotoxic CD8" T cells (Fig. 5g-j and
Extended Data Fig. 10e,f). Detailed multicolor immunofluorescence
tissue analysis and relative quantification clearly detected a reduc-
tion in B220* lymphoma cells (blue) and CD4" T cells (green) and an
increase in CD8" T cells (red) in APIC-treated animals (Fig. 5i-I), fully

recapitulating the phenotype observed in VavP-Bcl2 CTSS KO mice™
(Fig. 5i-1and Extended Data Fig. 10g). The overall fraction of cells in
the hematopoietic compartment was notimpacted by APIC treatment
and treated mice did not lose weight compared to those treated with
unconjugated antibody (Extended Data Fig. 10h,i), indicating good
tolerability of the treatment. Overall, we demonstrated that, using a
modular combination of antibodies and NNPIs, we can tailor the design
of APICs to block specific oncogenic cysteine proteases in vivo.

Discussion

Thestructure and mechanism of action of a protein can be used as the
starting point to rationally design specific inhibitors®***. Inthis study,
we took advantage of the conserved catalytic pocket of cysteine cath-
epsins to design covalentinhibitors and develop ascreening platform
for the rapid identification of selective inhibitors targeting different
cathepsins. Remarkably, using site saturation mutagenesis screen-
ings, werapidly improved NNPI potency and achieved specificity. This
represents anotable advantage compared to more classical medicinal
chemistry approaches that require the laborious modifications of
several chemical groups of the original small molecule to improve
its potency. Cathepsins have evolved to recognize specific peptide
sequences and have different substrate selectivity. The screening strat-
egy that we adopted efficiently explores and exploits the different
substrate preferences of each protease, facilitating the identification
of specificinhibitors. With this approach, it is also possible to develop
NNPIs with a broader reactivity to multiple cathepsins, if necessary.
Indeed, the possibility to modulate the design of NNPIs to inhibit one or
multiple targets could become useful to anticipate problems of redun-
dancyin cathepsin activity and to prevent compensatory mechanisms
by other proteases. Here, starting from rational design, we developed
covalent and specific cathepsininhibitors; however, in the future, our
approach could be extended to other cysteine, threonine or serine
proteases using similar principles®.

To be therapeutically effective and limit side effects, inhibitors
not only need to selectively bind their target but must also reach the
desired cells. To this purpose, we exploited a cell-type-specific deliv-
ery modality that also improves NNPI stability and internalization
and we demonstrated that conjugation with therapeutic antibodies
isideal for the delivery of NNPIs to inhibit cathepsins. The activity of
cathepsins is required in the lysosome for protein degradation and
recycling. APICs accumulating in the lysosome could be subjected to
cathepsin-mediated degradation; however, NNPIs are able to bind cath-
epsins even while attached to the antibodies, forming APIC-cathepsin
complexes. Thus, APICs seem to act as molecular traps for cathepsins.
Moreover, atargeted delivery approach appears to be essential to maxi-
mize the therapeutic impact of cathepsin inhibition. In fact, several
cysteine cathepsins are validated targets for treating various diseases.
However, in clinical trials, systemic inhibition of specific cathepsins
such as CTSK and CTSS using small-molecule inhibitors has resulted
in either inefficacy or harmful side effects. This led to the withdrawal
of aCTSK inhibitor from the market**°*>and hampered theinterestin
advancingthe development of cathepsininhibitors. We tested the effi-
cacy of petesicatib, asmall-molecule inhibitor targeting CTSS, and our
APICin parallel. Notably, inhibition of CTSS activity could be achieved
with both compounds but only the treatment with the APIC was able
toinduce the activation of cytotoxic CD8' T cells, triggering the killing
of tumor cells. We also demonstrated that our modular drug platform
canbe usedtodevelop APICs for the treatment of other diseases such
as osteoporosis by targeting osteoclasts; the same could be achieved
for autoimmune disorders by tailoring the combination of NNPIs and
antibodies. Considering that cathepsins regulate several physiologi-
cal processes and are expressed in most cell types, cell-type-specific
delivery of the inhibitor represents an exquisite opportunity to thera-
peutically block the activity of these proteases while preventing side
effects, reviving the possibility of using cathepsin inhibitors in the
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determined by a two-tailed ¢-test. h, Scheme of invasion assay with breast cancer
celllines. i, Representative images of sampled regions of stained membranes.

Jj, Quantification of cell migration based on imaging of stained membranes
intheindicated conditions in BT-474 (three separate experiments, each with
n=3independent transwells treated per condition; mean and s.e.m. values

are shown) and HCC-1569 (n = 4 independent transwells treated per condition;
mean and s.d. values are shown) breast cancer cells. Pvalues were determined by
atwo-tailed ¢-test.
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clinic for the treatment of cancers and other diseases. The develop-
ment of analogous cell-type-specificinhibition strategies might prove
effective totarget other proteases that areinvolved in several different
pathological conditions, opening the way to a generation of targeted
therapies with cell-type-specific delivery.
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Methods

NNPI synthesis

4-Aminocrotonic acid was used for the NNPI synthesis to insert
a Michael acceptor in the backbone of the peptidic compound.
4-Aminobutyric acid was used to synthesize the modified version of
the NNPIwith asingle bond replacing the double bond in the Michael
acceptor (NNPI-C10-NC). The synthesis of the NNPI libraries for the site
saturation mutagenesis screenings was outsourced to GL Biochem.
Thelist of all NNPIsequences synthesized as part of these two libraries
is provided together with the Source Datafiles linked to this article.

Site saturation mutagenesis screenings

Alibrary of 126 NNPIs was screened by FRET assay on CTSS WT, CTSS
Y132D and CTSB using 384-well plates. For each of the seven amino
acid positions in the original NNPI-3 structure, 18 different amino
acid substitutions were tested (we excluded cysteine because it would
generate unstable NNPIs that would react with each other in solution
and we also excluded the amino acid that was originally presentin the
NNPI-3 at that position). For the second screening on CTSKand CTSL,
another library of 32 NNPIs was used. For each of the amino acids at
positions 2to 7 in the original NNPI-E15 structure, six different amino
acid substitutions were tested (A, L, T, W, E or R). The final concentra-
tions of enzyme and substrate were the same as those described in
the Supplementary Methods for the respective FRET assays. The final
reaction volume per well was 20 pl. The inhibitor concentration was
15 puMfor the screenings on CTSSWT and CTSS Y132D, 7.5 uM for CTSB
and 30 nM for CTSK and CTSL. Fluorescence emission was measured
with aBioTek Neo HTS plate reader. Plate layout, raw data and analyzed
data for all five screenings are provided in the Source Data file associ-
ated with Fig. 1.

Antibody conjugation

The antibody in PBS buffer at pH 7-7.5was moved to a1.5-mltube ora
15-ml conical centrifuge tube and degassed. The antibody was keptata
concentration of1-10 mg ml™. A30x molar excess of TCEP reagent was
added to reduce disulfide bonds; then, the solution was flushed with
inert gas (N,) and incubated for 20 min at room temperature. Next, a
20x molar excess of DBCO-maleimide (Sigma-Aldrich, cat.no.760668-
5MG) was added to the antibody solution, which was then flushed
again with inert gas and incubated for 90 min at room temperature
with slow rotation. The excess of DBCO-maleimide was then removed
using a disposable PD-10 desalting column (Cytiva, cat. no. 17-0851-
01). The antibody concentration in the eluted fractions was quanti-
fied by Nanodrop. The antibody-DBCO was then conjugated with a
4-10x molar excess (depending on the application) of the azide-NNPI
(custom-produced by GL Biochem) or AF488 (Thermo Fisher, cat. no.
A10266) at4 °Covernight. When the applicationrequiredit, the excess
of NNPI or dye was removed using a disposable PD-10 desalting column.
The conjugated antibody was stored at 4 °C.

Imaging of gel fluorescence after cathepsin binding assay
After activating CTSS as described in the Supplementary Methods,
by diluting it in activation buffer to a concentration of 75 pg ml™
(2 uM), the enzyme was incubated with a 50x molar excess of labeled
NNPI-C10-AF488. As a negative control, CTSS was incubated alone,
while, in a second control, it was preincubated with 400 uM E64 for
10 min before adding NNPI-C10-AF488. After the addition of load-
ing buffer, all samples were heated for 5 min at 95°C and run on an
SDS-PAGE gel (15%). The gel was imaged with a Typhoon imager (GE
Healthcare). Protein loading was later confirmed by Coomassie blue
staining (PanReac AppliChem, C.1. 42660).

Mass photometry analysis
Mass photometry is a noninvasive and nondestructive technique for
the analysis of molecular masses in solution. This technique is based

oninterferometric scattering microscopy of single moleculesin close
proximity of an interface, where interferometric contrast has been
shownto belinearly proportional to molecular mass within a range of
40-4,000 kDa (ref. 66). 1t can be used to measure the molecular mass
of single biomolecules and molecular complexes®” .

Antibodies and APICs were analyzed alone or after 1-h preincuba-
tionwitha10x molar excess of CTSS (previously activated as described
inthe Supplementary Methods). For each acquisition, 2 pl of antibody
or APICat100 nMwas diluted in18 pl of 50 mM sodium acetate, 5 mM
DTT and 250 mM NaCl, directly on the instrument, a Refeyn TwoMP
photometer (Refeyn). Following autofocus stabilization, movies of
120-s duration were recorded. Data acquisition was conducted using
AcquireMP software (Refeyn, version1.2.3) and processed and analyzed
with Discover MP software (Refeyn, version1.2.3).

Cell culture

Human WSU-DLCL2 (obtained from the Leibniz Institute DSMZ
repository), Raji (obtained from the American Type Culture Collec-
tion (ATCC)), BT-474 (ATCC), Karpas-422 (ATCC), HCC-1569 (ATCC)
and SU-DHL-4 (ATCC) celllines were cultured in RPMI11640 GlutaMAX
medium (Thermo Fisher, cat. no.1870010) supplemented with 10%
FBS (Thermo Fisher, cat. no. 10270-106) and 1% penicillin-strepto-
mycin (Thermo Fisher, cat. no. 15140122). The human RT-4 cell line
(ATCC) was cultured in DMEM (Thermo Fisher, cat. no. 41966-029)
supplemented with 10% FBS and 1% penicillin-streptomycin. The
human PC-3 cell line (ATCC) was cultured in F-12K Nut Mix medium
(Thermo Fisher, cat. no. 21127-022) supplemented with 10% FBS and
1% penicillin-streptomycin. HEK293E cells were originally obtained
from Life Technologies (Invitrogen) and maintained in EX-CELL
293 serum-free medium from Sigma-Aldrich. ExpiCHO cells were
obtained as part of the ExpiCHO Expression System from Thermo
Fisher (cat. no. A29133). The A20 mouse diffuse large B cell lym-
phoma cell line (ATCC, cat. no. ATCC-TIB208, BALB/c background)
andthe genetic variants generated fromit were cultured in RPMI11640
medium (Thermo Fisher, cat. no.1870010) supplemented with 10%
heat-inactivated FBS, 1 mM sodium pyruvate (Sigma-Aldrich, cat.
no. S8636), 2 mM L-glutamine (Thermo Fisher, cat. no. M11-006),
10 mM HEPES (Sigma-Aldrich, cat. no. H3537), 25 pg ml™ gentamicin
(Thermo Fisher, cat.no. G1397), 50 mM 2-mercaptoethanol (Thermo
Fisher, cat.no.31350-010) and 5 mM D-glucose (Sigma-Aldrich, cat.
no.G8769). The A20-HA-GFP cell line expressing the hemagglutinin
(HA) gene from influenza virus strain A/Puerto Rico/8/1934 HIN1
(UniProt P03452) was kindly provided by Novimmune SA. All cell
lines were authenticated within the past year by short tandem repeat
DNA profiling. All cells were maintained at 37 °Cin a water-jacketed
incubator containing 5% CO,.

Primary cellisolation and culture

Primary human B cells. Primary human B cells were isolated from
peripheral blood mononuclear cells (PBMCs) of healthy donors using
the EasySep Human CD19 Positive Selection Kit Il (Stemcell Technolo-
gies, cat. no. 17854) and EasySep magnet according to the manufac-
turer’s protocol. Cell culture was conducted using R8 medium (RPMI
1640 with 8% human serum (BioWest, cat. no. S4200), 1% GlutaMAX
Supplement, 1% penicillin-streptomycin, 1% HEPES, 1% sodium pyru-
vate, 1% MEM nonessential amino acids and 50 M 2-mercaptoethanol
(all from Gibco, Thermo Fisher)), supplemented with recombinant
humanIL-4 (40 ng mlI™) (Miltenyi Biotec, cat.no.130-093-924). Human
B cells were cultured at a density of 10° cells per ml in six-well plates
that were preseeded overnight with the CD154-expressing pulmonary
epithelial cell line L2 (gift from). Di Domizio; 3 x 10° cells per well, irradi-
ated with40 Gy using the RS 2000 X-ray Biological Irradiator from Rad
Source Technologies)” at 37 °C, 5% CO, in a humidified atmosphere.
Proliferating B cells were harvested every 3-4 days, resuspended in
fresh R8 medium and transferred to new six-well plates seeded with
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freshirradiated CD154-expressing cells. After 15 days of culture, acti-
vated primary human B cells were collected, washed with PBS (1x)
and resuspended in R8 medium at a density of 2 x 10° cells per ml for
downstreamapplications.

Osteoclast differentiation. PBMCs were isolated from a healthy
donor’s buffy coat by density centrifugation using Ficoll-Paque
medium (Cytiva, cat. no.17-1440-02) and PBS.

The isolated PBMCs were cultured in a cell culture flask in RPMI
1640 medium (Thermo Fisher, cat.no.1870010) supplemented with10%
heat-inactivated FBS, 2 mM L-glutamine (Thermo Fisher, cat. no. M11-
006), 1 mM sodium pyruvate (Sigma-Aldrich, cat. no. S8636),10 mM
HEPES (Sigma-Aldrich, cat.no. H3537), 5 mM D-glucose (Sigma-Aldrich,
cat.no.G8769), 25 ng ml gentamicin (Thermo Fisher, cat. no. G1397),
50 mM 2-mercaptoethanol (Thermo Fisher, cat. no. 31350-010) and
50 ng mlI™ macrophage colony-stimulating factor (M-CSF; Thermo
Fisher, cat.no. PHC9504). After 72 h, when the attached cells reached
confluency, the monolayer was washed with PBS and the adherent
M-CSF-dependent macrophages were retrieved from the culture flask.
The cells were then resuspended in culture medium, counted and
seeded in a 48-well plate at 3 x 10* cells per well in 300 pl of culture
medium supplemented with 50 ng mI™ M-CSF. On the following day,
the medium was replaced with culture medium supplemented with
50 ng mI™* M-CSF and 60 ng ml™ receptor activator of nuclear factor
kB ligand (RANKL; MedChemExpress, cat. no. HY-P73386). Half of the
medium was changed after 48 h. Osteoclasts were retrieved after 96 h
and used for downstream applications.

Flow cytometry

Receptor expression. To assess receptor expression in multi-
ple tumor cell lines, 2 x 10° cells per condition were washed in FC
buffer (PBS (Gibco, Thermo Fisher, cat. no. 10010-015) and 2% BSA
(Sigma-Aldrich, cat. no. A7906)) and incubated with 50 pl of human
Fcblock (BD Biosciences, cat. no. 564219, diluted 1:50) for 15 min. Cells
were subsequently stained with FITC-conjugated mouse anti-human
CD22 (clone HIB22, BioLegend, cat. no. 302504, diluted 1:200) or
AF488-conjugated mouse anti-human HER2 (Clone 24D2, BioLegend,
cat.no. 324410, diluted 1:200) antibody for 45 minat 4 °Cin FC buffer.
Cells were then washed three times to remove unbound antibody,
resuspended in PBS and analyzed using an LSR Fortessa FC instrument
(BD Biosciences).

Antibody-Dye conjugate internalization. To assess the internali-
zation of antibody-dye conjugates by tumor cell lines, 2 x 10° cells
per condition were washed in FC buffer and incubated with 50 pl of
human Fcblock for 15 min. Cells were subsequently incubated with the
antibody-dye conjugate or control compound for 4 hat 4 °C or 37 °C
in FC buffer. Next, cells were washed three times to remove unbound
antibody and resuspended in PBS; the quencher anti-AF488 antibody
(ThermoFisher, cat.no. A11094) was added to the conditions needing
tobe quenched and then cells were analyzed usingan LSR Fortessa FC
instrument (BD Biosciences).

APIC lysosomal delivery. To assess APIC lysosomal delivery, the
corresponding APIC was labeled with the pHrodo iFL Red Microscale
Protein Labeling kit (Thermo Fisher, cat. no. P36014), following the
manufacturer’sinstructions. A total of 2 x 10° cells per condition were
subsequently incubated with the labeled APIC for 150 min at 4 °C or
37 °C. Next, cells were washed three times to remove unbound anti-
body, resuspended in PBS and analyzed using an LSR Fortessa FC instru-
ment (BD Biosciences).

Cytosolic CD74 accumulation. To assess cytosolic CD74 accumula-
tionin multiple tumor celllines, 2 x 10° cells per condition were treated
in duplicate with the compounds indicated for 24-48 h. At the end of

the treatment, the cells were fixed, permeabilized and washed with a
Fixation/Permeabilization Kit (BD Biosciences, cat. no. 554714). Cells
were then incubated with 50 pl of Fc block (BD Biosciences, cat. no.
564219 for human Fc block and cat. no. 553142 for mouse Fc block,
diluted 1:50) for 15 min and subsequently stained with PE-conjugated
mouse anti-human CD74 (clone Pin.1; BioLegend, cat. no. 357604,
diluted 1:200) or BV711-conjugated rat anti-mouse CD74 (Clone In-1;
BD Biosciences, cat. no. 740748, diluted 1:200) antibody for 30 min
at room temperature. Cells were then washed three times to remove
unbound antibody, resuspended in PBS and analyzed using an LSR
Fortessa FC instrument (BD Biosciences).

Splenocyte analysis. FC analysis of spleens isolated from in vivo
experiments was performed as previously reported'. Briefly, the
spleens were smashed and splenocytes were washed in PBS and
resuspended in red blood cell lysis buffer (Miltenyi Biotec, cat. no.
130-094-183) for 4 min at room temperature to lyse red blood cells.
Then, PBS was added to stop lysis and a 40-pm filter (Falcon, cat. no.
352350) was used to filter the cells and generate a single cell suspen-
sion. After cell counting, 2 x 10° cells were incubated for 15 min oniice
with 50 pl of Fc block (BD Biosciences, cat. no. 553142, diluted 1:50) in
fluorescence-activated cell sorting (FACS) buffer (PBS (Gibco, Thermo
Fisher, cat.no.10010-015) and 2% BSA (Sigma-Aldrich, cat. no. A7906)).
Then, samples were supplemented with 50 pl of the following antibody
mixture: APC-Cy7-conjugated rat anti-mouse CD45 (clone 30F11; BD
Bioscience, cat.no.557659), PE-CF594-conjugated rat anti-mouse B220
(clone RA3-6B2; BD Bioscience, cat. no. 562313), BV786-conjugated
hamster anti-mouse CD3 (clone 145-2C11; BD Bioscience, cat. no.
564379), PerCP-eFluor 710-conjugated rat anti-mouse CD4 (clone
RM4-5; Thermo Fisher, cat. no. 46-0042-82) and PE-Cy7-conjugated
rat anti-mouse CD8a (clone 53-6.7; BD Bioscience, cat. no. 552877).
Samples were subsequently washed three times in FACS buffer, resus-
pended in 200 pl of FACS buffer containing DAPI viability marker
(Molecular Probes, cat.no. D1306) and analyzed using an LSR Fortessa
FCinstrument (BD Biosciences). The gating strategy used to analyze
the FC datais exemplified in Supplementary Fig. 1. In brief, single cells
were gated using FSC-H/FSC-A and SSC-H/SSC-A gating; then, live cells
were gated using DAPI-negative gating; among live cells, leukocytes
were thenseparated using CD45 gating; among leukocytes, CD3-B220
gating allowed the separation of T cells (CD3") from B cells (B220");
among CD3"T cells, CD4-CD8 gating was used to identify CD4" T cells
and CD8" T cells.

FC data analysis. FC analyses were performed with FlowJo version
10.9.0 software (Tree Star).

Cathepsin labeling in living cells and lysate imaging

The gABPs selective for cysteine cathepsins become fluorescent only
after reacting with a cathepsin, which allows an assessment of the
enzymatic activity of this class of proteases.

For cellular labeling of cysteine cathepsins, 2 x 10° cells were
incubated with the BMV109 probe (200x in DMSO) at 1 uM in culture
medium andincubated for1hat37 °C. Whereindicated, the cellswere
preincubated for 6 h with the inhibitory compounds to be tested.
For fluorescence SDS-PAGE, the labeled cells were washed with PBS,
resuspended in hypotonic lysis buffer (50 mM PIPES pH 7.4,10 mM
KCI, 5 mMMgCl,,2 mMEDTA, 4 mMDTT and 1% NP-40), put onice for
15 min and centrifuged at 4 °C, 21,130g for 15 min; the supernatants
were collected. Equivalentamounts of total protein were denatured by
addition of 4x sample buffer (40% glycerol, Tris-HCI (0.2 M, pH 6.8),
8% SDS, 10% B-mercaptoethanol and 0.04% bromophenol blue) and
heated for 5 minat 95 °C, before being resolved by SDS-PAGE (15%), and
labeled cathepsins were visualized by scanning the gelwith a Typhoon
imager (GE Healthcare). Protein loading was confirmed by Coomassie
blue staining (PanReac AppliChem, C.1.42660).
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The concentrations of tested drugs were as follows:

 Raji cells and primary B cells from healthy donors were treated
with anti-CD79 antibody at 3.3 uM, anti-CD79-C10 APIC at 3.3 pM
or petesicatib at 40 pM.

« HCC-1569 and RT-4 cells were treated with anti-HER2 antibody at
3.3 uM, anti-HER2-D5 APIC at 3.3 pM or E64 at 40 pM.

« Osteoclasts were treated with NNPI-F17 at 20 pM, anti-SIGLEC-15
antibody at 3.3 pM, anti-SIGLEC-15-F17 APIC at 3.3 pM or odana-
catibat40 pM.

» PC-3 cells were treated with NNPI-G14 at 12 pM, anti-SIGLEC-15
antibody at 2 pM, anti-SIGLEC-15-G14 APIC at 2 uM or Z-FY-CHO
at20 uM.

Mouse models

CL4 TCRtransgenic mice were provided by R. Liblau. VavP-Bcl2 mice
were obtained from S. Cory. VavP-Bcl2 CTSS KO mice were derived
by our laboratory for a previous study'. All transgenic animals were
maintained in the Swiss Federal Institute of Technology Lausanne
(EPFL) animal facilities and all mice were kept in a12-h light 12-h dark
cycle,at18-23 °C with 40-60% ambient humidity, in accordance with
and asrecommended by the regulations of the Animal Welfare Act (SR
455) and Animal Welfare Ordinance (SR 455.1). Allanimal experiments
were performedinaccordance with the Swiss Federal Veterinary Office
guidelines and as authorized by the Cantonal Veterinary Office (animal
licenses VD2932.1,VD2993,VD3631 and VD3701).

Randomization

VavP-Bcl2mice wererandomized in the treatment groups without any
knowledge about tumor development. They were allocated randomly
to the treatment groups, ensuring that mice of comparable age were
assigned to each group. For the imaging of CTSS enzymatic activity
in vivo, as well as for the biodistribution experiments, allocation to
treatment groups was not random but based on tumor volume, to
have mice with similar tumor volumes in each group. No special ran-
domization criterion was needed for our molecular, biochemical and
cellular experiments.

Samplesize

For VavP-Bcl2 mice, the estimated effect size for the difference in the
number of B cellsinthe spleen of animals is large when comparingWT
and genetically modified C7SS KO mice'®, which meant that a sample
size of three mice per group could be enough to observe a significant
difference in such a case. Even though we aimed to obtain the same
phenotype, the experimental setup was different and, thus, the sample
size had to be greater. Because we planned to treat the mice with an
inhibitor for alimited time frame and pharmacological inhibitors rarely
achieve complete inhibition, we decided to perform the experiment
with five mice per treatment group.

For the imaging of CTSS enzymatic activity, we did not find exam-
ples of in vivo comparisons of cathepsin activity in WT versus cath-
epsin KO models or upon CTSS inhibitor treatment in the literature;
therefore, we could not estimate the effect size a priori. On the basis of
similar experiments reported in the literature to study the activity of
other cathepsins in vivo using the same molecular probe*, we decided
to use three mice per treatment group.

For the biodistribution experiments, the number of animals was
chosen on the basis of what is suggested by the literature and normally
used for these standard experiments’'.

Subcutaneous Raji tumors

A total of 2.5 x 10° Raji WT or CTSS KO cells were injected subcutane-
ously into the right flank of 8-10-week-old NSG (NOD.Cg-Prkdc*
12rg™™7/Sz]) mice under isoflurane anesthesia. The maximal tumor
size permitted by the corresponding animal license (as listed above)

is 1,000 mm?>. Tumors were measured every 2-3 days using
a caliper and volumes were calculated using the formula
(width x length x height x m)/6 . Animals were killed right before the
tumor volume reached 1,000 mm?® or at the experimental endpoint.

Invivo treatment and imaging of cathepsin activity

To evaluate cathepsin inhibition by the anti-CD79-C10 APIC in vivo,
treatment was started when tumors reached a diameter of >5 mm in
all animals. Mice were treated intraperitoneally with either 500 pg
of anti-CD79-C10 APIC or 500 pg of anti-CD79 antibody twice, with
the second injection 24 h after the first. Then, 48 hafter the first injec-
tion, the BMV109 probe (20 nmol; 0.8 nmol g™!) was administered
through the tail vein in a volume of 100 pl (20% DMSO in PBS). Next,
8 h after injection, mice were imaged noninvasively using a Xenogen
IVIS Imaging System 200 (PerkinElmer). The images were analyzed
with Living Image software (PerkinElmer, version 4.8.0). Gates of the
same size were used to measure the signal radiating from the tumor
forall seven mice.

Treatment of VavP-Bcl2 mice

To assess the efficacy of APIC treatment, VavP-Bcl2 female mice were
treated intraperitoneally twice a week for a total of five times over
17 days with anti-mouse CD79-C10 APIC or unconjugated anti-
mouse CD79 antibody (20 mg kg™ dose; five mice per group, age-
matched and 21-30 weeks old at treatment start). Then, 3 days after
thelastinjection, mice werekilled and the spleen was collected for FC
and histology analyses. One VavP-Bcl[2 CTSS KO mouse of the same age
was killed on the same day to collect its spleen for analysis.

Multiplexed immunofluorescence analysis

The 4plex immunofluorescence was performed as previously
described', using the fully automated Ventana Discovery ULTRA
(Roche Diagnostics) with Ventanasolutions, following the manufactur-
er’srecommendations. Briefly, dewaxed and rehydrated paraffin sec-
tions were pretreated with heat using standard condition (40 min) CC1
solution. The primary antibodies used were as follows: rat anti-mouse
F4/80 (clone Cl:A3-1; Bio-Rad, cat.no. MCA497GA), rat anti-mouse CD8
(clone 4SM15; eBioscience, cat. no. 14-0808-82), rat anti-mouse CD4
(clone 4SM95; eBioscience, cat. no. 14-9766-82) and rat anti-mouse
B220 (clone RA3-6B2; eBioscience, cat. no. 13-0452-82), which were
applied sequentially and incubated at 37 °C for 1 h. The samples were
incubated withrat InmPRESSHRP (ready to use, VectorLabs) and then
the primary antibodies used were revealed with the Rhodamine 6G
(Ventana, cat.no.760-244), Red 610 (Ventana, cat. no. 760-245), Cyanine
5(Ventana, cat.no.760-238) and fluorescein amidite (Ventana, cat. no.
760-243) fluorescent kits (Roche Diagnostics), respectively. Between
eachantibody labeling step, heat denaturation was performed. Slides
were subsequently acquired using an Olympus VS120 slide scanner
(Evident) and later analyzed using QuPath.

Quantification and statistical analysis

For FRET, FC, transwell invasion, viability and in vivo experiments,
data were analyzed and plotted using the software GraphPad Prism
9. The results represented in bar plots report the mean * s.d. of the
indicated number of independent replicates. The central line of the
box plots indicates the median, the whiskers indicate the maximum
and minimum values and the box limits correspond to the 25th and 75th
percentiles. Two-tailed ¢-tests, F-tests and one-way analyses of variance
were used as indicated in the legends. Details on the quantification,
normalization and statistical tests used in every experiment can be
found in the corresponding figure legends, including the number of
independentreplicatesin each experiment. Data collection and analy-
sis were not performed blind to the conditions of the experiments.
Datadistribution for the measurements taken in the context of in vivo
experiments was assumed to be normal but this was not formally tested
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for the present study. No animal was excluded from the analysis of
thein vivo experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The atomic models related to this study have been deposited to the
PDB under accession codes 8PI13 and 8RND. Source data are provided
with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig.1| Design and development of NNPIs targeting CTSS or
CTSB. a) FRET assay assessing cleavage of 3 different substrate peptides by CTSS
(n=3independent replicates; mean and SD values are shown). b) Binding mode
of the CD74 peptide LRMKLPKP calculated using the Attracting Cavities docking
software. Inthe top panel, the CTSS surface is displayed and colored in brown.
The peptideis shownin ball and stick representation. The central KL residues of
the CD74 peptide are calculated to be in the vicinity of the CTSS Cys139 catalytic
residue, labeled in bold (bottom). c) Results of FRET assay testing CTSS inhibition
by NNPI-1,2,3and 4 (n =2independent replicates). d) FRET assay assessing CTSS
inhibition atincreasing NNPI-3 concentrations (n = 3 independent replicates;
mean and SD values are shown). e) Sequence and CTSS inhibition capacity of
different NNPIs with single amino acid substitutions compared to NNPI-3 (n =3
independent replicates; mean and SD values are shown). f) Sequence and CTSS

inhibition capacity of different NNPIs combining 2 amino acid substitutions
compared to NNPI-3 (n =3 independent replicates; mean and SD values are
shown). The most potent NNPIs are labeled in blue. g) FRET dose-response
quantification of CTSS inhibition by NNPI-C2 (n = 3 independent replicates; mean
and SD values are shown). h) Sequence and CTSS inhibition capacity of different
NNPIs combining up to 2 new amino acid substitutions compared to NNPI-C2
(n=3independent replicates; mean and SD values are shown). The most potent
NNPIis labeled inred, and its molecular structure is represented on the right. i)
Sequence and CTSBinhibition capacity of different NNPIs with up to 3 amino acid
substitutions compared to NNPI-C10 (n =3 independent replicates; mean and

SD values are shown). The most potent NNPI is labeled in red, and its molecular
structure is represented on the right.
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Extended Data Fig. 2| NNPIs specificity and activity on CTSS Y132D.
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based on FRET assays performed on a panel of 7 different cysteine cathepsin
proteases (n =3 for each condition in each FRET assay). IC,, values are given
asaratio of drug/enzyme molar concentration in the assay. b) Dose-response
curve quantifying the inhibitory potency of NNPI-C10 on CTSS Y132D (n =3
independent replicates; mean and SD values are shown). ¢) Site saturation
mutagenesis screening differential results comparing inhibitors on CTSSWT
and CTSS Y132D. Amino acid changes colored in green favor inhibition of the
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mutant form over the wild-type one, whereas the orange ones work better on

the wild-type formand less on the mutant CTSS (n =2 independent replicates).
d) FRET assay assessing CTSK inhibition at increasing NNPI-D1 concentrations
(n=3independent replicates; mean and SD values are shown). e) Sequence and
CTSKinhibition capacity of different NNPIs with single amino acid substitutions
compared to NNPI-D1 (n =3 independent replicates; mean and SD values are
shown). The most potent NNPIis labeled in red. f) FRET assay assessing CTSK
inhibition by NNPI-D1 and NNPI-E15 at 50 nM (n = 3 independent replicates; mean
and SD values are shown).
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Extended Data Fig. 3| NNPI mutagenesis screening libraries and structural
changes to obtain potent CTSK and CTSL inhibitors. a, b) Single-site
mutagenesis screening libraries applied to CTSS and CTSB (a) or CTSK and
CTSL (b). ¢, d) Sequence and inhibitory potency of different NNPIs with single
amino acid substitutions tested on CTSK (c) or CTSL (d) compared to NNPI-E15
(n=3independent replicates; mean and SD values are shown). e, f) Sequence
and inhibitory potency of different NNPIs with alternative single amino acid

substitutions tested on CTSK (e) or CTSL (f) compared to the most potent NNPIs
identified in the previous screening step (labeled in dark blue). The best NNPIs
identified are labeled in light blue (n =3 independent replicates; mean and SD
values are shown). g, h) Sequence and inhibitory potency of different NNPIs
combining up to 3 amino acid changes compared to NNPI-E15 (n = 3 independent
replicates; mean and SD values are shown), tested on CTSK (g) or CTSL (h). The
most potent NNPIs are labeled inred.
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Extended Data Fig. 4 | Assessment of covalent bond formation between
NNPI-C10 and CTSS. a) Fluorescence and coomassie blue staining of gel loaded
with CTSS alone or incubated with AF488-derivatized NNPI-C10. Different
concentrations of E64 were tested to assess if NNPI-C10 could be displaced from
CTSS. Images of 1 out of 2independent experiments represented. b) Molecular

structure of NNPI-C10-NC, differing from C10 because of a single bond replacing
the double bond in the Michael acceptor. ¢) Intact mass spectrometry analysis
of CTSS in complex with NNPI-C10 (red peaks) compared to CTSS alone (black
peaks), performed in denaturing conditions.
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Extended DataFig. 5| Crystal structures of NNPI-C10 in complex with
CTSS. a, b) Superposed crystal structures of CTSSWT (grey) and CTSS Y132D
(blue). Backbone structure of NNPI-C10 represented in purple. Active cysteine
represented inyellow, aspartate 132 inred, histidine and asparagine from the
catalytic triad in orange. ¢) Proximity of histidine in position 2 of NNPI-C10 and

phenylalanine 184 of CTSS (highlighted in light blue). d) Position of tryptophan
at the C-terminus of NNPI-C10 and phenylalanine 260 and tryptophan 300 of
CTSS (highlighted in light blue). Histidine 278 of CTSS is also highlighted in red.
e) Summary of hydrogen bonds identified between NNPI-C10 and CTSS Y132D.
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Extended DataFig. 6 | Antibody-peptide inhibitor conjugates (APIC) this experiment. ¢, d) Flow cytometry analysis of CD22 (c) and HER2 (d) surface
characterization. a) Intact mass spectrometry analysis of the xCD22-C10 APIC receptor expression in different B cell lymphoma (WSU-DLCL2, SU-DHL-4, Raji,
(black peaks) compared to the unconjugated aCD22 antibody (red peaks). b) Ly-19), breast cancer (HCC-1569, BT-474) and bladder cancer (RT-4) cell lines.

Mass photometry analyses of CTSS, aCD79 antibody or aCD79-C10 APIC aloneor ~ One representative histogram per cell line is shown (n = 2 per cell line). e) Flow
incubated together. APIC conjugated with a 2-fold, 4-fold or 8-fold molar excess cytometry analysis of SU-DHL-4 lymphoma cells stained with AF-488 labeled

of C10-NNPIwas used. CTSS was always used in 10-fold molar excess to antibody APIC. An anti-AF-488 antibody was used to quench the signal of the fluorophore
or APIC. Histograms represented in Fig. 2c were obtained by overlaying datafrom  and assess the internalization of the APIC at4 °C and 37 °C (n = 2 per condition).
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Extended Data Fig. 7| Cathepsin inhibition by APICs in cellular assays.
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withaCD79 APIC or petesicatib, assessed by BMV109 quenched activity-based
probe (QABP). c) CTSBinhibition in RT-4 bladder cancer cells assessed by BMV109

qABP. d) Dose-dependent CTSS inhibition in Raji cells treated with increasing
concentration of aCD79 APIC assessed by BMV109 quenched activity-based
probe (QABP).
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measured by flow cytometry in Karpas-422 (a, n =4 independent wells per d) Quantification of FRET assay assessing murine CTSS inhibition atincreasing
condition) and Raji (b, n = 6 independent wells per condition) cells after 48 h NNPI-C10 concentrations (n = 3 independent replicates; mean and SD values
incubation with APIC (red), unconjugated antibody (grey) or PBS (black). are shown). e) Murine CTSS inhibition in A20 cells treated with «CD79 APIC or
Median fluorescence intensity (MFI) normalized to PBS condition. P-value petesicatib, assessed by BMV109 qABP. Lysate from untreated CTSS KO A20 cells
was determined by two-tailed t-test. ¢) CD74 accumulation measured by flow was loaded as control.

cytometry in Karpas-422 and WSU-DLCL2 cells overexpressing CTSS Y132D
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Extended Data Fig. 9| APIC efficacy in T cell assay and transwell assay. a) CD74
accumulation measured by flow cytometry in A20 cells after 24 hincubation

with APIC (red), unconjugated antibody (grey) or PBS (black). Petesicatib (blue)
and respective DMSO control (black) were tested in parallel. MFI normalized to
PBS condition (n =2 independent wells treated per condition). b, ¢) Proliferation
score (b) and representative proliferation peaks (c) of CD8 T cells measured by
flow cytometry after 72 hours of co-culture upon treatment with APIC (red),
controlantibody (grey), PBS (black) or Petesicatib (dark blue). CTSS KO A20

cells (dark red) and B2m KO A20 cells (blue) were included as controls (n=3
independent wells treated per condition; mean and SD values are shown).

P-value was determined by two-tailed t-test. d) Comparison of proliferation score
of CD8T cells co-cultured with A20 WT versus B2m KO lymphoma cells, measured
by flow cytometry after 72 hours of co-culture upon treatment with APIC, control
antibody or PBS (n =3 independent wells treated per condition; mean and SD
values are shown). P-value was determined by two-tailed t-test. e) Viability and
cell density of HCC-1569 breast cancer cells after 48 hour treatment with APIC
(red), control antibody (grey) or PBS (black) (n = 3independent wells treated

per condition; mean and SD values are shown). P-values were determined by
one-way ANOVA.
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Extended Data Fig. 10 | Biodistribution and invivo efficacy of antibody-
peptide inhibitor conjugates in human xenograft and syngeneiclymphoma
mouse models. a) Fused coronal SPECT/CT images at 48/72 hours post-injection
of ["In]NOTA-aCD79 APIC in NSG mice bearing Raji subcutaneous tumors.
Tumor mass indicated by awhite arrow (n =2 per condition). b) Biodistribution of
["In]NOTA-«CD79 APIC (red, n = 3; mean and SD values shown) in Raji tumor-
bearing NSG mice. To demonstrate CD79 specificity of ["In]NOTA-APIC uptake, a
1mgexcess of unlabeled APIC was co-injected (orange, n = 3; mean and SD values
shown). ¢) Fused coronal SPECT/CT images at 48/72 hours post-injection of ['In]
NOTA-aCD22 APIC in NSG mice bearing Raji tumors (mass indicated by white
arrow). d) Biodistribution of ["'In]NOTA-aCD22 (blue, n = 4; mean and SD values
shown) in Raji tumor-bearing mice. To demonstrate specificity, al mg excess

of unlabeled APIC was co-injected (dark blue, n = 3). e) Negative correlation
between the percentage of B cells and CD8+ T cells in the spleen of mice treated
with APIC (red, n =5) or unconjugated anti-mCD79 antibody (black, n = 5) and

a CTSS KO control mouse. A straight line was fitted by simple linear regression.

P-value was determined by two-tailed F-test. f) Flow cytometry quantification

of CD8+ T cellsin the spleen of mice treated with APIC (red) or anti-mCD79
antibody (gray) (n =5 mice per group). One age-matched control CTSS KO mouse
(darkred) was included as reference. g) Representative images of multicolor
immunofluorescence of the spleen of a vavP-Bcl2 CTSS KO mouse. Markers: B220
for B cells (blue), CD4 for CD4+ T cells (green), and CD8 for CD8+ T cells (red).
Arepresentative region of the larger spleen section stained is shown. h) Flow
cytometry quantification of CD45+ cells in the spleen of mice treated with APIC
(red) or anti-mCD79 antibody (gray) (n = 5 mice per group). One age-matched
control CTSS KO mouse (dark red) was included as reference. i) Evolution of
body weight of mice treated with APIC (red) or unconjugated anti-mCD79
antibody (black) (n =5 mice per group; mean and SD values shown). In panels f
and h, the central line of boxplots indicates the median value, whiskers indicate
the maximum and minimum value; box limits correspond to the 25th-75th
percentiles. P-values were determined by two-tailed t-test.
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Software and code

Policy information about availability of computer code

Data collection  Mass photometry data acquisition was conducted using AcquireMP software (Refeyn, Ltd, v1.2.3). In vivo imaging of fluorescence signal was
performed using a Xenogen IVIS Imaging System 200 and the Living Image software (PerkinElmer, v4.8.0).

Data analysis For FRET assays, flow cytometry, transwell invasion assays, viability assays and in vivo experiments, data were analyzed and plotted using the
software GraphPad Prism 9. For X-ray data processing and analysis: data were processed with XDS and structures were solved by a
combination of Se-SAD phasing in Phenix and molecular replacement with PHASER. Refinement was performed with Phenix. Iterative cycles of
model building with Coot and restrained refinement were performed. Figures related to X-ray analyses of crystal structures were prepared
using PyMOL (The PyMOL Molecular Graphics System, Schrodinger, LLC., v2.5.5). The mass spectrometry spectra were deconvoluted using
Protein Deconvolution Software (Thermo Fisher Scientific, Waltham, MA, USA, v4.0). Mass photometry data were processed and analyzed
with Discover MP software (Refeyn Ltd, v1.2.3). In vivo imaging data were analyzed with Living Image software (PerkinElmer, v4.8.0). Flow
cytometry data was analysed using FlowJo (Becton Dickinson and Co., USA, v10.9.0). Image preparation and analysis for PET/SPECT was done
using the PMOD software (PMOD technologies, version 3.709, Zurich, Switzerland).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- A description of any restrictions on data availability
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The atomic models related to this study have been deposited to the Protein Data Bank (PDB, https://www.wwpdb.org/) under accession codes 8PI3 and 8RND. Raw
and analysed data associated to Figure 1 and Extended Data Figure 2, as well as NNPI sequences and original gel scans are provided as Source Data files.
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Sample size For vavP-Bcl2 mice, the estimated effect size for the difference in the number of B-cells in the spleen of animals is large when comparing wild-
type and genetically modified CTSS KO mice, which meant that a sample size of 3 mice per group could be enough to observe a significant
difference in case of a full CTSS KO. Even though we were aiming to obtain the same phenotype, the experimental set up was different thus
the sample size could not be directly transposed. Since we treated the mice with an inhibitor for a limited time-frame , starting only at 18-30
weeks after birth, we expected a smaller effect size when assessing the difference in tumor development. Since we were working with
pharmacological inhibitors that are never 100% effective and can introduce additional variability, we hypothesized based on our experience,
that 5 mice per treatment group would be sufficient to detect a significant difference between treatment groups if the inhibitor was effective.

For the imaging of CTSS enzymatic activity, we did not find in the literature examples of in vivo comparison of cathepsin activity in wild-type
versus cathepsin KO models or upon CTSS inhibitor treatment, so we could not estimate the effect size a priori. Based on similar experiments
reported in the literature to study the activity of other cathepsins in vivo using the same molecular probe (Verdoes et al., ) Am Chem Soc.,
2013), we decided to use 3 mice per treatment group.

For the biodistribution experiments, the number of animals was chosen based on what is suggested by the literature and normally used for
these standard experiments (see for example Delage et al., Cancers, 2021).

Data exclusions  No data were excluded from the analyses.

Replication All molecular, biochemical and cellular assays presented in this study were replicated independently twice or more, and the results of all the
replicate experiments are described in the article.

Randomization  vavP-Bcl2 mice were randomized in the treatment groups without any knowledge about tumor development. They were allocated randomly
to the treatment groups, ensuring that mice of comparable age were assigned to each group.
For the imaging of CTSS enzymatic activity in vivo, allocation to treatment groups was not random but based on tumor volume, to have mice
with similar tumor volumes in each group.
Analogously, for the biodistribution experiments, allocation to treatment groups was not random but based on tumor volume, to have mice

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




with similar tumor volumes in each group.
No special randomization criterion was needed for our molecular, biochemical and cellular experiments.

Blinding For the in vivo experiments, during data collection, blinding of the experimenter was not relevant because data was collected in parallel for all
animals using the same appropriate instruments and keeping the same acquisition parameters for all samples, therefore data collection could
not be biased.

For all the other experiments, data collection was performed for all samples in parallel with automatized instruments (e.g. SpectraMax iD3
plate reader for fluorescence detection), therefore blinding of the experimenter was not required.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies

Antibodies used PE mouse anti-human CD74 (clone Pin.1, Biolegend, cat #357604); BV711 rat anti-mouse CD74 (Clone In-1, BD Biosciences, cat
#740748, diluted 1:200); APC-Cy7 rat anti-mouse CD45 (clone 30F11, BD Bioscience, cat #557659); PE-CF594 rat-anti mouse B220
(clone RA3-6B2, BD Bioscience, cat #562313); BV786 hamster anti-mouse CD3 (clone 145-2C11, BD Bioscience, cat #564379); PerCP
efluor710 rat anti-mouse CD4 (clone RM4-5, Thermo Fisher Scientific, cat #46-0042-82); PE-Cy7 rat anti-mouse CD8a (clone 53-6.7,
BD Bioscience, cat #552877).

Anti-his-Tag primary antibody (Cell Signaling, cat #D3110); IRDye 800CW goat anti-Rabbit secondary 1gG antibody (LICOR, cat
#926-32211); goat anti-human Cathepsin S (Bio-Techne, cat #AF1183); rabbit anti-human Cathepsin B XP Rabbit mAb (clone D1C7Y,
Cell Signaling, cat #31718), anti-His-Tag XP rabbit mAb (clone D3110, Cell Signaling, cat #12698), mouse anti-human alpha-Tubulin
(clone B-5-1-2, Sigma Aldrich, cat #T76074); IRDye 680RD goat anti-Mouse IgG (LI-COR, cat #926-68070); goat anti-rabbit antibody (H
+L) (Merck Millipore, cat #AP307P), goat anti-mouse antibody (H+L) (Merck Millipore, cat #AP308P), rabbit anti-goat 1gG (H+L)
(ThermoFisher scientific, cat #31402).

Validation All the antibodies used in this study were validated for use in the context of the species of interest by the manufacturer.

Furthermore, all the primary and secondary antibodies used are standard products already reported multiple times in the literature
for the same applications, and we used them only for applications for which they had been validated.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Mouse Diffuse Large B cell Lymphoma cell line A20 were obtained from ATCC (at #ATCC-TIB208, BALB/c background) .
A20-HA-GFP cell line expressing hemagglutinin (HA) gene from influenza virus strain A/Puerto Rico/8/1934 HIN1 (UniProtKB-
P03452) were originally provided by Novimmune SA.
HEK293E cells were obtained from Life Technologies (Invitrogen).
ExpiCHO cells were obtained as part of the ExpiCho Expression System from Thermo Fisher Scientific (cat #A29133).
Human Raji, BT-474, Karpas-422, HCC-1569, SU-DHL-4, RT-4 and PC-3 cell lines were obtained from ATCC, whereas human
WSU-DLCL2 were obtained from the DSMZ repository.

Authentication The cell lines used in this study were authenticated by STR DNA profiling.
Mycoplasma contamination The cell lines used in this study were tested for mycoplasma contamination when they were obtained and all tested negative.

Commonly misidentified lines  no commonly misidentified cell lines were used in this study.
(See ICLAC register)




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

In vivo experiments involving subcutanous injection of Raji cells were performed on 8-10-week-old NSG mice (NOD.Cg-Prkdcscid
112rgtm1W;jl/Sz)).

For the experiments involving treatment of a transgenic lymphoma mouse model, vavP-Bcl2 mice were used and treatment was
started when the mice were 21-30 weeks old.

For the T-cell assay: HA-specific TCR CD8+ T cells were isolated from the spleen of CL4 TCR transgenic mice (8-12 weeks old).
Mice were kept in a 12 hours-light / 12hours-dark cycle, at 18-23°C with 40-60% ambient humidity, as recommended and in
accordance with the regulations of the Animal Welfare Act (SR 455) and Animal Welfare Ordinance (SR 455.1).

The study did not involve wild animals.
In vivo studies were performed on female mice.
The study did not involve samples collected from the field.

All animal experiments were performed in accordance with the Swiss Federal Veterinary Office guidelines and as authorized by the
Cantonal Veterinary Office (animal licenses VD2932.1, VD2993, VD3631 and VD3701).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Describe-any-atithentication-procedures for-each-seed-stock-tised-ornovel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

For the T-cell assay: HA-specific TCR CD8+ T cells were isolated from the spleen of CL4 TCR transgenic mice. The spleen was
smashed, the cells were washed in PBS, resuspended in RBC lysis buffer (Miltenyi Biotec, cat #130-094-183) for 4 minutes at
room temperature to lyse red blood cells, PBS was added to stop lysis and cells were filtered through a 40 um filter (Falcon,
#352350) to generate a single cell suspension. Single cell suspension was then processed through a negative mouse CD8 T
cell (Miltenyi Biotec, cat #130-104-075) isolation kit following the manufacturer’s instructions.

A20-HA lymphoma cells WT, Ctss KO, or B2m KO, expressing HA (hemagglutinin) as antigen were pre-treated with the
indicated compounds for 16 hours and then co-incubated for 72 h with CellTrace Violet-stained (Thermo Fisher, cat #C34557)
CD8+ T cells isolated from CL4-HA transgenic animals, in presence or absence of treatment. At the end of the lymphoma
cells/T cells co-culture, cells were collected, stained with DAPI viability dye (Thermo Fisher, cat #D1306) and analyzed for the
proliferation of T cells by quantifying CellTrace Violet proliferation peaks, using a LSR Fortessa flow cytometer (BD
Biosciences). The absolute number of A20 lymphoma cells in each sample was also assessed through the use of CountBright
Absolute Counting Beads (Thermo Fisher, cat #C36950), by comparing the ratio of bead events to cell events for each sample.
For flow cytometry analysis of spleens harvested from in vivo experiments: the spleens were smashed, the cells were washed
in PBS, resuspended in RBC lysis buffer (Miltenyi Biotec, cat #130-094-183) for 4 minutes at room temperature to lyse red
blood cells, PBS was added to stop lysis and cells were filtered through a 40 pum filter (Falcon, #352350) to generate a single
cell suspension. After cell counting, 2x10e6 cells were incubated with 50 ul of Fc Block (BD Biosciences, cat #553142) 1:50
solution in FACS buffer [PBS (Gibco/Thermofisher scientific, cat #10010-015), 2% BSA (Sigma Aldrich, cat #A7906] for 15 min
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Instrument
Software
Cell population abundance

Gating strategy

on ice. Samples were subsequently supplemented with 50 ul of the following antibody mixture: APC-Cy7 rat anti-mouse CD45
(clone 30F11, BD Bioscience, cat #557659), PE-CF594 rat-anti mouse B220 (clone RA3-6B2, BD Bioscience, cat #562313),
BV786 hamster anti-mouse CD3 (clone 145-2C11, BD Bioscience, cat #564379), PerCP efluor710 rat anti-mouse CD4 (clone
RM4-5, Thermo Fisher Scientific, cat #46-0042-82), PE-Cy7 rat anti-mouse CD8a (clone 53-6.7, BD Bioscience, cat #552877).
Samples were then washed three times, resuspended in 200 ul of FACS buffer containing DAPI viability marker (Molecular
probes, cat #D1306), and analyzed using LSR Fortessa flow cytometer (BD Biosciences).

LSR Fortessa flow cytometer (BD Biosciences)
Flow cytometric analyses were performed with FlowJo V10.9.0 software (Tree Star, Ashland, OR USA).
Cell sorting was not performed in this study.

The complete gating strategy is exemplified in the Supplementary Information. In brief, single cells were gated using FSC-H/
FSC-A and SSC-H/SSC-A gating; then, live cells were gated using DAPI-negative gating; among live cells, leukocytes were then
gated using CD45+ gating; among leukocytes, CD3/B220 gating allowed to separate T cells (CD3+) from B cells (B220+);
finally, among CD3+ T cells, CD4/CD8 gating was used to identify CD4 T cells and CD8 T cells (as CD4+ and CD8+ cells
respectively).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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