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Abstract

Biomarkers of disease progression and treatment response are urgently needed for patients with
lymphangioleiomyomatosis (LAM). Activity-based nanosensors, an emerging biosensor class,
detect dysregulated proteases in vivo and release a reporter to provide a urinary readout of disease.
Because proteases are dysregulated in LAM and may directly contribute to lung function decline,
activity-based nanosensors may enable quantitative, real-time monitoring of LAM progression and
treatment response. We aimed to assess the diagnostic utility of activity-based nanosensors in a
preclinical model of pulmonary LAM.

Tsc2-null cells were injected intravenously into female nude mice to establish a mouse
model of pulmonary LAM. A library of 14 activity-based nanosensors, designed to detect proteases
across multiple catalytic classes, was administered into the lungs of LAM mice and healthy
controls, urine was collected, and mass spectrometry was performed to measure nanosensor
cleavage products. Mice were then treated with rapamycin and monitored with activity-based
nanosensors. Machine learning was performed to distinguish diseased from healthy and treated
from untreated mice.

Multiple activity-based nanosensors [PP03 (cleaved by metallo, aspartic, and cysteine
proteases), Padgj < 0.0001; PP10 (cleaved by serine, aspartic, and cysteine proteases), Padgj= 0.017)]
were differentially cleaved in diseased and healthy lungs, enabling strong classification with a
machine learning model (AUC = 0.95 from healthy). Within two days after rapamycin initiation,
we observed normalization of PP0O3 and PP10 cleavage, and machine learning enabled accurate
classification of treatment response (AUC = 0.94 from untreated).

Activity-based nanosensors enable noninvasive, real-time monitoring of disease burden

and treatment response in a preclinical model of LAM.



Introduction
Lymphangioleiomyomatosis (LAM) is a rare lung disorder that is characterized by cystic lung
destruction, progressive lung function decline, and lung failure [1]. Pathologically, LAM is
characterized by abnormal proliferation of smooth muscle-like LAM cells in the lung that may
originate from the uterus [2]. LAM cells have bi-allelic loss-of-function mutations in tuberous
sclerosis complex (TSC) 1 or 2, which act to inhibit the mechanistic target of rapamycin complex
(mTORC1). LAM cells aberrantly express proteases (predominantly matrix metalloproteinases
[MMPs] 2 and 9 [3-5] and cathepsin K), which have collagenolytic activity [6] and may contribute
directly to lung degradation and cyst formation [7-9]. Consistent with the role of mMTORCL in this
disease process, rapamycin is the standard of care for patients with LAM [10, 11]. However,
rapamycin treatment is not curative, and the disease progresses when treatment is discontinued,
requiring continuous therapy with associated side effects [11, 12]. Currently, pulmonary function
tests, including forced expiration volume in 1 second (FEV1), are the standard method of
monitoring disease burden and response to therapy [13]. However, FEV1 is prone to technical
variability [14] and is slow to respond to therapy, hindering clinical decision making and impeding
the pace of clinical trials. Therefore, quantitative, accurate, and rapidly responsive biomarkers are
urgently needed to monitor patients with LAM and evaluate the efficacy of novel therapies.
Given the limitations of existing biomarkers for LAM, various additional blood biomarkers
and imaging tools have been explored [15]. Serum VEGF-D is increased in the majority of patients
with LAM [16, 17] and has thus been proposed as a candidate biomarker. However, VEGF-D has
suboptimal sensitivity for LAM [17] and its levels do not reliably predict response to therapy [16].
A recent study revealed 32 circulating biomarkers, including VEGF-D, that changed significantly

in the serum of LAM patients treated with a combination of rapamycin and hydroxychloroquine



[18]. However, no analyte changes by week 3 of treatment were found to correlate with FEV1
changes over the 24-week study duration. Finally, high resolution computed tomography has been
investigated as a candidate tool for monitoring therapeutic response, but imaging findings have
not been shown to change in response to rapamycin treatment [19].

Because dysregulated proteases are a hallmark of LAM, we hypothesized that measuring
protease activity could enable accurate and quantitative monitoring of disease. Our group has
previously developed “activity-based nanosensors (ABNSs),” which measure disease activity in
vivo by querying protease activity at the site of disease [20-25]. Short, 8-12 amino acid peptide
substrates are conjugated to a nanoparticle and administered intravenously or intratracheally. At
the disease site, peptide substrates are cleaved by dysregulated proteases, liberating barcoded
“reporters” that are cleared into the urine, where they can be detected by mass spectrometry (MS).
By appending each substrate with a unique reporter, multiple substrates can be tested
simultaneously. Here, we establish the utility of activity-based nanosensors in a novel mouse
model of pulmonary LAM. Using machine learning, we build classifiers that accurately read out
LAM disease activity and progression and rapidly detect response to rapamycin therapy.
Collectively, these results support the clinical development of activity-based nanosensors for

monitoring progression and treatment response in LAM.

Methods

Animal experiments

All animal studies were approved by the Massachusetts Institute of Technology (MIT) committee
on animal care (protocol 0420-023-23). For all procedures requiring anaesthesia, mice were

anesthetized by isoflurane (Zoetis; Parsippany, NJ, USA) inhalation.



Mouse model of pulmonary LAM

105K cells were transduced with a lentivirus encoding for luciferase and a puromycin selection
cassette (LP-hLUC-Lv201-0200, Genecopoeia; Rockville, MD, USA), followed by selection with
puromycin (1 ug/ml). To establish an in vivo LAM model, female nude mice (3-4 weeks old) were
injected intravenously with 5x10° luciferized 105K cells (105K-Luc). Disease burden was
monitored by IVIS imaging (PerkinElmer; Waltham, MA, USA). For in vivo administration,
rapamycin was prepared in a vehicle containing 0.25% PEG-200 and 0.25% Tween-80. LAM mice
were treated with intraperitoneal injections of rapamycin (LC Labs; Woburn, MA, USA) (1 mg/kg
or 3 mg/kg) or vehicle 3-4 times per week and were monitored by IVIS.

In vivo disease monitoring with activity-based nanosensors

Nanosensors (GluFib-Substrate-PEG-840kpa) for urinary experiments were synthesized by CPC
Scientific (San Jose, CA, USA) and sterile filtered with 0.2 um syringe filters prior to use.
Nanosensors were dosed (50 pl total volume, 20 uM concentration per nanosensor) in mannitol
buffer (0.28 M mannitol, 5 mM sodium phosphate monobasic, 15 mM sodium phosphate dibasic,
pH 7.0-7.5) by intratracheal instillation, immediately followed by a subcutaneous injection of PBS
(200 ul) to increase urine production. Bladders were voided 60 minutes after nanosensor
administration, and all urine produced 60-120 min after administration was collected. Urine from
each mouse was pooled and frozen at -80°C. LC-MS/MS was performed as described previously
[21].

Statistical analysis

For all urine experiments, urinary peak area ratio (PAR) values generated by LC-MS/MS were
normalized to the PAR of each nanosensor in the injected dose and then mean scaled across all

reporters in a given urine sample before further statistical analysis. To identify differential urinary



reporters, all reporters were analysed by unpaired two-tailed t test, followed by correction for
multiple hypotheses using the Holm-Sidak method in GraphPad Prism 7.0. P, < 0.05 was
considered significant. PCA was performed on mean-scaled PAR values and implemented in R
using the prcomp package and visualized using ggplot2. For disease classification based on urinary
activity-based nanosensor signatures, randomly assigned sets of paired data samples consisting of
features (the mean-scaled PAR values) and labels (for example, LAM [18 days] and Rap [+2 days])
were used to train random forest classifiers implemented with the TreeBagger class in MATLAB
R2019b. Estimates of out-of-bag error were used for cross-validation, and trained classifiers were
tested on randomly assigned, held-out test cohorts. Ten independent train-test trials were run for
each classification problem, and classification performance was evaluated with ROC statistics
calculated in MATLAB. Classifier performance was reported as the mean accuracy and AUC

across the ten independent trials.

Results

Tsc2 deficiency induces protease dysregulation

We first sought to establish a mouse model that captured the dysregulated protease activity that is
characteristic of LAM [1]. We leveraged a Tsc2-null kidney cystadenoma cell line, termed
“105K”, that was previously derived from a renal tumour that spontaneously formed in a Tsc2*"
mouse [26]. Analysis of spontaneous mouse kidney cystadenomas similar to those used to isolate
the 105K cells revealed punctate expression of MMP2 and MMP9 and intense, ubiquitous
expression of CTSK (figure 1a, top). All three proteases were absent in wild type mouse kidneys
(figure 1a, bottom). Consistent with reports that LAM-associated CTSK activity is dependent on

an acidic microenvironment [27], western blot of lysates from 105K cells cultured at neutral pH



revealed a 37 kDa band corresponding to pro-CTSK [28] (figure 1b). A 27 kDa band, consistent
with the size of the active protease form, was detected when recombinantly-expressed mouse
CTSK protein was run on the same gel. No anti-CTSK-reactive bands were observed in wild-type
mouse kidney or lung homogenates (figure 1b). Finally, we found that 105K cells secreted multiple
metalloproteases (MMP2, MMP3, MMP8, and MMP12) in vitro, and that expression was

significantly abrogated by reintroduction of Tsc2 (figure 1c).

Tsc2 null cells are responsive to rapamycin in vitro and in vivo

The Tscl and Tsc2 genes encode hamartin and tuberin, respectively, which form a complex to
inhibit the mTORCL1 cascade [10, 29]. Loss of either hamartin or tuberin results in deregulation of
mTOR signalling, and thus uncontrolled cell growth and proliferation. We sought to assess
whether rapamycin, an mTOR inhibitor and the first-line therapy in patients with LAM, would
inhibit 105K cell growth.

We first treated 105K cells with rapamycin in vitro and found that their growth was slowed
in a dose-dependent manner (figure S1a). Next, we sought to assess whether 105K cells could be
introduced into the lungs of mice to induce disease resembling human LAM. Previous models of
LAM have leveraged Tsc2-null “TTJ” cells that were passaged as flank tumours to increase
aggressiveness, but it was unknown whether the parental “105K” cells would efficiently seed the
lungs [9]. To enable in vivo tracking of disease burden, we performed lentiviral transduction of
105K cells with a luciferase expression cassette. We then performed tail vein injection of 5x10°
luciferase+ 105K (105K-Luc) cells in nude mice and monitored luciferase expression by IVIS. We
found that 105K-Luc cells seeded the lungs and formed detectable disease burden within three

weeks post inoculation, as assessed by IVIS (figure S1b, top) and histological assessment (figure



S2). These lesions were proliferative, as evidenced by pronounced Ki-67 staining across all lesions
(figure S3). To assess the efficacy of rapamycin in vivo, we treated mice with rapamycin either
immediately after 105K-Luc cell inoculation (“Prevention”) or 20 days after inoculation
(“Treatment”). We observed very minimal disease in mice treated with rapamycin at day 0 and
almost complete regression of disease within 8 days in mice treated at day 20 (figure S1b-c; figure

S2).

Tsc2-deficient lesions harbour aberrant protease activity

We next sought to investigate protease activity in Tsc2-deficient lesions. We first injected 1x10°
105K cells subcutaneously into the flanks of female nude mice and excised tumours when they
reached volumes of ~500 mm?3. We incubated homogenates of these tumours, as well as lungs from
healthy nude mice, with a panel of 16 quenched fluorescent protease substrates expected to be
broadly cleaved by metallo, serine, and cysteine proteases, and monitored fluorescence over time
(figure S4a) [22, 24]. We found that multiple substrates were preferentially cleaved by Tsc2-
deficient tumor homogenates relative to healthy lung (figure S4b). By subjecting the cleavage data
to principal component analysis (PCA), we found that 105K cleavage profiles clustered
independently from healthy lungs, demonstrating global differences in proteolytic landscapes
(figure S4c). To assess whether these proteolytic differences were preserved when 105K lesions
were established in the lungs, we initiated the pulmonary LAM model via intravenous injection of
5x10° 105K-Luc cells and collected bronchoalveolar lavage fluid (BALF) 5, 13, and 19 days later.
We incubated BALF from diseased mice at 13 and 19 days, as well as healthy controls, with an
additional panel of 16 quenched fluorescent substrates (figure S4d) and found, by PCA, global

differences in pulmonary protease activity in diseased and healthy mice that increased with disease



progression (figure S4e). Intriguingly, this study revealed that proteases in both BALF and
homogenates from our LAM mouse models preferentially cleaved the substrates PP05 and PQ16,
suggesting conservation of protease activity patterns in TSC2-deficient biospecimens regardless
of the microenvironment (i.e. flank tumors vs. pulmonary lesions) (figure S4b, d).

We then performed ELISA in BALF to quantify MMP9 and MMP2 concentrations in the
lungs of mice with 105K lesions. We observed a striking increase in MMP9 concentration in the
BALF of diseased mice 13 (P = 0.0028) and 19 (P = 0.0011) days after 105K cell inoculation
(figure S5a). Furthermore, we found that MMP9 concentration correlated with disease burden, as
assessed by IVIS (r?= 0.63, P = 0.0007) (figure S5b). We observed a trend toward increased
MMP2 concentration in BALF of diseased mice at day 19 (P = 0.16) (figure S5c), and found that
MMP2 concentration correlated with disease burden (r> = 0.49, P = 0.0053) (figure S5d).
Immunofluorescence staining revealed ubiquitous cathepsin K expression in 105K lesions at day

19 (figure S6).

Activity-based nanosensors are efficiently cleaved by proteases across catalytic classes

Having established a mouse model of LAM, assessed its responsiveness to rapamycin, and
characterized its proteolytic landscape, we next sought to develop activity-based nanosensors
tuned to detect these proteases. Because LAM is characterized by broad protease dysregulation,
which was recapitulated in our mouse model, we selected a panel of 14 peptide substrates that we
had previously found to be cleavable by proteases across multiple classes, including MMPs and
cathepsins [21]. We first sought to characterize the sensitivity of each substrate for proteases of
different catalytic classes. We synthesized quenched fluorescent versions of each substrate,

designed such that fluorescence was activated upon proteolytic cleavage. We incubated each probe



against a recombinant human metalloprotease (MMP?2), serine protease (PRSS3), aspartic protease
(NAPSA), and cysteine protease (CTSK) at protease concentrations ranging from 10 pM to 10 nM
and monitored fluorescence increase over time (figure S7). We found that each probe in the panel
had a unique cleavage signature (figure S7, S8) and that each protease was able to cleave at least
one probe, with minimum detectable protease concentrations as low as 10 pM after 1 hour of
incubation (figure S8, table S1). Thus, we concluded that the 14 nominated peptide substrates

provided broad and sensitive coverage of proteases across catalytic classes.

PPO3 is cleaved by aspartic proteases in Tsc2-deficient lesions under acidic conditions

We next sought to investigate the activity of different classes of proteases in Tsc2-deficient tissue
and assess the ability of the 14 peptide substrates to detect each protease class. We diluted
homogenates of Tsc2-deficient 105K cell flank tumors in pH 7.5 buffer and incubated them with
each of the 14 fluorogenic peptide substrates, with or without inhibitors of metalloproteases
(marimastat), serine proteases [4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride,
AEBSF], cysteine proteases (E64) and aspartic proteases (pepstatin). We found that only
marimastat and AEBSF resulted in appreciable abrogation of peptide cleavage, suggesting that
only metalloproteases and serine proteases were active in Tsc2-deficient tissue under neutral pH
conditions (figure S9). Given recent reports of extracellular acidification driving pathological
protease activity in LAM [27], we repeated this experiment in acidic (pH 5.25) buffer. Whereas
the cleavage of 13 of the 14 peptides significantly decreased at acidic pH, the cleavage of one
peptide, PP03, significantly increased (Pagj = 0.011) (figure 2a). We therefore hypothesized that
PP03 may be cleaved by either aspartic or cysteine proteases, which exhibit optimal activity under

acidic conditions, in Tsc2-deficient tissue. We found that cleavage of PPO3 was almost fully



abrogated by the aspartic protease inhibitor pepstatin at pH 5.25 (P = 0.0017) (figure 2b), but was
unaffected by inhibitors against serine, metallo, or cysteine proteases (figure 2c-d). In line with
these observations, we found that PP0O3 was the peptide cleaved most efficiently by the aspartic
protease NAPSA in our study (figure 2e). Collectively, these data suggest that the set of 14
substrates broadly detects metallo and serine proteases at neutral pH and PP03 specifically detects

aspartic proteases at acidic pH in 105K tumor homogenates.

Activity-based nanosensors enable noninvasive detection of pulmonary 105K lesions in mice
To enable multiplexed protease activity measurement in vivo, each of these 14 substrates was
uniquely labelled with a mass-encoded urinary reporter. As previously described [20], we used
variable labelling of the 14-mer glutamate-fibrinopeptide B (Glu-Fib) with stable isotope-enriched
amino acids to uniquely barcode each of the 14 peptide substrates. Multiple reaction monitoring
via a liquid chromatography triple quadrupole mass spectrometer (LC-MS/MS) enabled
quantitative assessment of urinary reporter concentration within a broad linear range [21]. Finally,
these 14 barcoded protease substrates were conjugated to 40 kDa 8-arm poly (ethylene glycol)
nanoparticles, as previously described [21].

We then performed intravenous injection of 5x10° 105K-Luc cells and monitored disease
development by IVIS (figure S10). We administered the 14-plex nanosensor panel by intratracheal
instillation in LAM mice 14 days and 18 days after disease induction (figure 3a). All urine
produced between 1 and 2 hours after nanoparticle administration was collected and mass
spectrometry was performed. At 14 days, we observed significantly increased pulmonary protease
activity against PP03, which we had previously found to be cleaved by aspartic proteases at low

pH (figure 2), in LAM mice relative to healthy controls (Pagj = 0.034) (figure 3b, left). Furthermore,



among LAM mice at 14 days, PP03 signal was found to positively correlate (r = 0.5871, P =
0.0082) (figure S11a) with disease burden, and two sensors cleaved primarily by serine proteases
[21], PPO8 (r = -0.6983, P = 0.0009) (figure S11b) and PP11 (r = -0.4617, P = 0.0466) (figure
S1ic) negatively correlated with disease. Consistent with this finding, at 18 days, cleavage of
PP03 was further increased in LAM mice (Pagj = 1.4x107®), and cleavage of PP08 (Pagj = 0.0047)
and PP11 (Pagj = 0.026) were significantly decreased (figure 3b, right). On the basis of these
differentially cleaved nanosensors, we observed separation of LAM and healthy mice by
unsupervised dimensionality reduction with PCA at both tested time points (figure 3c). We then
trained a random forest machine learning classifier using a subset of LAM mice and healthy
controls from both time points and tested its ability to accurately classify mice in an independent,
held-out cohort from the same experiment. We found that the classifier distinguished LAM mice
from healthy controls as early as day 14 (AUC = 0.81) and that classification was enhanced at 18
days (AUC = 0.95) (figure 3d). Our results suggest that activity-based nanosensors can measure
disease-associated protease dysregulation in a mouse model of pulmonary LAM, enabling accurate

disease detection.

Activity-based nanosensors enable rapid treatment response evaluation in LAM mice

We then sought to assess whether activity-based nanosensors could enable objective, quantitative,
and rapid assessment of treatment response in LAM. We began treating LAM mice with rapamycin
18 days after disease induction and monitored their pulmonary protease activity with activity-
based nanosensors at two and eight days after rapamycin induction. By IVIS, we observed a
significant reduction in lung disease burden as early as two days after treatment initiation (P <

0.0001), which further decreased after 8 days (figure S10b). We found that both sensors whose



signal was significantly increased in LAM mice at 18 days, PP03 and PP10, returned to baseline
within two days after treatment induction (Pagj = N.S. from control) (figure 4a). Notably, we also
observed a transient increase above baseline in cleavage of PP04 (Pagj = 0.0012 from control) and
PP13 (Pagj = 0.0042 from control) after rapamycin treatment (figure 4a). Overall, the cleavage of
9 out of 14 nanosensors was significantly altered by treatment with rapamycin, suggesting a
profound shift in the pulmonary proteolytic landscape (figure 4b). Consistent with this finding, we
found, by PCA, that LAM mice treated with rapamycin for two days clustered separately from
both pre-treatment LAM mice and healthy controls (figure 4c, figure S12). However, continued
rapamycin treatment for 8 days resulted in pulmonary protease activity that clustered closely with
controls. Finally, we trained two random forest classifiers using a subset of LAM mice at day 18
and rapamycin-treated mice after 2 or 8 days of therapy and tested their ability to accurately
classify treated and untreated mice in an independent cohort. We found that the classifiers
accurately distinguished treated and untreated mice at both tested time points, with the strongest
classification at two days after treatment induction (AUC = 0.94) (figure 4d). Therefore, activity-
based nanosensors rapidly and reliably detect response to rapamycin in a mouse model of

pulmonary LAM.

Discussion

In this work, we demonstrate the utility of activity-based nanosensors for monitoring progression
and treatment response in a novel preclinical model of pulmonary LAM. We found that a
multiplexed panel of sensors enabled classification of disease, driven primarily by increased

pulmonary protease activity against two sensors, PP03 and PP10. Furthermore, we found that this



protease activity returned to baseline two days after treatment initiation, enabling near-perfect
classification of treatment response.

Treatment response monitoring via in vivo measurements of protease activity offers several
advantages over other surrogate endpoints like serum biomarkers, imaging, and spirometry. In
LAM, pulmonary protease dysregulation may contribute directly to lung degradation, leading to
pulmonary function decline and lung failure [1, 7, 8]. Therefore, measuring protease activity at the
site of disease may offer the most direct means of assessing disease activity and predicting long-
term outcomes. In contrast, biomarkers found in the blood are inherently correlative, as evidenced
by the lack of concordance between changes in serum biomarker concentrations and long-term
clinical outcomes in patients with LAM [16]. Though imaging methods like HRCT enable direct
visualization of cyst volume, which correlates with pulmonary function, these findings do not
appear to reverse in response to treatment [30]. Finally, pulmonary function testing is the gold-
standard method for determining pulmonary function, but its utility is limited in treatment response
monitoring because of technical variability and long lag times [1]. Although a clinical study would
be necessary to fully validate their utility in predicting long-term outcomes, activity-based
nanosensors may offer the most direct and rapidly responsive method of reading out disease
activity and treatment efficacy in LAM.

Our work also reveals new insights into the biology of disease progression and rapamycin
response in our mouse model of LAM. Recent co-culture experiments have shown that
extracellular acidification by LAM-associated fibroblasts results in increased expression and
activity of the lysosomal protease cathepsin K by TSC27- cells [27]. Intriguingly, PP03 and PP10,
the two nanosensors that were preferentially cleaved in LAM mice, are the only sensors in the

panel that are cleaved by the canonical lysosomal proteases NAPSA (figure 2e, figure S7, figure



S8, and table S1) and CTSD [21] under acidic conditions. In this work, we also demonstrated
efficient cleavage of PP03 and PP10 by cathepsin K in acidic buffer. Finally, PP03 was the only
peptide that was preferentially cleaved by 105K tumor homogenates under acidic conditions.
These findings suggest that ABNs may enable real-time monitoring of extracellular acidification
and the resulting aberrations in protease activity in LAM. Notably, we found that treatment with
rapamycin resulted in a rapid return to healthy levels for both PPO3 and PP10, consistent with
findings that rapamycin treatment inhibits extracellular acidification and protease activity in vitro
[27]. The apparent decrease in serine protease activity, as evidenced by the negative correlation
between disease burden and urinary PP08 and PP11 signal, may reflect an increase in the
expression of serine protease inhibitors over the course of disease progression, a feature of other
lung diseases [31, 32], but one that has yet to be described in LAM. Finally, we observed
transiently increased cleavage of multiple nanosensors following rapamycin treatment. PP04, the
sensor with the most significant increase in cleavage, is most efficiently cleaved in vitro by serine
proteases, including those involved in the immune response [21]. Although further studies will be
necessary to fully elucidate the mechanism underlying this transiently increased protease activity,
our results highlight the power of activity-based nanosensors to directly query disease-relevant
biological processes in vivo.

This work establishes activity-based nanosensors as a new paradigm for monitoring
progression and treatment response in LAM, but future studies should address key limitations and
unanswered questions. In particular, we did not fully characterize the mouse model described here
for evidence of cystic lung destruction, lymphatic involvement, or pulmonary function decline, all
of which are hallmarks of LAM in humans [1]. Furthermore, though numerous studies have

described dysregulation of metalloproteases [3, 4] and cathepsin K [27] in LAM, a definitive



causative link to disease progression has yet to be established, and a small trial of the MMP
inhibitor doxycycline failed to yield clinical benefit in LAM patients [33]. Although we
demonstrate that pulmonary cleavage of activity-based nanosensors rapidly responds to treatment
with rapamycin in mice, we did not assess whether these changes corresponded to long-term
functional outcomes in our mouse model. Clinical trials will be necessary to assess the utility of
activity-based nanosensors in predicting long-term response to therapy. Finally, we delivered
activity-based nanosensors via intratracheal instillation, but a clinically compatible delivery
method such as dry powder inhalation or nebulization will be required for use in humans.

In summary, we have demonstrated the utility of activity-based nanosensors in monitoring
progression and treatment response in a mouse model of LAM. Clinically, activity-based
nanosensors may enable rapid assessment of treatment response in patients treated with either
rapamycin or emerging experimental therapies. By enabling real-time monitoring of disease
activity, activity-based nanosensors may dramatically increase the pace of clinical trials and

provide accurate and timely information to guide patient care.
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Figure 1: Tsc2 deficiency results in aberrant protease expression. a) Immunofluorescence
staining (green) of MMP9, MMP2, and CTSK in representative primary lesions (outlined in white)
that formed spontaneously in the kidneys of Tsc2*- mice (top) compared to kidneys from healthy
control mice (bottom). Blue = DAPI (nuclei). Scale = 200 um. b) Western blot against mouse
cathepsin K (CTSK) in 105K cell lysates, recombinant mouse cathepsin K, and healthy mouse
kidney and lung. B-actin immunostaining is shown for each sample. Quantity of protein loaded
into each lane is noted. c) Expression (mean +/- SD), by multiplexed protein assay, of
metalloproteases in conditioned media from 105K cells and 105K cells with retroviral

reintroduction of Tsc2 (n =5). *P < 0.05, ****P < 0.0001 by two-tailed t test.
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Figure 2: PP03 is cleaved by aspartic proteases in Tsc2-deficient lesions at acidic pH. a)
Fluorescence fold change of PP01-PP14 after 30 minutes of incubation with 105K tumor
homogenates diluted in pH 5.25 (red) or pH 7.5 (white) buffer. *, Pagj < 0.05; **, Pagj < 0.01;
*** Padj < 0.001; **** P,g; < 0.0001 by two-tailed t test followed by adjustment for multiple
hypotheses with Holm-Sidak correction. b) Fluorescence fold change of PP03 after 30 minutes of
incubation with homogenates diluted in pH 5.25 or pH 7.5 buffer, with or without pepstatin
(“Pep”). **, P <0.01. c) Substrate cleavage after 30 minutes in homogenates diluted in pH 5.25
buffer incubated with or without inhibitors against metalloproteases (marimastat), serine
proteases (AEBSF), cysteine proteases (E64), or aspartic proteases (pepstatin), relative to
uninhibited homogenates. d) Fluorescence increase over time of PP03 incubated with

homogenates of 105K cell tumors at pH 5.25 with or without protease inhibitors. e) Fluorescence



increase over time of PP01-PP14 incubated with the aspartic protease NAPSA. PP03 is shown in

red.



KA, \ _ Nanosensor 18 days
AT "" \\\ administration ® PPO3
| s = 4+ 44
&f @ ;!
(@ e S
— _8_’ 5 E’ o] ePPo8
' 2 v ey o PP03 ® PP11 ® PP10
T - é - F) L 4 -
AN = ° o ° °
{ B m/z 0 e " 0 T
Urine Detection by Classmcatlon by 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
collection LC-MSMS  random forest Relative signal (LAM/Control) Relative signal (LAM/Control)
C) PCA: 1 A1 (14 days) vs. PCA: LAM (18 days)vs.  9) Classification of Disease
. Control (14 days) . Control (18 days) Tr
- g . J
© ©
> AL > 0.8
32 / 3 >
F . £ 25 50.6
[e% . E. . % .
a<) 0 o 6 c 0 4 D|Sease
* 2 00 \ B duration AUC
~
s |/ E ‘ 0.2 14 days 0.81
o ~ —18days 0.95
) S 25 0 e
o = = 7 o =5 o6 25 o 0 02 04 06 08 1
PC1 (23.2% explained var.) PC1 (30.1% explained var.) 1-Specificity

Figure 3: Activity-based nanosensors discriminate LAM mice from healthy controls. a)
Schematic of approach. b) Mean scaled urinary reporter concentrations in LAM mice and
healthy controls were compared at 14 days (LAM: n = 19; Control: n = 9) and 18 days (LAM: n
= 19; Control: n = 10) after disease induction and -logio(Padj) was plotted against fold change
between LAM and control. Significance was calculated by two-tailed t test followed by
adjustment for multiple hypotheses with Holm-Sidak correction. Dotted line is at Pagj = 0.05. ¢)
PCA of urinary reporter output of LAM mice and healthy controls at 14 days and 18 days after
disease induction. d) A random forest classifier was trained on urinary reporters from a subset of
LAM mice and healthy controls at both 14 (LAM: n = 5; Control: n =5) and 18 (LAM: n =5;
Control: n = 5) days. ROC curves show performance of this classifier in discriminating LAM
mice from healthy controls in an independent test cohort at both 14 (LAM: n = 14; Control: n =

4) and 18 (LAM: n = 14; Control: n = 5) days.
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Figure 4: Activity-based nanosensors enable rapid assessment of drug response in LAM. a)
Control-normalized urinary reporter signal for each of the 14 ABNs. Transparent lines show ABN
trajectories of each mouse over time, while opaque lines are averages over all mice. Red lines
represent LAM mice (n = 19) prior to rapamycin treatment and blue lines represent LAM mice
treated with 3 mg/kg rapamycin (3-4 times per week). Grey lines represent healthy control mice
(n = 10). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 from control. Error bars are SD.
For clarity, PP14 is presented on a larger scale y axis. b) Volcano plot showing the significance (-
l0g10Padj) and fold change of each urinary reporter in LAM mice 18 days after 105K-Luc cell
injection (“LAM (18 days)”) relative to LAM mice after 2 days of rapamycin treatment (“Rap (+2

days)”). Dotted line is at Pagj = 0.05. ¢) Mean scaled urinary reporter concentrations were



normalized to matched controls at each time point and subjected to PCA. d) Two random forest
classifiers were trained on urinary reporters from a subset of LAM (18 days) mice (n = 10) and
either Rap (+2 days) (n = 10) or Rap (+8 days) (n = 10) mice. ROC curves show performance of
these classifiers in discriminating Rap (+2 days) (n = 9) and Rap (+8 days) (n = 9) mice from
untreated LAM (18 days) (n = 9) mice in independent, held out test cohorts from the same

experiment.
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Supplementary Methods

Immunofluorescence staining

Kidneys were excised from 7-month-old Tsc2"- and WT AJ mice and fresh frozen in optimal
cutting temperature (OCT) media (Sakura; Torrance, CA, USA). Sections were stained with rabbit
IgG isotype control (ThermoFisher, #31235; Waltham, MA, USA) (2 pg/ml in block buffer) and
primary antibodies against mouse MMP9 (Abcam, ab137867; Cambridge, MA, USA) (1:250
dilution in block buffer), MMP2 (Abcam, ab37150, 1:200 dilution in block buffer), and CTSK
(Abcam, ab19027, 1:250 dilution in block buffer) for 2.5 hours at RT. Lungs were excised from
either healthy female nude mice or 19 days after intravenous inoculation with 5x10° 105K cells.
Lungs were filled with OCT media, embedded, cryosectioned, and stained for Ki-67 (Abcam,
ab15580, 1 ug/mL in block buffer) and cathepsin K (Abcam, ab19027, 1 ug/mL in block buffer)
for 1 hour at RT. Slides were imaged using a Pannoramic P250 whole slide scanner (3DHistech;
Budapest, Hungary).

Cell lines

Tsc2-null 105K cells were previously derived from a Tsc2"- C57BL/6J mouse renal tumour as
described (17). 105K+7sc2 cells were generated via retroviral reintroduction of 7sc2, as previously
described (18, 19). 105K and 105K+7sc2 cells were cultured in Dulbecco’s modified Eagle
medium supplemented with 10% foetal bovine serum and 1% penicillin-streptomycin.

Western blot for CTSK

105K cells were lysed in RIPA buffer supplemented with protease inhibitors. Normal kidney and
lung were harvested from healthy mice, snap frozen in liquid nitrogen, and subsequently
homogenized in ice cold RIPA buffer with protease inhibitors. Recombinant active mouse

cathepsin K (Biovision; Milpitas, CA, USA) was used as a positive control. Samples were loaded



into NuPAGE Bis-Tris Mini Gels (Invitrogen; Carlsbad, CA, USA) and western blot was
performed. Membranes were subsequently stained for cathepsin K (ab19027, Abcam, 1:1000 in
5% milk) and B-actin (ab8227, Abcam, 1:1000 in 5% milk).

Rapamycin dose response in 105K cells

Rapamycin (LC Labs) was reconstituted in ethanol. 105K cells were plated at 5,000 cells/well in
24-well plates and treated with either vehicle (0.002% ethanol) or rapamycin at 2 nM, 20 nM, or
200 nM. Cells were trypsinized and counted at each time point.

EXx vivo protease substrate screening

To establish flank tumours, 1x10° 105K cells (P20) were injected subcutaneously in female nude
mice (3-4 weeks old) and grown until tumour volumes were approximately 500 mm?®. Mice were
euthanized and tumours and healthy lungs were extracted, flash frozen in liquid nitrogen, and
homogenized in PBS using MACS M tubes (Miltenyi Biotec; Somerville, MA, USA) according
to manufacturer’s protocol. Sixteen previously reported protease-cleavable substrates (14) flanked
by a fluorophore (5-carboxyfluorescein) and quencher (CPQ2) were synthesized by CPC
Scientific. Homogenates were diluted to 200 mg of tissue/ml in PBS and incubated with
fluorogenic substrates (0.33 uM final concentration) at 30 pl final volume at 37 °C for 30 min. For
the protease inhibitor ablation study, homogenates were further diluted 5-fold in either pH 7.5
buffer containing 50 mM Tris, 10 mM CaCl,, 300 mM NaCl, 20 uM ZnCl», 0.02% Brij-35, and
1% bovine serum albumin (BSA) or pH 5.25 buffer containing 50 mM sodium acetate, 2.5 mM
EDTA, 1 mM DTT, 0.01% Triton X-100, and 1% BSA and pre-incubated with either marimastat
(1 mM), 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (400 uM), E64 (100 uM), or
pepstatin (4 pM) for 30 minutes. Fluorogenic substrates were then added at 10 uM final

concentration and cleavage was allowed to proceed for 60 min at 37 °C. For BALF experiments,



the pulmonary LAM model was initiated, as described in the main methods. After 13 and 19 days,
mice were euthanized by isoflurane overdose, and BALF was collected as previously described,
with a single 1 ml injection of cold PBS (20). Centrifugation at 8,000xg for 5 minutes was
performed at 4 °C to remove debris. BALF was incubated with a panel of 16 fluorogenic substrates
(0.33 uM final concentration) at 30 pl final volume at 37 °C for 45 min. For all ex vivo protease
activity experiments, proteolytic cleavage of substrates was quantified by increases in fluorescence
over time by fluorimeter (Tecan Infinite M200 Pro; Méannedorf, Switzerland).

Recombinant protease screening

Recombinant human MMP2 (Enzo), PRSS3 (R&D Systems), NAPSA (R&D Systems) and CTSK
(Enzo) were incubated with each fluorogenic peptide substrate (5 uM final concentration) at
enzyme concentrations ranging from 10 pM to 10 nM and fluorescence increase over time was
measured for 90 min by fluorimeter at 37 °C. MMP2 buffer consisted of 50 mM Tris, 10 mM
CaClz, 300 mM NaCl, 20 uM ZnClz, 0.02% Brij-35, and 1% BSA (pH 7.5); PRSS3 buffer
consisted of 50 mM Tris, 150 mM NaCl, 10 mM CaCl,, 0.05% Brij-35, and 1% BSA (pH 7.5);
NAPSA buffer consisted of 100 mM NaOAc, 200 mM NaCl, and 1% BSA (pH 3.5); CTSK buffer
consisted of 50 mM NaOAc, 2.5 mM EDTA, 1 mM DTT, 0.01% Triton X-100, and 1% BSA (pH
5.5).

Multiplexed protein assay

105K and 105K+T75sc2 cells were plated in 6-well plates (250,000 cells/well) and allowed to adhere
for 1 day. Media was replaced with serum-free media and supernatant was collected after 1 day.
Metalloprotease concentrations were quantified using a multiplexed protein assay (Eve
Technologies; Calgary, Alberta, Canada).

ELISA



For quantification of pulmonary protease concentrations, BALF was collected as described above
and concentrations of MMP9 (MMPT90, R&D Systems; Minneapolis, MN, USA) and MMP2

(MMP200, R&D Systems) were measured by ELISA, according to the manufacturer’s protocol.
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Figure S1: Tsc2-deficient 105K cells are responsive to rapamycin in vitro and in vivo. a) Cell
growth over time is shown for 105K cells treated with various doses of rapamycin or vehicle
(ethanol) (n = 2 wells each time point). b) Representative IVIS images of 105K-Luc-inoculated
mice treated with either vehicle or rapamycin (1 mg/kg) 20 days after intravenous injection of
105K-Luc cells. ¢) Quantification of lung luminescence in 105K-Luc-injected mice treated with
vehicle from day 20 (“Vehicle”), rapamycin from day 20 (“Treatment”), or rapamycin from day 0
(“Prevention”), and healthy controls (“Healthy”) (n =4 to 5 per group). Arrow denotes the time at
which rapamycin was initiated in the “Treatment” group. *P < 0.05, **P < 0.01 from “Vehicle” at
day 28 by Mann-Whitney test. Error bars are SD.
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Figure S2: 105K cell lesions respond to rapamycin treatment. Representative H&E images of
lungs from 105K-Luc-injected mice (“Vehicle”), healthy control mice (“Healthy”), and 105K-
Luc-injected mice treated with rapamycin at either day 20 (3 mg/kg, “Treatment”) or day 0 (1
mg/kg, “Prevention”).
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Figure S3: 105K lesions are proliferative. Inmunofluorescence images of Ki-67 staining (red)

in mouse lungs 19 days after intravenous injection with 105K cells (top) and in healthy control
lungs (bottom). Images are shown at low (scale = 200 um, left) and high (scale = 50 um, right)

magnification. Nuclei are shown in blue.
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Figure S4: Protease activity is dysregulated in LAM mouse model. a) Tissue lysates and
bronchoalveolar lavage fluid (BALF) were incubated with quenched fluorescent protease
substrates, enabling quantification of protease activity dysregulation and assessment of global
differences by PCA. b) Cleavage of peptides incubated with homogenates of 105K cell flank
tumors for 30 minutes, relative to cleavage by homogenates of healthy lung. ¢c) PCA of lysate
cleavage data at 30 minutes. d) Cleavage of peptides incubated with BALF from LAM mice at day
13 (d13) or day 19 (d19) for 45 minutes, relative to cleavage by BALF from healthy mice. e) PCA
of BALF cleavage data at 45 minutes.
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Figure S5: MMPs are dysregulated in mouse model of pulmonary LAM. a) Concentration of
MMP9 (pg/ml) in BALF from mice intravenously inoculated with 105K cells. **P < 0.01 by
unpaired two-tailed ¢ test. b) Linear regression of MMP9 concentration (y-axis) with disease
burden as assessed by IVIS (x-axis). c) Concentration of MMP2 (pg/ml) in BALF from mice
intravenously inoculated with 105K cells. d) Linear regression of MMP2 concentration (y-axis)
with disease burden as assessed by IVIS (x-axis). n = 4-5 mice per time point.
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Figure S6: 105K lesions express cathepsin K. Immunofluorescence images of cathepsin K
staining (red) in mouse lungs 19 days after intravenous injection with 105K cells (top) and in
healthy control lungs (bottom). Images are shown at low (scale = 200 um, left) and high (scale =
50 um, right) magnification. Nuclei are shown in blue.
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Figure S7: Protease nanosensors exhibit distinct specificities

enzyme concentrations ranging from 10 pM to 10 nM.
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for proteases of different
catalytic classes. Sample plots showing fluorescence increase over time after incubation of
fluorogenic peptide substrates (PP03, top; PP10, middle; and PPOS, bottom) with a metalloprotease
(MMP2), serine protease (PRSS3), aspartic protease (NAPSA) and cysteine protease (CTSK) at
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Figure S8: Protease nanosensors provide broad coverage of proteases across multiple
catalytic classes. A metalloprotease (MMP2, green), serine protease (PRSS3, orange), aspartic
protease (NAPSA, blue) and cysteine protease (CTSK, purple) were incubated at 10 nM, 1 nM,
100 pM, 10 pM, or 0 pM with quenched fluorescent versions of each nanosensor (PP01-14), such
that fluorescence was activated in response to proteolytic cleavage. Fold change of fluorescence
relative to peptide incubated without protease at 60 minutes is shown. Dotted line at fold change

=1.
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Figure S9: Metalloproteases and serine proteases are active in 7sc2-deficient 105K cell
lesions at neutral pH. a) Fluorescence increase over time of a sample metalloprotease-sensitive
(PPO1, left) and serine protease-sensitive (PP06, right) peptide incubated with homogenates of
105K cell tumors at neutral pH with or without inhibitors against metalloproteases (marimastat),
serine proteases (AEBSF), cysteine proteases (E64), or aspartic proteases (pepstatin). b-c)
Substrate cleavage after 30 minutes in homogenates diluted in neutral pH buffer incubated with
different protease inhibitor classes, relative to uninhibited homogenates.
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Figure S10: Rapamycin induces disease regression within two days after initiation. A)
Representative IVIS images of a LAM mouse treated with rapamycin (3 mg/kg) after 18 days of

disease development. B) Quantification of disease burden, as assess by IVIS imaging. ****P <
0.0001 by paired two-tailed # test.
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Figure S11: Multiple activity-based nanosensors correlate with disease burden. Correlation
(Pearson r) of mean scaled urinary peak area ratio of PP03 (a), PP08 (b) and PP11 (c) with disease
burden, as assessed by IVIS bioluminescence imaging, 14 to 15 days after 105K-Luc cell injection.
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Figure S12: Disease progression and rapamycin treatment result in distinct nanosensor
cleavage profiles. PCA loadings (green arrows) showing the contribution of each nanosensor to
each principal component in figure 4c.



Metallo- Serine Aspartic Cysteine
Nanosensor | Substrate sequence pro.te.a§e pro.t e:a§e pro.te.a§e pro.t e:a§e
sensitivity | sensitivity | sensitivity | sensitivity
(nM) (nM) (nM) (nM)
PPO1 GGPQGIWGQC 0.1 1 ND 1
PP02 GGPVGLIGC 10 ND ND 1
PPO3 GGPVPLSLVMC 0.1 ND 1 0.1
PP04 GGPLGLRSWC 0.1 0.01 ND 0.1
PPO5 GGPLGVRGKC 1 0.01 ND 0.1
PP06 GGfPRSGGGC ND 0.01 ND 0.1
PPO7 GGLGPKGQTGC 10 0.1 ND 1
PPO8 GGGSGRSANAKGC ND 0.01 ND 10
PP09 GGKPISLISSGC 10 ND ND 0.1
PP10 GGILSRIVGGGC ND 0.1 10 1
PP11 GGSGSKIIGGGC ND 1 ND 1
PP12 GGPLGMRGGC 1 0.01 ND 0.01
PP13 GGP-(Cha)-G- 0.01 10 ND 1
Cys(Me)-HAGC
PP14 GGAPFEMSAGC 1 ND ND 10

Table S1. Substrate sequences and protease class sensitivity. Cha, 3-Cyclohexylalanine;
Cys(Me), methyl-cysteine; lowercase letters, D-amino acids; ND, no cleavage detected;
Sensitivity is defined as minimum enzyme concentration required to yield a fluorescence fold
change greater than 1.2 after 60 minutes.



