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CLCF1-CNTFR signaling in lung adenocarcinoma
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Abstract

Pro-inflammatory cytokines in the tumor microenvironment (TME) can promote tumor growth,
yet their value as therapeutic targets remains underexploited. We validated the functional
significance of the CLCF1-CNTFR signaling axis in lung adenocarcinoma (LUAD) and generated
a high affinity soluble receptor (eCNTFR-Fc) that sequesters CLCF1, thereby inhibiting its
oncogenic effects. eECNTFR-Fc inhibits tumor growth in multiple xenograft models and an
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autochthonous, highly aggressive genetically-engineered mouse model (GEMM) of LUAD driven
by activation of oncogenic Krasand loss of 7rp53. Abrogation of CLCF1 through eCNTFR-Fc
appears most effective in tumors driven by oncogenic KRAS. We observed a correlation between
effectiveness of eCNTFR-Fc and the presence of KRAS mutations that retain the intrinsic capacity
to hydrolyze GTP, suggesting that the mechanism of action may be related to altered GTP loading.
Overall, we nominate blockade of CLCF1-CNTFR signaling as a novel therapeutic opportunity for
LUAD and potentially for other tumor types in which CLCF1 is present in the TME.

Keywords

lung cancer; lung adenocarcinoma; KRAS; G12C; CLCF1; CNTFR; CAFs; receptor decoy;
gp130; therapy

INTRODUCTION

Lung cancer is the leading cause of cancer-related death worldwide. Non-small cell lung
cancer (NSCLC) accounts for 85-90% of cases, and lung adenocarcinoma (LUAD) is the
most common subtype. While approximately 30% of LUAD patients harbor a mutation in
KRAS, there are currently few targeted therapeutic optionsl=3. In LUAD subtypes
characterized by EGFR or ALK alterations, small molecule inhibitors are advantageous,
although rapid drug resistance remains a major limitation*-6. Immunotherapy also has
proven beneficial for some patients’~10, Despite these advances, there is a continued clinical
need for innovative approaches to lung cancer treatment, especially those directed at
mechanisms of oncogenesis not targeted by available agents. A large body of literature
supports the hypothesis that the tumor microenvironment (TME) supports tumor growth via
paracrine signaling!1:12. A major cell type within the TME is the cancer-associated
fibroblast (CAF). Several studies have specifically evaluated the role of CAFs in lung
cancer, although these have had only limited impact on the development of new therapeutic
approaches!3-17,

We previously described a pro-oncogenic mechanism through which CAFs promote tumor
growth in a mouse model of LUAD?8, Cardiotrophin-like cytokine factor 1 (CLCFI)
expressed by mouse CAFs promotes tumor growth, whereas knockdown of its cognate
receptor, ciliary neurotrophic factor receptor (CNTFF) in mouse lung tumor cells decreases
tumor growth. CLCF1 (NNT-1/BSF-3) was initially identified as a cytokine of the IL-6
family expressed in T cell lymphomas!®. The CLCF1 receptor, CNTFR, is a member of the
IL-6 receptor family and forms a trimeric complex with LIFR and gp130. Ligand binding
activates signaling through gp130, leading to activation of downstream signaling
pathways2C. Our prior work nominated CLCF1-CNTFR as a potential novel therapeutic
target in lung cancer. As other cancers also express both CLCFIand CNTFR21-24 we
reasoned that therapeutic intervention to block this pathway could have relevance to multiple
cancer types.

Monoclonal antibodies have been the most widely used strategy to block ligand-receptor
interactions?®. An alternative approach involves engineering an extracellular fragment of a
soluble receptor as a “‘decoy’ that binds to and sequesters the cognate ligand from activating
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cell surface receptors28. Decoy receptors have been used to block VEGFR2” and TNF28 with
other molecules still in development29-31. Here, we describe the development and
preclinical testing of a first-in-class therapeutic candidate based on an engineered version of
the soluble CNTFR extracellular domain. This receptor decoy specifically binds to CLCF1
and neutralizes its biological activity, leading to significant anti-tumor effects. We
demonstrate that blockade of the CLCF1-CNTFR signaling axis is particularly effective in a
subset of LUAD, including those driven by specific genotypes of oncogenic KRAS,
identifying a potential biomarker for further therapeutic development and providing a novel
therapeutic opportunity for a LUAD subtype with currently limited available therapies.

Functional effect of CLCF1-CNTFR signaling in human LUAD

CLCF1is upregulated in lung adenocarcinoma (LUAD) compared to normal lung (Extended
Data Fig. 1a) and high expression is associated with decreased survival in patients with
KRAS mutation [Cox hazard ratio: 2.53 (95% Cl 1.43-4.48); P-value: 0.001] but not those
without KRAS mutation [Cox hazard ratio: 0.86 (95% CI 0.51-1.4); P-value: 0.56]
(Extended Data Fig. 1b,c). This suggested a specific role of CLCF1 signaling in KRAS-
driven oncogenesis, which is further explored below. In contrast, CNTFR, /L6ST (gp130),
and L/FR expression were not associated with survival (Extended Data Fig. 1d-i).

Our prior work indicated that in mouse lung tumors, cancer-associated fibroblasts (CAFS)
are the primary source of CLCF118. To determine if human CAFs also produce CLCF1, we
isolated CAFs from human lung cancer patients and matched normal lung fibroblasts (NLFs;
Supplementary Table 1). Expression of CLCFI1 was significantly elevated in six of eight
human CAFs compared to patient-matched NLFs (Extended Data Fig. 2a). However, the
LUAD cell lines tested also secrete CLCF1, suggesting the existence of both paracrine and
autocrine signaling for this cytokine in human LUAD (Extended Data Fig. 2b,c).

We next evaluated the functional role of CLCF1 in LUAD cell lines. Exposure to
recombinant CLCF1 led to increased cell viability in all lines examined (Fig. 1a and
Extended Data Fig. 3a—c). Ligand binding to the CNTFR/LIFR/gp130 complex leads to
phosphorylation of gp130 and activation of downstream signals including STAT3 and
ERKZ20. Thus, as expected, CLCF1 induced phosphorylation of STAT3 (Fig. 1b—d). To
further probe the functional significance of CLCF1-CNTFR signaling in human lung cancer,
we used RNA interference to decrease CNTFR at the cell surface. Knockdown of CNTFR
decreased viability of five LUAD cell lines tested (Fig. 1le—g and Extended Data Fig. 4a and
Supplementary Table 2), suppressed clonogenic growth (Fig. 1h,i and Extended Data Fig.
4b) and led to decreased size and number of spheres in 3D culture (Fig. 1j,k and Extended
Data Fig. 4c).

We then evaluated whether CNTFR knockdown would influence tumor growth in vivo.
CNTFR knockdown in three LUAD cell lines tested decreased xenograft formation (Fig.
11,m and Extended Data Fig. 4d,e). Moreover, tumors formed from LUAD cells with
CNTFR knockdown exhibited a lower proliferative index and higher levels of apoptosis
compared to control tumors (Fig 1n,0 and Extended Data Fig. 4f,g). To test whether the
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effect of CLCF1 was mostly paracrine or autocrine, we knocked down CLCFI in H2009 and
implanted these cells as xenografts (Extended Data Fig. 5a). We observed a decrease in
tumor growth in both the CLCF1 and the CNTFR knockdown tumors, suggesting that at
least in subcutaneous xenograft models the source of CLCF1 is primarily autocrine secretion
from the tumor cells.

To determine the mechanism of action of CNTFR blockade in LUAD, we evaluated the
effect of knockdown on the MAPK, AKT, and STAT3 signaling pathways, all previously
identified as activated downstream of gp13032. Phosphorylation of ERK and S6 were
decreased in tumors after CNVTFR knockdown (Extended Data Fig. 5b—d), indicating effects
on both MAPK/ERK and AKT signaling. Decreased phosphorylation of STAT3 was also
observed (Extended Data Fig. 5b,d). Taken together, these results indicate that CLCF1-
CNTFR signaling is active in LUAD, has a pro-oncogenic role, and suggest that the
mechanism of CNTFR inhibition involves dampening the activity of several signaling
cascades including ERK, AKT, and STAT3 signaling.

Engineering a soluble receptor decoy to inhibit the CLCF1-CNTFR signaling axis

The functional studies above support the notion that inhibition of CLCF1-CNTFR signaling
could be a therapeutic opportunity in lung cancer. Therefore, we sought to identify an
effective strategy to target this pathway. CNTFR is anchored to the cell surface via a
glycosylphosphatidylinositol (GPI) linkage that forms following proteolytic cleavage of a C-
terminal propeptide (Fig. 2a,i)33. When bound to CLCF1, CNTFR forms a complex with
gp130 and LIFR (Fig. 2a,ii). CNTFR lacking this GPI linkage can also be secreted from the
cell, but can still bind to CLCF1 and activate downstream signaling, even in cells that do not
express CNTFR through what is termed trans-signaling (Fig. 2a,iii). Thus, effective
blockade of CLCF1 requires both increasing binding of the decoy to CLCF1 and decreasing
binding to gp130 and LIFR (Fig. 2a,iv)34.

We used directed evolution to engineer a soluble CNTFR variant with stronger affinity for
CLCF1 and lack of binding to gp130 and LIFR. We hypothesized that such a molecule
would act as an efficient ligand trap and antagonize CLCF1-mediated oncogenic signaling.
To develop a high-affinity receptor decoy, DNA encoding the extracellular domain of
CNTFR was subjected to random mutagenesis via error-prone PCR. The corresponding
protein library (~108 transformants) was displayed as fusions on the yeast cell surface (Fig.
2b)35. The library was screened to enrich for variants with increased CLCF1 binding using
flow cytometry (Extended Data Fig. 6). After 3 rounds of screening, T174P and S237F
appeared as consensus mutations, with substantial diversity observed at other amino acid
positions (Supplementary Table 3a,b). To probe additive effects of these mutations, 20
randomly selected distinct clones from the sorted populations were shuffled using the
Staggered Extension Process (StEP) method3® to create a second library. A combination of
equilibrium binding and kinetic off-rate screens3” were used to sort this library to impose
increased screening stringency (Fig. 2c). After three rounds of screening, combinations of
four consensus mutations (R110Q, T174P, S237F, and 1287F) emerged (Supplementary
Table 4). Binding studies indicated that each of these mutations contributed to the higher
binding affinity for CLCF1 (Fig. 2d), with the combination of all four mutations leading to
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an apparent K4 of 20 pM. This CNTFR variant (variant 4) was carried forward for further
optimization.

As CLCF1-CNTFR binding activates downstream signaling through heterodimerization of
LIFR and gp130, modifying CNTFR to reduce or prevent formation of this complex while
sequestering CLCFL1 is critical. We confirmed that yeast-displayed CNTFR does complex
with gp130 and LIFR in a CLCF1-dependent manner (Extended Data Fig. 3c and Extended
Data Fig. 7). Therefore, CNTFR variant 4 was further engineered to decrease its binding to
the co-receptors. Random mutations were introduced into CNTFR variant 4 using error-
prone PCR, and the resulting library was incubated with CLCF1 and screened for variants
with decreased binding signal for LIFR by flow cytometry (Fig. 2e and Extended Data Fig.
8). Two consensus mutations (Y177H and K178N) were identified that reduced binding to
LIFR (Fig. 2f and Extended Data Fig. 8). A final variant, eCNTFR, combined these two
mutations, the four mutations that confer high affinity CLCF1 binding, and an additional two
alanine substitutions (T268A and D269A) previously shown to weaken binding to gp13034.

Characterization of soluble eCNTFR

As structural information on full-length CNTFR is unavailable, WtCNTFR and eCNTFR
were modeled using the Phyre2 server to predict the three-dimensional locations of eCNTFR
mutations38. Three mutations (T174P, S237F, and 1287F) were proximal to the aromatic
cluster (F172, F199, and F238) and the conserved residues (E236 and E286) previously
shown to be important for cytokine binding (Fig. 3a)3%40. Soluble eCNTFR was
recombinantly expressed with a C-terminal hexahistidine tag (¢CNTFR-His) or as an N-
terminal fusion to an antibody Fc domain (eCNTFR-Fc), and affinity to CLCF1 was
measured using a microtiter plate-based assay (Extended Data Fig. 9). Both eCNTFR-His
and eCNTFR-Fc exhibited picomolar binding affinity to CLCF1 (Fig. 3b). In comparison,
CLCF1 binding affinity was too weak to be quantified for soluble wild-type CNTFR
constructs (WtCNTFR-His and wtCNTFR-Fc). A similar approach was used to characterize
binding interactions with gp130 and LIFR. In these experiments, eCNTFR constructs
showed no detectable binding to gp130 and LIFR, in contrast to WtCNTFR constructs,
which bound to both receptors (Fig. 3c). Increasing the size of a protein to avoid glomerular
filtration can significantly increase serum half-life, and the Fc domain can further increase
half-life through FcRn-mediated recycling®. Therefore, the eCNTFR-Fc fusion was used to
further evaluate the effect of eCNTFR in animal models of LUAD.

CNTF also binds CNTFR, and CNTF-mediated signaling is important for neuronal cell
survival*2. Engineering binding selectivity of eCNTFR-Fc to CLCF1 over CNTF could help
minimize any potential side effects from inhibiting CNTF43 signaling. Additionally, while
CLCF1 is known to act only through CNTFR, CNTF also binds to the I1L-6 receptor (IL-6R),
suggesting that CLCF1 and CNTF have unique functional roles in regulating signaling
pathways. WtCNTFR-Fc exhibited binding to recombinantly produced CNTF, while
eCNTFR-Fc did not (Fig. 3d). These results are consistent with yeast-displayed binding data
for wtCNTFR and eCNTFR (Extended Data Fig. 10a) and indicate that affinity maturation
of CNTFR for CLCF1 led to increased specificity towards CLCF1 and decreased binding to
CNTF. eCNTFR-Fc also bound to mouse CLCF1 with high affinity as compared to
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WtCNTFR-Fc, indicating its utility for /n vivo experiments in which CLCF1 is of mouse
origin (Fig. 3e and Extended Data Fig. 10b). Importantly, mouse CLCF1 can activate
CNTFR in human cells (Extended Data Fig. 10c).

To assess whether eCNTFR-Fc could sequester CLCF1 and block receptor complex
formation, we designed a competition binding assay to measure the effect of eCNTFR-Fc on
the interaction between WtCNTFR and each of the other subunits of the receptor complex.
Incubating eCNTFR-Fc in wtCNTFR-His-coated wells prevented CLCF1, LIFR, and gp130
constructs from interacting with wtCNTFR-His (Fig. 3f). To determine whether eCNTFR-Fc
could effectively neutralize CLCF1 and inhibit gp130 signaling, LUAD cells were
stimulated with CLCF1 in the presence and absence of the soluble CNTFR constructs.
While wtCNTFR-Fc increased phosphorylation of STAT3 (Tyr705), eCNTFR-Fc decreased
phosphorylation in both cell lines tested (Fig. 3g,h). Furthermore, incubation with eCNTFR-
Fc inhibited CLCF1-mediated viability (Fig. 3i,j).

eCNTFR-Fc effect correlates with commonly seen KRAS mutations in lung cancer

The analysis of public gene expression data shown above suggest that CL CF1 expression is
specifically prognostic of survival in patients with oncogenic KRAS-driven LUAD. As there
are currently few therapeutic options for KRAS mutant tumors, developing new therapies for
this subset is of particular clinical importance. To identify potential molecular determinants
of response to eCNTFR-Fc, we assembled a panel of LUAD cell lines with a broad variety
of genotypes and evaluated the effect of eCNTFR-Fc on cell viability (Fig. 4a). These cell
lines exhibited a wide variety of sensitivities with the least sensitive (no effect) being normal
lung cells (NL20) and the most sensitive being the LUAD cell line A549. Notably,
sensitivity did not correlate with CNTFR expression (data not shown). The most sensitive
cell lines all carried either KRAS or NRAS mutation. Cell lines with wild-type KRASor an
EGFR mutation exhibited intermediate sensitivity. Overall, sensitivity correlated with the
ability to respond to upstream signals. H1755 and H1395 (both BRAFC4694) cells were
completely insensitive to CNTFR blockade. The BRAFC#69A mutation is a “Class 2”
mutation that leads to signaling of constitutively active dimers and is expected to be
independent of upstream KRAS signaling?*4°. Similarly, the two KRAS mutant cell lines
carrying the Q61H mutation (Fig. 4a) were completely insensitive to eCNTFR-Fc blockade.
KRAS-GTP loading is the combined effect of intrinsic hydrolysis, which can vary widely
among different mutations, and GAP-mediated hydrolysis, which is influenced both by the
structure of specific mutations and the presence of GTPase activating proteins (GAPS)
within the cell and their activation by upstream signals#6. Q61H mutant KRAS lacks
intrinsic GTPase activity*6 and thus would also be expected to be largely insensitive to
upstream signals that regulate GAPs. The three most common KRAS mutations in lung
cancer, accounting for greater than seventy percent of the total, are G12C, G12D, and
G12V47. Importantly, all cell lines carrying one of these three mutations were sensitive to
eCNTFR-Fc. Taken together, these results are consistent with a model in which inhibition of
CLCF1-CNTFR signaling regulates proteins involved in mediating KRAS-GTP hydrolysis
and thereby regulating the output of oncogenic KRAS.

Nat Med. Author manuscript; available in PMC 2020 August 07.
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After engagement with the ligand, CNTFR activates gp130, which leads to activation of
SHP248. In turn, SHP2 functions as a key upstream regulator of both oncogenic and wild-
type KRAS through regulation of GTP loading#®-52. In both A549 and H23 LUAD cell
lines, serum stimulation increased phosphorylation of SHP2, as well as STAT3 and ERK, as
expected (Fig. 4b,c and Supplementary Fig. 1a). When cell lines were stimulated with
recombinant CLCF1 in the absence of serum, phosphorylation levels of SHP2, STAT3, and
ERK also increased, consistent with upstream signaling of CLCF1 serving to activate SHP2.
Treatment with eCNTFR-Fc had a strong attenuation of the effect of CLCF1 but was less
effective in inhibiting the effect of full serum, which is to be expected since serum has other
effects independent of the CLCF1-CNTFR axis. Changes in levels of phosphorylated AKT
were not observed (Supplementary Fig. 1b). To more directly establish the mechanistic link
between the trimeric receptor complex and GTP loading of KRAS, we directly measured the
levels of RAS-GTP in cells treated with recombinant CLCF1 and in the presence or absence
of eCNTFR-Fc (Fig. 4d). Levels of RAS-GTP increased after CLCF1 treatment and this
effect was attenuated by eCNTFR-Fc. These results point to a link between CLCF1-CNTFR
signaling and oncogenic KRAS and may explain why CLCF1 inhibition appears to be more
effective in some KRAS genotypes but not others. Taken together, these studies suggest that
CLCF1 inhibition could be particularly effective in KRAS mutant tumors as further explored
below.

eCNTFR-Fc sequesters CLCF1 and inhibits in vivo tumor growth

We next evaluated the role of eCNTFR-Fc as an anti-tumor therapeutic /n7 vivo. To determine
whether eCNTFR-Fc could effectively sequester mouse CLCF1, non-tumor bearing mice
were treated with a single dose of eECNTFR-Fc. Serum levels of eECNTFR-Fc rapidly
increased, along with a concomitant decrease in unbound CLCF1, which returned to
baseline levels by 72 hours (Fig. 5a). These results indicate that eECNTFR-Fc effectively
binds to mouse CLCF1 and reduces its availability in serum.

To test the therapeutic efficacy of eCNTFR-Fc, two LUAD cell lines were engrafted in
immunodeficient mice and eCNTFR-Fc was dosed once tumors reached an average volume
of 100 mm3. Treatment led to dose-dependent tumor inhibition in both xenograft models,
whereas WtCNTFR-Fc had no effect (Fig. 5b—d and Supplementary Fig. 2a—d). Next, we
evaluated the effect of eCNTFR-Fc on a panel of patient-derived tumor xenografts (PDTXs).
Treatment with eCNTFR-Fc led to significant tumor growth inhibition in three of five
LUAD PDTX models (Fig. 5e—g and Supplementary Fig. 2h,i and Supplementary Table 5).
A significant decrease in proliferation markers and an increase in apoptosis were observed in
both cell line xenografts and PDTX models (Fig. 5h—-k and Supplementary Fig. 2e,f). The
genotypes of the three PDTX models that responded to eCNTFR-Fc treatment were KRAS
G12C, KRAS G12V, and KRAS wild-type (wt)/ EGFR mutant, while the non-responders
were KRAS and EGFR wt. We also noted that the CAFs with highest expression of CLCF1
were obtained from tumors with genotypes predicted to be most sensitive to eCNTFR-Fc
(Supplementary Table 1).

As observed with CNTFR knockdown, treatment with eCNTFR-Fc also decreased activation
of ERK (Fig. 51-0 and Supplementary Fig. 2g,j and Supplementary Fig. 3a,b), S6 Kinase
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(Fig. 5I,m and Supplementary Fig. 12g), and STAT3 (Supplementary Fig. 3c—f). To assess
the time-dependent effect on signaling pathways, a short-term study was performed in which
tumor-bearing mice were treated with eCNTFR-Fc and euthanized at different time points
(Supplementary Fig. 3g-1). These results suggest that eCNTFR-Fc first leads to inhibition of
STAT3, which is then followed by delayed inhibition of ERK and S6 signaling.

Next, we extended these studies to an autochthonous, highly aggressive genetically-
engineered mouse (GEM) model of LUAD®3. Kras®12D/ Trp55/f mice treated with
eCNTFR-Fc demonstrated decreased tumor burden compared to vehicle-treated controls
(Fig. 6a—e). Treatment with eCNTFR-Fc also led to decreased proliferation, increased
apoptosis, and decreased activation of ERK, S6, and STAT3 signaling (Fig. 6f—h). We then
performed a survival assay comparing eCNTFR-Fc treatment with cisplatin (Fig. 6i). We
chose a platinum compound as a comparison as this is a commonly used standard
chemotherapeutic therapy in human LUAD. Both cisplatin and eCNTFR-Fc treatment led to
improved survival. However, cisplatin-treated mice had significant weight loss at the end of
the study, whereas eCNTFR-Fc treated mice did not exhibit decreases in weight
(Supplementary Fig. 4h). Extensive evaluation of mouse tissues post-mortem in eCNTFR-
Fc-treated mice did not reveal any abnormalities, whereas platinum chemotherapy has been
shown to induce significant adverse effects such as renal toxicity>* (Supplementary Fig. 4
and Supplementary Table 6). These results strongly support the potential therapeutic efficacy
of eCNTFR-Fc in LUAD.

Further development of eCNTFR-Fc as a bona fide therapeutic agent will be specifically
enhanced by identification of an appropriate biomarker for activity of this pathway. We
noted a modest positive correlation between CLCFI expression and decreased viability after
treatment with eCNTFR-Fc in the cell line panel we tested /in vitro (Supplementary Fig. 5a).
While our data suggest that specific genotypes are more sensitive to eCNTFR-Fc, we sought
to determine whether CLCF1 levels in the plasma could also serve as an indicator of activity
of this pathway in individual patients. We developed a method to detect CLCF1 by ELISA,
with eCNTFR-Fc acting as a capture agent, and used it to measure the levels of CLCF1 in
the plasma of LUAD patients. We observed a trend towards higher levels of CLCF1 in
LUAD patients relative to healthy controls. (Supplementary Fig. 5b and Supplementary
Tables 7,8). Moreover, patients with genotypes sensitive to eCNTFR-Fc (with ‘mutation of
interest’) had significantly higher levels of CLCF1 than those without the mutation of
interest (Fig. 6j). We analyzed the data further using logistic regression (logit) to
demonstrate whether CLCF1 in the blood can predict if a tumor has a particular mutation of
interest (KRAS G12C, KRAS G12V, or KRAS wt/ EGFR mutant) [Odds ratio: 8.346 (Cl
95% 6.36-10.33); P-value: 0.0364] (Supplementary Fig. 5¢c—d). Our results demonstrate that
when plasma CLCF1 (pg/mL) levels increase by one unit, it is 8.346 times more likely to be
in the mutation group. Taken together, these results suggest that CLCF1 plasma
concentration combined with genotypic analysis of the tumor could serve as potential
biomarkers for selection of patients most likely to benefit therapeutically from eCNTFR-Fc.
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DISCUSSION

Prior work in a genetically engineered mouse model of lung cancer revealed the CLCF1-
CNTFR axis as a therapeutic target in LUAD. Here, we first demonstrated that CNTFR loss
is deleterious in human LUAD cell lines. We then developed an approach for inhibiting
CNTFR activity using a novel engineered decoy receptor using yeast phage display. This
involved generating a molecule that has the capacity to bind CLCF1 with high affinity while
simultaneously decreasing its affinity for LIFR and gp130. This new molecule, termed
eCNTFR-Fc, was extensively tested in a wide panel of /in vitroand in vivo models. Notably,
in the course of these studies we found that CNTFR blockade is particularly effective in cell
lines and PDTX models carrying a subset of oncogenic KRAS mutations, identifying a
biomarker for further clinical evaluation using this decoy receptor. The effect on KRAS
mutant tumors is particularly significant given that few therapeutic options currently exist
for this subset of LUAD patients, despite the recent development of small molecules
specifically targeting the G12C mutation®®. Our results are consistent with the recently
reported importance of upstream signaling molecules for both wild-type and oncogenic
KRAS signaling when the capacity to cycle between a GTP bound and a GDP bound state is
maintained, either by high intrinsic GTPase activity or low intrinsic GTPase activity paired
with high GAP-mediated hydrolysis*6:56:57, Recent work suggests that combined treatment
with SHP2 and MEK inhibitors may be beneficial in LUAD. Our work provides another
potential therapeutic option, which could involve combination of eCNTFR-Fc with MEK
inhibitors?°.

Monoclonal antibodies are a prominent class of therapeutic agents with well-established
developmental and regulatory paths, yet a challenge for their therapeutic use is that many
natural ligand/receptor interactions are of high affinity (low nM to pM range), and thus
antibodies cannot effectively block them, which have typical antigen binding affinities of 1-
10 nM?%8, While wild-type CNTFR has a weak binding affinity (Kg>100 nM) for its ligands,
the CNTFR/LIFR/gp130 tripartite complex is expected to bind CLCF1 with an affinity in the
low nanomolar range®®. Hence, to effectively modulate the CLCF1/receptor interaction, a
therapeutic candidate must bind CLCF1 with much greater affinity than the native
quaternary complex or be dosed at concentrations far exceeding endogenous levels.
However, such high doses can result in undesirable off-target effects. These features of
CLCF1-CNTFR binding suggested that an engineered decoy would be an optimal strategy.

We describe the development of an engineered receptor decoy to effectively bind to and
sequester CLCF1. We used directed evolution to screen libraries of 1 x 108 variants of
soluble CNTFR to identify a candidate that bound with high affinity to the CLCF1 ligand.
To add to the complexity, soluble wtCNTFR functions as an agonist by binding to co-
receptors LIFR and gp130, thus requiring engineering of a variant that does not bind these
co-receptors while retaining binding to CLCF1 with high affinity. The result of these protein
engineering efforts was a soluble CNTFR variant termed eCNTFR, which contains 8 amino
acid mutations and binds to CLCF1 with ~60 pM affinity while not binding to LIFR and
gp130 at concentrations up to 100 nM. To increase serum half-life and aid in recombinant
protein production and purification, eECNTFR was fused to an antibody Fc domain. This final
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variant, eECNTFR-Fc, retained its high binding affinity for CLCF1 and did not bind gp130
and LIFR.

Importantly, while eCNTFR-Fc also exhibited high affinity binding to mouse CLCF1, unlike
WtCNTFR-Fc, it did not bind to the related cytokine CNTF. Given that both mouse CLCF1
and CNTF are known to share the ligand binding domain of CNTFR with human CLCF1,
eCNTFR-Fc appears to have retained binding for mouse CLCF1 due to higher sequence
homology (97% vs. 17%). As CNTF signaling is important for neuronal cell survival, it is
possible that the selectivity of eCNTFR-Fc for CLCF1 over CNTF will minimize side
effects. We have not observed adverse effects in animal experiments thus far, both in
immunodeficient and immunocompetent mice. Moreover, our comprehensive studies
monitoring mouse weight and examination of blood samples and internal organs by a
veterinary pathologist, have shown no evidence of toxicity (Supplementary Fig. 4 and
Supplementary Table 6).

We tested the therapeutic efficacy of eECNTFR-Fc in xenograft, PDTX, and GEM models of
LUAD. In all three models, administration of eCNTFR-Fc significantly decreased tumor
volume in a dose-dependent manner compared to the untreated control. When compared to
WtCNTFR-Fc, the eCNTFR-Fc-treated group showed a substantial decrease in tumor size,
demonstrating that the engineering efforts were necessary for therapeutic effect. We utilized
an autochthonous model as the final assessment of efficacy of our decoy receptor and at the
end of the study observed a significant decrease in tumor burden and an increase in survival,
comparable to cisplatin, the standard of care. However, unlike cisplatin, treatment with
eCNTFR-Fc showed no evidence of toxic side effects.

CLCF1 belongs to the IL-6 cytokine family. IL-6 itself has been extensively evaluated as a
pro-oncogenic cytokine in breast89, lung®?, and pancreatic cancerb2. LIF, another cytokine
belonging to the same family, was recently identified as a key paracrine factor in pancreatic
cancer53, However, the pro-oncogenic effects of CLCF1-CNTFR signaling have received
much less attention. Here, we demonstrate that CLCF1 activation plays an important pro-
oncogenic role and that inhibition of this pathway has significant therapeutic effects across a
wide range of genetic subtypes of LUAD. Indeed, the results described above indicate that
eCNTFR-Fc is effective in tumors carrying various KRAS mutations, a subset of LUAD that
has proven difficult to treat. The engineered decoy receptor was also effective against EGFR
mutant PDTX models. In addition to LUAD, CLCF1-CNTFR signaling may also be relevant
to other cancers including hepatocellular carcinoma, colorectal cancer, low-grade gliomas,
and pancreatic cancer?1-24, Collectively, our data indicate that eCNTFR-Fc is a promising
therapeutic candidate for treating LUAD, and we have identified specific biomarkers that
may portend increased sensitivity. These biomarkers could be used to identify patients with
tumors most likely to be inhibited by this agent in clinical trials.

METHODS

Cell lines.—All cell lines were obtained from ATCC and maintained in RPMI-1640
supplemented with 10% Bovine Growth Serum (BGS), 4 mM glutamine, and 1% Penicillin
and Streptomycin (P/S). Experiments were performed in DMEM supplemented with 10%
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BGS and P/S. Cells were incubated at 37°C in 5% CO». Cells were routinely tested to
exclude Mycoplasma contamination. Comparison of STR testing (Promega GenPrint10) on
genomic DNA from our cell lines to ATCC data confirmed the identity of the cell lines.

Ethics statement.—Mice were maintained and animal experiments performed in
accordance with policies approved by the Stanford University Administrative Panel on
Laboratory Animal Care (Protocol #14625) and by the Institutional Animal Care and Use
Committee at the University of California San Francisco (AN157619-01G). Primary human
tissues were obtained with informed consent under a protocol reviewed by the Stanford
University Institutional Review Board.

Lung adenocarcinoma mouse model.—Lox-stop-Lox-Kras®12P (129 Sv/Jae)84,
Tro53"7 (FVB)B3, (C57BL/6J) mice were maintained in a virus-free environment. Mice
were intra-nasally infected with 5 x 108 pfu of adenovirus expressing Cre (University of
lowa) at 10- to 14-weeks of age®. Mice were dosed with eCNTFR-Fc (10 mg/kg) or PBS
(vehicle) by intraperitoneal injection for four weeks three times per week beginning 8-weeks
post-infection. Mice were weighed at the beginning of study and periodically throughout
drug treatment. Equal number of male and female mice were utilized.

NSG Mice.—NOD-scid IL2Rg"! (NSG) mice (Jackson Laboratory Strain #005557) were
obtained from Jackson Laboratory, Bar Harbor, Maine, USA, and bred in the barrier facility
at Stanford University and UCSF. Both male and female mice were used for xenograft
studies. Xenograft tumors were injected when mice were approximately 8-10 weeks of age.
Mice were weighed at the beginning of study and periodically throughout drug treatment.
Both male and female mice were used for xenograft studies.

Huma lung adenocarcinoma (LUAD) survival and gene expression analysis.—
CLCFI1ITPM log, expression for the cohorts (LUAD; LUSC) were downloaded directly
from the Broad Institute with R programming language using the package FirebrowseR
(1.1.35)1. We used only expression data categorized as either TP (Primary Tumor) or NT
(Normal). The full LUAD expected counts (RSEM level 3) were downloaded directly from
the FIREHOSE Broad GDAC website. Somatic mutation for the LUAD data set was
acquired from the UCSC Xena public repository. Only samples with a non-silent KRAS
mutation(s) were associated with the KRAS mutation group; samples with KRAS silent
mutations were not included as the KRAS wild-type group and were excluded from the
analysis. Clinical data for LUAD survival analysis including censored data such as overall
survival was acquired from published clinical aggregation of the TCGA dataset?. Survival
analysis curves and multivariate Cox hazard regression were completed in R programming
language using the survminer (0.4.3.999) and survival packages (2.44-1.1), respectively. For
the multivariate Cox regression analysis, we adjusted for age of diagnosis, gender, and
cancer stage. We grouped samples (Normal vs High) based on the quantile of the respective
gene expression: normal is < 75™ percentile and high is > 75" percentile.
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Resource Source Indentifier

CNTFR log, expression (TPM) | FirebrowseR? https://github.com/mariodeng/FirebrowseR
Clinical data Liuetal, 2018 Supplemental Table S1

LUAD RSEM Direct download | http://gdac.broadinstitute.org/

Mutation (LUAD) Direct download | https://xenabrowser.net

Generation of patient-derived tumor xenografts (PDTXs).—Fresh patient samples
were cut into 1 x 1 mm fragments and either implanted fresh or frozen in 90% BGS and
10% DMSO for later use. Tumor fragments were dipped in Matrigel (Corning Matrigel
#356234) and implanted in the subrenal capsule of NOD scid gamma (NSG) mice. Tumor
growth was monitored for up to 1 year after implantation. Successfully implanted tumors
were harvested at approximately 1 to 2 cm. A fragment was kept for histology, and the
remainder was digested with collagenase for 45 min at 37°C and filtered through 100 pm
and 40 um cell strainers and centrifuged for 1,200 rpm for 8 min. Cells were incubated in
RBC lysis buffer and resuspended in 6 mL of media and spun through 0.5 mL of serum
(BGS) layered on the bottom of the tube to remove cellular debris. For subsequent passages
and drug studies, cells were implanted subcutaneously in flanks of NSG mice (5 x 10° cells
per flank) in 100 pL a-MEM and 20 pL Matrigel (Corning #356234). Xenograft tumor
fragments were stored at —80°C until use. Tumor volume was measured at the times
indicated and calculated using the ellipsoid formula [0.5(length x width?)].

Serum analysis and toxicity studies.—Blood samples from individual mice were
collected at the end of the experiment under terminal anesthesia using cardiac puncture.
Serum was separated from blood within 1 h by centrifugation at 500 g for 10 min. Samples
were aliquoted and stored at —80°C for subsequent testing. Comprehensive Metabolic Panel
(CMP) and Complete Blood Count (CBC) analyses were done by the Animal Diagnostic
Laboratory at Stanford Veterinary Service Center. Toxicity studies including necropsy and
comprehensive histopathological analysis of each organ were performed by a veterinary
pathologist.

Blood specimen collection.—Blood samples were drawn from patients with lung
adenocarcinoma (LUAD) before surgical resection of localized tumors at Stanford Hospital
under IRB-approved protocol. Blood specimens were also drawn from healthy donors after
obtaining informed consent. All specimens were collected into BD Vacutainer® tubes
(#367841) containing the anticoagulant EDTA and were processed within 24 h. Between
sample collection and sample processing, whole blood specimens were stored at 4°C on a
rocking platform to prevent cell settling. Samples were centrifuged at 3,000 rpm for 10 min
at 4°C. Following centrifugation, the supernatant (plasma) was removed and samples were
stored at —80°C.

MicroCT imaging (UCT).—Scans were performed using the Xstrahl Small Animal
Radiation Research Platform (SARRP, Xstrahl Inc., Suwanee, GA). The SARRP operates at
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a source-to-isocenter distance of 35 cm with a dual x-ray tube focal spot of 0.4mm (small)
for the 40-80 kVp imaging beams®®. uCT imaging is acquired in pancake geometry utilizing
a stationary x-ray tube and detector with a 360° rotating couch, and is performed with 40-80
kVp imaging beams with 0.8 mm Be internal filtration and 1 mm Al added filtration8”. The
standard imaging protocol was used consisting of 60 kVp tube voltage, 0.8 mA beam
current, and 1 min scanning time with a 0.275 x 0.275 x 0.275 mms3 voxel size. Maximum
mean organ imaging doses to boney and non-boney structures were 10.5 cGy and 3.5 cGy,
respectively, as reported previously58. Images were analyzed using 3D Slicer and axial
images with lung tumor nodules were quantified using ImageJ.

Treatment of mice with eCNTFR-Fc.—When tumors reached an average size of 100
mm?3 per tumor, mice were stratified into treatment arms based on average tumor size per
group. Mice were then dosed with eCNTFR-Fc (10 mg/kg) or PBS (vehicle) by
intraperitoneal (i.p.) injection for two to four weeks three times per week. Mice were
weighed at the beginning of study and periodically throughout drug treatment. Tumor
volume was measured with digital calipers three to four times per week.

Quantitative reverse transcriptase-PCR (QRT-PCR).—RNA was isolated using
TRIZOL reagent (Invitrogen) and further purified using Qiagen miniRNA columns (Qiagen)
following manufacturers’ specifications. cDNA was synthesized with a Maxima kit (Thermo
Scientific), and quantitative reverse transcriptase-PCR (qRT-PCR) was performed using
SYBRGreen (Applied Biosystems) also following manufacturers’ specifications. gRT-PCR
was performed as follows using primer sequences in Supplementary Table 2: 95°C for 10
min, 35 cycles of 95°C for 15 s and 60°C for 1 min.

Knockdown studies in xenografts.—pLKO shRNA constructs were purchased from
Thermo Fisher Scientific. Lentivirus for each construct was generated by transfecting
HEK?293 cells with polyethylenimine (PEI). Viral supernatants were collected on days 1 and
2 after transfection and pooled on day 2. Viral supernatants were then filtered through 0.45
UM PES filters. Viral pellets were re-suspended on a platform rocker for 2 h with
approximately 500 uL fresh media. Cells were dissociated into a single cell suspension using
Collagenase (Sigma) digestion buffer and filtered through 100 um and 40 pum cell strainers
as above. The resulting cell suspension was then plated at approximately 5 x 10° cells per
well of a 6-well plate and spin infected with polybrene (Sigma) and virus in media at 1500
rpm at room temperature for 30 min (Sorvall XRT centrifuge) followed by incubation at
37°C. After selection with puromycin (2 pg/mL), cells were trypsinized, filtered, and
counted for viable cells. Cells were then implanted (as above) keeping the viable cell count
consistent between study groups. Remaining cells were kept for confirmation of gene
knockdown.

Cell extracts and western blot analysis.—For total cell extracts, cells were lysed
using NP-40 lysis buffer (20 mM Tris-HCI, pH 8.0, 137 mM NaCl, 10% Glycerol, 1%
NP-40, dH»0), 1x protease inhibitors (Sigma P8349-1ML) and 1x phosphatase inhibitor
cocktail (Sigma P5726-1ML) for 15 minutes, sonicated and lysed for 30 minutes. Tumors
were thawed and mechanically disrupted using the Bio-Gen PRO200 Homogenizer (PRO
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Scientific) on ice prior to lysis. Protein concentration was determined by BCA assay
(Pierce). Samples were heat denatured at 95°C for 10 minutes. Proteins were resolved by
SDS-PAGE, transferred to a PVDF membrane, and blocked in 5% non-fat dry milk. Primary
antibodies were incubated overnight at 4°C (at indicated dilutions): P-AKT (#4060, Cell
Signaling, 1:1000), T-AKT (#75692, Cell Signaling, 1:1000), P-ERK1/2 (#4370, Cell
Signaling, 1:1000), T-ERK1/2 (#4695, Cell Signaling, 1:1000), P-MEK1/2 (#9121, Cell
Signaling, 1:1000), T-MEK1/2 (#9122, Cell Signaling, 1:1000), P-SHP2 (#abh62322, Abcam,
1:1000), T-SHP2 (#3397, Cell Signaling, 1:1000), P-STAT3 (#9145, Cell Signaling, 1:1000),
T-STAT3 (#9139, Cell Signaling, 1:1000), and GAPDH (#9485, Abcam, 1:1000). Proteins
were analyzed by ChemiDoc XRS System (Bio-Rad), and, when necessary, quantification
was performed using ImageJ software.

Histology and immunohistochemistry (IHC).—Tissue specimens were fixed in 10%
buffered formalin for 24 h and stored in 70% ethanol until paraffin embedding. 5 um
sections were stained with hematoxylin and eosin (H&E) or used for immunohistochemical
studies. Immunohistochemistry was performed on formalin-fixed, paraffin embedded mouse
and human tissue sections using a biotin-avidin method per standard protocol. Briefly,
sections were first deparaffinized in xylene and rehydrated in graded ethanols. Standard
sodium citrate, pH 6.0, or 1 mM EDTA, pH 8.0 (for P-STAT3 antibody), buffered antigen
retrieval was performed for 15 min prior to 3% H,0O, quenching for 10 min of endogenous
peroxidase activity. Blocking and antibody dilutions were made in 5% normal goat serum
(Vector Labs) in TBS containing 0.1% Triton X-100 (Sigma) and incubated overnight at 4°C
in a humidified chamber. The following antibodies were used (at indicated dilutions): P-
ERK1/2 (#4370, Cell Signaling, 1:400), P-Histone H3 (#9701, Cell Signaling, 1:400),
Cleaved Caspase 3 (#9661, Cell Signaling, 1:400), P-STAT3 (#9145, Cell Signaling, 1:100),
and P-S6 (#4858, Cell Signaling, 1:400). Biotinylated secondary goat anti-rabbit antibody
(Vector Labs) and avidin-biotin (Vectastain Elite ABC kit) were incubated for 30 min at
room temperature. Signal was developed with DAB peroxide substrate (Abcam #642238)
per manufacturer’s instructions and counterstained with hematoxylin. Analysis of the tumor
area and immunohistochemical analysis were done using ImageJ software by measuring
pixel units. All quantification analyses of IHC staining were performed on three tumor
specimens per treatment condition in three independent experiments, unless otherwise
specified. Representative 40X fields of view (FOV) were imaged, avoiding areas of necrosis
and poor cellularity. Ten to 12 FOVs were analyzed per condition. Data are displayed as
mean per 40X FOV and error bars as standard error of the mean (S.E.M.). All quantification
was done in a blinded fashion.

Cell assays.

Cell viability.: Cells were seeded in 96-well plates at 1,000 cells per well (optimal density
for growth) in a total volume of 100 pL media containing 10% Bovine Growth Serum
(BGS). After 24 h incubation, cell viability was assessed by AlamarBlue® assay (Thermo
Fisher) for 7 days according to the manufacturer’s instructions. All data were compared to
the first reading.
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Colony-formation assay.: For long-term colony-formation assay, 10,000-50,000 cells per
well were seeded in 6-well plates. After 12 days, cells were fixed with methanol, stained
with crystal violet, photographed, and quantified.

3D Spheroid methylcellulose assay.: For anchorage-independent sphere growth, the cells
were seeded into 24-well ultra-low attachment plates (20,000 viable cells per well) in 2 mL
of complete medium supplemented with 0.5% methylcellulose. The spheres were allowed to
form for 9—-20 days (depending on the cell line). Spheres were imaged with Leica DMi8
microscope (brightfield). Sphere size and number were quantified using ImageJ.

Analysis of RAS-GTP Levels.—Levels of activated RAS-GTPase were determined
using the RAS GTPase ELISA Kit (Abcam #134640) per the manufacturer’s instructions,
similar to a previously published method®®. Briefly, 1 x 108 cells were seeded in RPMI
media supplemented with 10% Bovine Growth Serum (BGS), 4 mM glutamine, and
Penicillin and Streptomycin (P/S) in 10-cm tissue culture dishes and incubated at 37°C in
5% CO» until cells reached 60% confluence. Cells were then serum starved with RPMI and
1% penicillin/streptomycin for 24 h. Cells were subsequently incubated in CLCF1 (10 nM)
and eCNTFR-Fc (2.5 pM) for 20 min at 37°C in 5% CO,. Media was then removed and
cells were washed once in ice-cold PBS and processed following the manufacturer’s
protocol.

Logistic regression (logit) model.—Logit regression was performed with R
programming language using the glm function. Odds ratio (O.R.) was calculated using Wald
test as part of the glm output. Our independent variable was a continuous value of blood
plasma CLCF1 (pg/mL) and no other covariates were used in our model. Our dependent
groups were samples with either ‘mutation of interest’ defined as KRAS G12C, KRAS
G12V, or KRAS wild-type (wt) / EGFR mutant (dummy coded as 1, 7= 17) or KRAS wt
(dummy coded as 0, /7= 8). The estimated probability was generated with the statistics
package (predict function) in R using the results from our logit model. The conditions were
set to blood plasma CLCF1 (pg/mL) levels for each quantile level (in 0.1 increments) for all
samples (/7= 25): range between 1.76 to 28.50 CLCF1 (pg/mL).

Recombinant CLCF1 production.—cDNA encoding for CLCF1 without the signal
peptide sequence (28-225) was cloned into pET28b plasmid with inducible lac promoter
using Bsal and Xhol restriction sites and amplified in DH10B cells. For expression, purified
plasmids were transformed into Rosetta gami cells. Inclusion bodies were solubilized in
60% ddH,0, 40% acetonitrile, 0.1% TFA containing 5 mM DTT. Reversed-phase high-
performance liquid chromatography (RP-HPLC) was used to purify CLCF1. Protein purity
was further analyzed using SDS-PAGE and quantified using a Nanodrop 2000 (Thermo
Scientific). A value of 39,549 M~1cm™1 was used as the extinction coefficient to quantify
protein concentration.

Soluble CNTFR, LIFR, and gp130 production.—cDNA corresponding to the

extracellular domains of CNTFR (1-342), LIFR (1-534), and gp130 (1-619) was cloned
into the pAdd2 plasmid and amplified in DH10B cells. For expression, purified plasmids
were transfected into human HEK 293 cells using PEI (#23966-2, Polysciences). Briefly,
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PEI was dissolved in dH,0 to 1 g/L. For 500 mL transfection volume, 0.5 mg of purified
DNA and 1 mL of PEI was dissolved in 10 mL of OptiPro Serum-Free Media (#12309-019,
Thermo Fisher Scientific) each, then mixed immediately. After 15 min the solution was
added dropwise to 500 mL of cells. The cells were incubated on a rotary shaker at 120 RPM
in a humidified incubator at 37°C and 5% CO». Fc fusion proteins were purified using a
protein A (#101142, Fisher Scientific) affinity column; proteins containing a hexahistidine
tag were purified using a nickel-NTA (#30210, Qiagen) affinity column. Proteins were then
further purified using size exclusion chromatography. The following extinction coefficients
were used for protein quantification: CNTFR variants: 70,275 M~lcm™1; CNTFR-Fc
variants: 206,410 M~1cm=1; gp130: 130,470 M~1cm=2; gp130-Fc: 326,800 M~tcm=2; LIFR:
98,610 M~cm™%; and LIFR-Fc: 263,080 M~tem™2.

Generation and screening of a CNTFR library created via error-prone PCR.—
CNTFR was expressed in yeast as a genetic fusion to the agglutinin mating protein Aga2p.
cDNA encoding the human CNTFR extracellular domain (residues 18—-342) was cloned into
the pPCTCONZ2 yeast display plasmid using Nhel and BamHI restriction sites. An error-prone
library was created using the CNTFR extracellular domain as a template, and mutations
were introduced by using Taqg polymerase (#50-811-694, Fisher Scientific) and 55 mM
MgCl,. Separate PCR reactions were performed using different concentrations of MnCl, (0,
0.01, 0.05, 0.1, and 015 mM). Products from these reactions were purified using gel
electrophoresis. Purified mutant cDNA and linearized plasmid were electroporated into
EBY100 yeast, where they were assembled /n vivo through homologous recombination.
Library size was estimated to 8.1 x 107 by dilution plating and colony counting.

Yeast displaying high-affinity CNTFR variants were isolated using fluorescence-activated
cell sorting (FACS) using a BD Aria Il flow cytometer (Stanford FACS Core Facility) and
analyzed using a BD FACSCalibur. Screens were carried out using equilibrium binding
conditions where yeast were incubated at room temperature in phosphate-buffered saline
containing 1 mg/mL BSA (PBSA) with the following CLCF1 concentrations: for sort 1, 20
nM CLCF1 for 3 h; for sort 2, 2 nM CLCF1 for 6 h; for sort 3, 0.5 nM CLCF1 for 12 h.
After incubation with CLCF1, yeast were pelleted, washed and resuspended in PBSA with
1:500 ratio of chicken anti-c-Myc (#A21281, Invitrogen) for 30 min at 4°C. Yeast were then
washed and pelleted, and secondary labeling was performed on ice for 30 min using PBSA
with 1:100 dilution of goat anti-chicken PE (#sc-3730, Santa Cruz Biotech) and mouse anti-
HIS Hilyte Fluor 488 (#61250-H488, Anaspec).

Sorted clones were propagated and subjected to further rounds of FACS. After the last round
of screening plasmid DNA was recovered using a Zymoprep kit (#50-444-107, Zymo
Research Corp), transformed into DH10B electrocompetent cells, and isolated using plasmid
miniprep Kit. Sequencing was performed by Molecular Cloning Laboratories. Samples were
analyzed on a FACSCalibur (BD Biosciences), and data were analyzed using FlowJo
software (Treestar Inc).

Generation and screening of a CNTFR library created via Staggered Extension
Process (StEP).—The StEP method was performed as described previously38 and the
resulting library was displayed on yeast. Briefly, 20 unique sequences were selected
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randomly from the yeast population isolated from the final sort round of the error-prone
PCR library. 1 ng of each of the templates was combined and 20 ng total template was
mixed with the final concentrations of 0.15 pM each primer, 1X PCR buffer, 200 pM dNTP
mix, 1.5 mM MgCl,, and 2.5 U Taq polymerase in sterile dH,0 to 50 pL. The extension
protocol was run for 100 cycles using the following parameters: 94°C for 30s (denaturation)
and 55°C for 10 s. Products from these reactions were purified using gel electrophoresis.
Purified mutant cDNA and linearized plasmid were electroporated in EBY 100 yeast, where
they were assembled /n vivo through homologous recombination. Library size was estimated
to 7.9 x 107 by dilution plating.

Screens were performed using a single round of equilibrium binding sorting followed by two
rounds of kinetic off-rate sorts. For kinetic off-rate sorts, yeast were incubated with 2 nM
CLCF1 for 2 h at room temperature, after which cells were washed twice to remove excess
unbound CLCF1 and resuspended in PBSA containing 20 nM wtCNTFR-Fc to prevent
rebinding of dissociated CLCF1. For the length of the unbinding steps, 10 h was used for
sort 2, and 24 h was used for sort 3. Libraries were stained to detect CLCF1 binding and c-
myc expression as described above and sorts were conducted such that the 0.5-1% of clones
with the highest CLCF1 binding/c-Myc expression ratio were collected by FACS, enriching
the library for clones with the highest binding affinity to CLCF1. Plasmid DNA was isolated
and sequenced as described above.

Library generation and screening for CNTFR variants that do not bind LIFR.—
To engineer CNTFR variants with decreased binding for LIFR, error-prone PCR was used to
introduce random mutations into CNTFR variant 4, creating a library with an estimated
diversity of about 1 x 108 transformants. The resulting library was displayed as fusion
proteins on the yeast cell surface and screened to isolate the population with decreased
binding signal for LIFR-Fc in the presence of CLCFL. To retain the binding affinity for
CLCF1, screening was performed by alternating between positive selection for 0.5 nM
CLCF1 and negative selection for increasing concentrations of LIFR-Fc. After six rounds of
sorting, two consensus mutations emerged (Y177H and K178N). These mutations additively
contributed to decreased LIFR binding.

Yeast-displayed CNTFR binding assays.—Yeast displaying the CNTFR constructs
were incubated with varying concentrations of CLCF1 for 12 h at room temperature to reach
equilibrium binding. This was followed by washing with PBSA and resuspension in PBSA
with 1:500 ratio of chicken anti-c-Myc antibody for 30 min at 4°C. Yeast were then washed
and pelleted, and secondary labeling was performed on ice for 30 min using PBSA with
1:100 dilution of goat anti-chicken PE antibody and mouse anti-HIS Hilyte Fluor 488
antibody. Then samples were washed and analyzed by flow cytometry using BD Accuri flow
cytometer. Samples were analyzed on BD Bioscience software, and data were analyzed
using FlowJo software (Treestar Inc).

For assays to detect binding with the B receptors, varying concentrations of LIFR constructs
and/or gp130 constructs with 10 nM CLCF1 were added to yeast-displayed CNTFR. For
His-tagged constructs, mouse anti-HIS Hilyte Fluor 488 antibody was used to detect
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binding. For detecting Fc-fusion constructs, anti-mouse-Fc Alexa 488 antibody (#A11029,
Thermo Fisher) was used.

Cell-free binding assays.—96-well plates were coated with 10 pg/mL of anti-HIS
antibody or anti-mouse-Fc antibody overnight and blocked with 5% milk for 1 h. The plates
were then washed twice with PBSA. Varying concentrations of soluble CNTFR-HIS or
CNTFR-Fc fusion constructs were incubated with 2 nM CLCF1 in PBSA for 12 h at room
temperature. The mixture was then added to 96-well plates coated with anti-HIS antibody or
anti-mouse-Fc antibody respectively for 1 h followed by washing twice with BPBS.
Subsequently, the wells were incubated with 1:1000 diluted anti-CLCF1 rabbit antibody
(#ab26125, Abcam) for 2 h at room temperature then washed four times with PBS. The
wells were incubated with 1:1000 diluted HRP conjugated anti-rabbit antibodies
(#111-035-144, Jackson ImmunoResearch) for 2 h at room temperature, washed four times
with PBS. 1-Step Ultra TMB ELISA (#34029, Thermo Fisher Scientific) was used for the
readout.

Phosphorylation assays.—A549 or H23 cells were grown until 50% confluence in 6-
well plates. The cells were incubated in CLCF1 (10 nM) and CNTFR constructs (10 nM) for
20 min at 37°C in 5% CO,, then lysed with NP-40 buffer containing protease inhibitor
(#P8340, Sigma Aldrich) and phosphatase inhibitor (#P5726, Sigma Aldrich). Equal
amounts of lysate were loaded on Bis-Tris gels and transferred onto nitrocellulose
membrane. Western Blot analysis was performed with the reagents above.
Chemiluminescence was detected using the ChemiDoc XRS System (Bio-Rad). NP-40
buffer was composed of 20 mM Tris pH 8.0, 137 mM NaCl, 10% glycerol, and 1%
IGEPAL/NP40.

CLCF1 cell proliferation assay.—5 x 103 A549 and H23 cells were seeded and grown
for 24 h, and then serum starved by incubating for 24 h in DMEM with 0.1% BSA. CLCF1
and CNTFR constructs were then added and incubated for 72 h at 37°C in 5% CO,. Next,
AlamarBlue® reagent (#DAL1025, Fisher Scientific) was added to each well and incubated
for 1 hat 37°C in 5% CO». The cell metabolic activity was detected by measuring
fluorescence using 560EX nm/590EM nm. Error bars represent the standard deviation of
triplicate wells. Data were measured against negative control with only media.

Analysis of in vivo CLCF1 sequestration by eCNTFR-Fc.—Non-tumor bearing
NSG mice were administered a single dose of eCNTFR-Fc at 10 mg/kg body weight via
intraperitoneal injection. The doses were formulated in 200 puL volume. Two mice were
analyzed per condition, and untreated mice were used to determine baseline CLCF1 levels.
Terminal blood collection was done at euthanasia by cardiac puncture at 6 h, 12 h, 24 h, 36
h, 48 h, and 72 h after injection, and serum was isolated for analysis. CLCF1 levels were
measured using a sandwich ELISA. In this assay, eECNTFR-Fc was used as a capturing agent
to ensure the detection of free, unbound CLCF1. 96-well plates were coated with 10 ug/mL
of eCNTFR-Fc overnight at room temperature and blocked with 5% milk. After the coated
plates were washed twice with PBSA, the plates were incubated with the collected serum at
room temperature for 2 hours. After the plates were washed with BPBS twice, detection of

Nat Med. Author manuscript; available in PMC 2020 August 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al.

Page 19

CLCF1 was carried out using polyclonal anti-CLCF1 antibody and anti-rabbit HRP. After
washing the plates 4 times with BPBS, ELISAs were developed using the 1-Step Ultra TMB
ELISA.

Statistical analysis.—The specific statistical tests utilized are indicated in the figure
legends. In sum, for comparison between two groups, statistical significance was assayed by
two-tailed unpaired Student’s #test with Prism GraphPad software. For comparison of more
than two groups, variance was first systematically examined using an ~test for both one-
way and two-way Analysis of Variance (ANOVA), depending on the experiment, combined
with Dunnett’s multiple correction test (DMCT) for post-hoc analysis with Prism GraphPad
software, * P< 0.05; ** P<0.01; *** P< 0.001. Data are represented as mean + S.D. for /n
vitro experiments and mean + S.E.M. for /n vivo experiments. In boxplots, box represents
25™ and 75t percentiles with midline indicating the median; whiskers extend to the lowest/
highest value within 1.5 times the interquartile range (IQR). Kaplan-Meier survival curves
were calculated using the survival time for each mouse. The two-sided log-rank test with
Bonferroni correction was used for post-hoc pairwise analysis with Prism GraphPad
software. Unless otherwise specified, each /n vitro experiment was subjected to at least three
independent experiments (77 biological replicates), and the average of the independent
experiments was recorded and used in corresponding statistical analysis. For the /n vivo
animal studies, r7is provided for each biologically independent sample. For human lung
adenocarcinoma (LUAD) survival and gene expression data, analyses were performed with
R programming language using the package FirebrowserR. Kaplan-Meier survival analysis
curves and multivariate Cox hazard regression were completed in R programming language
using the survminer and survival packages, respectively. For the multivariate Cox regression
analysis, adjustments were made for age of diagnosis, gender, and cancer stage. Logistic
regression (logit) analysis was performed with R programming language using the glm
function.

DATA AVAILABILITY STATEMENT

All data generated or analyzed during this study are included in this published article and its
supplementary information files or are available from the corresponding author upon
reasonable request. Statistical Source Data underlying all Figures are provided as a separate
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Sciences Reporting Summary for this article is available as a Supplementary Information
file.
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Extended Data Figure 1:
High levels of CLCF1in KRAS mutant lung adenocarcinoma (LUAD) are associated with

decreased patient survival. (a) CLCF1 expression is plotted as log, transcripts per million
(TPM) on the y-axis. Each cohort and group are plotted on the x-axis as LUAD (normal,;
tumor) and lung squamous cell carcinoma (LUSC) (normal; tumor), respectively. Each
violin plot is overlaid with a boxplot depicting the maxima, upper quartile, median, lower
quartile, and minima for each group. The sample sizes are shown below each plot as 7= 59,
515, 511, and 501, respectively. P-values were calculated with two-tailed unpaired Student’s
ttest and corrected for multiple comparisons with Bonferroni adjustment. (b-€) Kaplan-
Meier survival curves for LUAD samples. Samples sizes are listed on each plot. Hazard ratio
and its respective P-values were calculated with a multivariate Cox hazard regression
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correcting for age of diagnosis, gender, and cancer stage. Blue solid line represents the
normal group (gene expression < 75™ percentile) and red solid line represents the high group
(gene expression > 75t percentile). (b) CLCF1 expression from samples with KRAS
mutation. (¢) CLCF1 expression from samples with no KRAS mutations. (d) CNTFR
expression from samples with KRAS mutation. (€) CNTFR expression from samples with
no KRAS mutations. (f) /L6ST (gp130) expression from samples with KRAS mutation. (g)
IL6ST (gpl30) expression from samples with no KRAS mutations. (h) L/FR expression
from samples with KRAS mutation. (i) L/FR expression from samples with no KRAS
mutations. HR = adjusted hazard ratio; CI = confidence interval for the adjusted hazard ratio.
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Extended Data Figure 2:
CLCF1 secreted by cancer-associated fibroblasts and LUAD cell lines. (a) Quantitative real-

time PCR (gRT-PCR) of CLCFI mRNA expression in human paired cancer-associated
fibroblasts (CAFs) relative to normal lung fibroblasts (NLFs) from the same patient. qRT-
PCR data are representative of /7= 3 independent experiments. GAPDH and HPRT
expression were used for normalization. *** £ < 0.001 using two-tailed unpaired Student’s
ttest. Data represented as mean + S.D. (b) Representative cropped western blot analysis of
conditioned media CLCF1 levels of indicated LUAD cell lines (representative of n= 2
independent experiments). (c) ELISA results showing CLCF1 levels (pg/mL) in conditioned
media from indicated cell lines (7= 3 independent experiments). Data represented as mean +

S.D.
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Extended Data Figure 3:
Recombinant production of CLCF1 and soluble B-receptors. (a) Representative analytical

RP-HPLC chromatogram of purified CLCF1. A gradient of 10 — 60% solvent B (90%
acetonitrile/10% water/0.1% trifluoroacetic acid) over 38 min was used. Asterisk (*)
indicates peak corresponding to CLCF1. (b) SDS-PAGE of purified CLCF1 under non-
reducing and reducing conditions. (c) SDS-PAGE of purified soluble p-receptor constructs
under reducing and non-reducing conditions. Asterisk (*) indicates the corresponding band
for each protein. All experiments were repeated at least three times with similar results.
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Extended Data Figure 4:
CNTFR knockdown decreases proliferation /n vitro and tumor growth in vivo. (a)

Proliferation curves for H23, H358, H1975, and H2009, respectively, after CNTFR
knockdown by the AlamarBlue® proliferation assay (/7= 3 independent experiments with
three technical replicates per group). *** £< 0.001 using two-way analysis of variance
(ANOVA) and Dunnett’s multiple comparison test (DMCT). Data represented as mean +
S.D. (b) Representative images of colony-formation assay in indicated LUAD cell lines (n=
3 independent experiments with similar results). (¢) Representative images of spheres from
cells grown in anchorage-independent conditions in indicated LUAD cell lines (n=3
independent experiments with similar results). (d) Tumor volume quantification of H23
xenografts with indicated ShRNAs [shGFP (7= 8), ShCNTFR 1 (7= 6), and ShCNTFR 2 (n
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= 4) biologically independent samples]. *** P< 0.001 using two-way ANOVA and DMCT.
Data represented as mean + S.E.M. (€) Tumor volume quantification of H2009 xenografts
with indicated shRNAs (7= 8 biologically independent samples). *** £< 0.001 using two-
way ANOVA and DMCT. Data represented as mean + S.E.M. (f-g) Representative H&E
staining and IHC for phospho-histone H3 (PH3) and cleaved caspase-3 (CC3) from (f) H23
and (g) H2009 xenografts (7= 3 independent experiments with similar results). The
quantification of PH3- and CC3-positive foci is presented in Fig. 10. Scale bars, 50 um.
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Extended Data Figure 5:
CLCF1 knockdown decreases tumor growth and CNVTFR knockdown decreases ERK, S6,

and STAT3 signaling /n vivo. () Tumor volume quantification of final time point of H2009
xenografts with indicated shRNAs (7= 8 biologically independent samples). *** P< 0.001
using one-way ANOVA and Dunnett’s multiple comparison test (DMCT). Whiskers identify
the maximum and minimum values; boxes indicate the 75 and 25! percentile and the line
the median. (b-d) Representative IHC for phospho-ERK (P-ERK), Phospho-S6RP (P-S6),
and phospho-STAT3 (P-STAT3) from A549, H23, and H2009 xenografts. Note: P-STAT3
baseline levels were below the level of detection for H23 (n = 3 independent experiments
with similar results). Scale bars, 50 um.
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Extended Data Figure 6:
Schematic representation of the overall engineering strategy. 1) Parental CNTFR was

randomly mutagenized via error-prone PCR and the resulting yeast-displayed library was
screened to isolate high affinity CLCF1 binders using equilibrium sorting conditions. 2)
Twenty clones were randomly selected from enriched yeast pools following sort 3 and sort 4,
and the mutant CNTFR DNA was extracted and shuffled together using staggered extension
process (StEP). The resulting library was screened against CLCF1 using equilibrium and
kinetic off-rate sorting conditions to isolate yeast displaying high affinity binders. After 3
rounds of sorting, a combination of four consensus mutations was determined to comprise
the highest affinity CLCF1 binder. 3) A further round of random mutagenesis was performed
on this variant (variant 4) and the resulting yeast displayed library was screened to isolate a
population that showed reduced binding to LIFR while retaining binding for CLCF1, as
shown in Fig. 4e. From this screening approach, two mutations, Y177H and K178N, were
identified (Fig. 4f) that conferred reduced LIFR binding. 4) The addition of point mutations
T268A and D269A conferred reduced gp130 binding. 5) A combination of these 8 mutations
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comprised the final CNTFR variant (¢eCNTFR), an engineered protein that possessed high
affinity binding to CLCF1 (R110Q, T174P, S237F, and 1287F), and lack of binding to LIFR
(Y177H and K178N) and gp130 (T268A and D269A).
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Extended Data Figure 7:
Two soluble constructs, one containing a hexahistidine tag and another fused to a mouse Fc

domain, were prepared for each of the g subunits (LIFR-Fc, LIFR-His, gp130-Fc, and
gp130-His). (a) As shown by the flow cytometry dot plots, i) when yeast-displayed CNTFR
was incubated with LIFR-Fc (10 nM), no binding signal was detected. ii) Upon addition of
CLCF1 (10 nM), LIFR-Fc binding signal increases indicating that in the presence of
CLCF1, CNTFR interacts with LIFR. iii) When gp130-His was included in addition to
CLCF1 and LIFR-Fc, LIFR-Fc binding signal to yeast-displayed CNTFR increased further.
(b) i) Similarly, without CLCF1, gp130-Fc showed no detectable binding to yeast-displayed
CNTFR. ii) Upon addition of CLCF1, gp130-Fc signal increased. iii) When LIFR-His was
added gp130-Fc binding increased further, suggesting coordinated binding between LIFR
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and gp130 to the CLCF1-CNTFR complex. All experiments were repeated at least three
times with similar results.
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Extended Data Figure 8:
Library sorting process for non-LIFR binders. (a) Representative flow cytometry dot plot

showing yeast library sorting process: isolation of non-LIFR binders (Sort 2 with 1 nM
LIFR-Fc), isolation of CLCFL1 binders (Sort 3 with 0.5 nM CLCF1-His), and isolation of
non-LIFR binders (Sort 4 with 10 nM LIFR-Fc). To retain the binding affinity for CLCF1,
strategy was alternated between positive screening for 0.5 nM CLCF1 and negative
screening for increasing concentrations of LIFR-Fc. (b) Flow cytometry histogram
representing yeast-displayed CNTFR variant containing T268A and D269A (CNTFR_AA)
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binding to CLCF1 (10 nM), gp130-Fc (10 nM), and LIFR-fc (10 nM) relative to untreated
negative control (red). CNTFR_AA binds to CLCF1 and LIFR but not to gp130. For gp130-
Fc and LIFR-Fc binding studies 10 nM of CLCF1 was added to induce receptor complex
formation. All experiments were repeated at least three times with similar results.
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Extended Data Figure 9:
Recombinant production of soluble CNTFR proteins. (a) Overlaid analytical size exclusion

chromatography chromatograms of purified WICNTFR-HIS, wtCNTFR-Fc, eCNTFR-HIS,
and eCNTFR-Fc. (b) SDS-PAGE of purified CNTFR constructs under reducing and non-
reducing conditions. All experiments were repeated at least three times with similar results.
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Extended Data Figure 10:
Yeast-displayed affinity matured eCNTFR does not bind to CNTF but retains high affinity

binding to mCLCF1. (a) Binding curves representing yeast-displayed wild-type CNTFR
(WtCNTFR) and engineered CNTFR (eCNTFR) binding to CNTF measured by flow
cytometry (1= 3 independent experiments). Data represented as mean £ S.D. (b) Binding
curves representing yeast-displayed wtCNTFR and eCNTFR binding to mCLCF1 measured
by flow cytometry. While eCNTFR still binds to mCLCF1 with comparable affinity to
hCLCF1, there was no detectable binding to CNTF (7= 3 independent experiments). Data
represented as mean + S.D. (c) Representative cropped western blot of two independent
experiments showing A549 cells treated with mCLCF1 and phosphorylation of STAT3
(Y705) in a time-dependent manner.
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Figurel.
Recombinant CLCFL1 increases and CATFR knockdown decreases tumor growth in human

LUAD. (a) CLCF1 treatment for 72 h increases cell viability after serum starvation in
LUAD cell lines A549, H23, and H358 in a concentration-dependent manner compared to
untreated control (7= 3 independent experiments). * £=0.04; ** P=0.001; *** £<0.001
using two-tailed unpaired Student’s #test. Data represented as mean + S.D. (b, d)
Recombinant human CLCF1 phosphorylates STAT3 (Y705) in both a concentration
([CLCF1] = 10 nM) and (c, d) time-dependent (15 min after treatment) manner in A549,
H23, and H358 as shown in the representative cropped western blots. Quantification from n
= 3 independent experiments shown in graph and compared to the untreated control. * P=
0.037; ** P=0.002; *** P< 0.001 using two-tailed unpaired Student’s #test. Data
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represented as mean + S.D. (e) gRT-PCR measurements of CATFR knockdown with
ShCNTFR or control shGFP (7= 3 independent experiments with three technical replicates
per group). ** £<0.01; *** P< 0.001 using one-way analysis of variance (ANOVA) and
Dunnett’s multiple comparison test (DMCT). Data represented as mean £+ S.D. (f)
Proliferation of A549 after knockdown with indicated shRNAs (7= 3 independent
experiments with three technical replicates per group). *** P< 0.001 using Two-way
ANOVA and DMCT. Data represented as mean + S.D. (g) Proliferation rates for LUAD cells
after CNTFR knockdown at day 7 (n7= 3 independent experiments shown). *** P< 0.001
using one-way ANOVA and DMCT. Data represented as mean = S.D. (h) Representative
images of colony-formation assay in A549 and H23. (i) Quantification of colony number
from (h) (7= 3 independent experiments shown). *** £< 0.001 using one-way ANOVA and
DMCT. Data are represented as mean + S.D. (j) Representative images of spheres from cells
grown in anchorage-independent conditions in A549 and H23. (k) Quantification of sphere
number (7= 3 independent experiments shown). *** P< 0.001 using one-way ANOVA and
DMCT. Data represented as mean + S.D. (I) Tumor volume quantification of A549
xenografts with indicated sShRNAs (/7= 6 biologically independent samples). *** £< 0.001
using two-way ANOVA and DMCT. Data represented as mean + S.E.M. (m) Tumor volume
quantification of final time point in indicated LUAD cell line xenografts (A549: n=6
biologically independent samples; H23: n= 6 biologically independent samples; H2009: n=
8 biologically independent samples). *** £< 0.001 using one-way ANOVA and DMCT.
Whiskers identify the maximum and minimum values; boxes indicate the 75 and 25t
percentile and line the median. (n) Representative hematoxylin and eosin (H&E) staining
and immunohistochemistry (IHC) for phospho-histone H3 (PH3) and cleaved caspase-3
(CC3) in A549 xenografts. Scale bars, 50 pm. (0) Quantification of PH3- and CC3-positive
foci (A549 and H23: n= 6 biologically independent samples; H2009: 7= 8 biologically
independent samples with 10 technical replicates in each group). * < 0.05; *** < 0.001
using one-way ANOVA and DMCT. Data represented as mean = S.E.M.
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Figure2.
Engineering a CNTFR receptor decoy using yeast display. (a) i) CNTFR transmits signal

through the B receptors, gp130 and LIFR. ii) The B receptors become activated when CLCF1
complexes with CNTFR. iii) Soluble CNTFR allows gp130 and LIFR to heterodimerize
even in cells lacking CNTFR expression. iv) Engineered soluble CNTFR (eCNTFR) that
does not bind to the B receptors can function as an antagonist. (b) Schematic representation
of yeast-displayed CNTFR and overlaid flow cytometry dot plot representing binding of
yeast-displayed wtCNTFR to 10 nM (cyan) and 0 nM (red) CLCF1-His. The experiment
was repeated at least three times independently with similar results. (c) Flow cytometry
histograms of the first CNTFR library and intermediate sorted population compared to
WEtCNTFR (WT), measuring binding to 0.5 nM CLCF1. Only the gated population of yeast
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expressing CNTFR is shown. The experiment was repeated at least three times
independently with similar results. (d) Binding curves of affinity matured yeast-displayed
CNTFR variants with various concentrations of CLCF1 and the measured apparent K
values (= 3 independent experiments). Data are represented as mean + S.D. (e) Overlaid
representative flow cytometry dot plots for sort 2 (red), sort 4 (blue), and sort 6 (orange)
showing enrichment of non-LIFR binders. The experiment was repeated at least three time
independently with similar results. (f) Y177H and K178N isolated from negative screening
against LIFR-Fc additively decreases LIFR-Fc binding. The measured apparent Ky values
represent binding affinity toward CLCFL1. Error bars represent the standard deviation (7=3
independent experiments). *** £< 0.001 using two-tailed unpaired Student’s #test. Data
represented as mean + S.D.
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Figure 3.
Characterization of eCNTFR constructs. (a) The 3D structure prediction of WiICNTFR

(yellow) and eCNTFR (blue) was carried out with the Phyre 2 server (Protein Homology/
analogY Recognition Engine V 2.0), showing locations of four mutations from affinity
maturation (blue), two mutations to reduce LIFR binding (green), two mutations to reduce
gp130 binding (magenta); the inset shows the aromatic cluster and conserved residues of
CNTFR for cytokine binding (red) and mutations from affinity maturation (blue). Binding
affinities of soluble WtCNTFR and eCNTFR constructs were compared for (b) CLCF1, (c)
gp130-Fc and LIFR-Fc, (d) CNTF, and (e) mouse CLCF1. K4 values were calculated where
appropriate. Error bars represent the standard deviation (7= 3 independent experiments).
*** P<0.001 compared to the corresponding WtCNTFR construct using two-tailed unpaired
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Student’s #test. Data represented as mean = S.D. (f) Competition assay using ELISA to
measure the ability of eCNTFR-Fc to block binding between wWtCNTFR-Fc and CLCF1-His,
LIFR-His, and gp130-His. Where LIFR-His and gp130-His were included CLCF1 (10 nM)
was also added to induce complex formation. Error bars represent the standard deviation (n
= 3 independent experiments). *** £< 0.001 compared to the corresponding untreated
control using two-tailed unpaired Student’s #test. Data represented as mean + S.D. (g, h)
eCNTFR-Fc inhibits STAT3 phosphorylation (Y705) in A549 and H23 cells (cropped).
Quantification from 7 = 3 independent experiments shown in graph and compared to the
untreated control. *** P < 0.001 using two-tailed unpaired Student’s #test. Data represented
as mean = S.D. (i, j) eCNTFR-Fc inhibits CLCF1 induced cell survival in serum starved
A549 and H23 cells (n = 3 independent replicates). *** < 0.001 compared to the
corresponding non-eCNTFR-Fc treated control using two-tailed unpaired Student’s #test.
Data are represented as mean = S.D.
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Figure 4.

Genotype specificity of eECNTFR-Fc in LUAD (a) Cell line viability 72 h after treatment
with 2.5 yM eCNTFR-Fc or PBS (/7= 3 independent experiments with four technical
replicates per group). Exact P-values shown above respective cell line and *** £< 0.001
using two-tailed unpaired Student’s #test. Data represented as mean + S.D. (b)
Representative cropped western blot of A549 treated with serum, CLCF1, eCNTFR-Fc,
CLCF1 + eCNTFR-Fc, or eCNTFR-Fc + serum after 24 h serum starvation (7= 2
independent experiments with similar results). (c) Quantification of western blot from 4b
and Extended Data Fig. 12a (7= 2 independent experiments with similar results). *** P<
0.001 using one-way analysis of variance (ANOVA) and Dunnett’s multiple comparison test
(DMCT). Data represented as mean + S.D. (d) RAS-GTP levels assessed by ELISA
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[Relative Light Units (RLU)] in cell lysates derived from A549 and H23 treated with serum,
CLCF1, eCNTFR-Fc, CLCF1 + eCNTFR-Fc, or eCNTFR-Fc + serum after 24 h serum
starvation (n = 2 independent experiments shown with three technical replicates per group).
Data represented as mean.
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Figure5.

Effect of eCNTFR-Fc in preclinical xenograft models. (a) Blood clearance and CLCF1
sequestration after intraperitoneal (i.p.) dosing of 10 mg/kg eCNTFR-Fc in non-tumor
bearing NOD scid gamma (NSG) mice. Serum samples were collected post injection and
unbound CLCF1 was measured by ELISA using eCNTFR-Fc as the capture agent (7= 3
independent experiments). Vehicle-treated mice were used to determine baseline CLCF1
levels. Data represented as mean = S.D. (b) Tumor volume quantification of A549
xenografts [7= 8 biologically independent samples except PBS (7= 6 at final time point)].
Two-way analysis of variance (ANOVA) and Dunnett’s multiple comparison test (DMCT).
Data represented as mean + S.E.M. (¢) Tumor volume quantification of final time point of
Ab49 xenografts [/7= 8 biologically independent samples except PBS (/7= 6)]. One-way
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ANOVA and DMCT. Data represented as mean + S.E.M. (d) Waterfall plot showing tumor
percent change from baseline for A549 xenografts. (€) Tumor volume quantification of
patient-derived tumor xenograft 727 (PDTX727) model [PBS (n=12) eCNTFR-Fc (7= 15)
biologically independent samples]. *** £< 0.001 using two-way ANOVA and DMCT. Data
represented as mean + S.E.M. (f) Tumor volume quantification of final time point of
PDTX727 [PBS: (n=12) eCNTFR-Fc (= 15) biologically independent samples] (left) and
representative images of PDTX727 tumors (right). *** £< 0.001 using two-tailed unpaired
Student’s #test. Data represented as mean = S.E.M. Scale bars, 10 mm. (g) Tumor volume
quantification of final time point of PDTX models. [PDTX911 (= 4), PDTX709 (PBS: n=
7 and eCNTFR-Fc: n=8), PDTX131 (n=10), TP40 (n = 4) biologically independent
samples]. *** P< 0.001 using two-tailed unpaired Student’s #test. Data represented as mean
+ S.E.M. (h) Representative H&E staining and IHC for phospho-histone H3 (PH3) and
cleaved caspase-3 (CC3) from A549 xenografts. Scale bars, 50 pm. (i) Quantification of
PH3- and CC3-positive [77= 8 biologically independent samples except PBS (/7= 6) with 10
technical replicates per group]. One-way ANOVA and DMCT. Data represented as mean +
S.E.M. (j) Representative H&E staining and IHC for PH3 and CC3 from PDTX xenografts.
Scale bars, 50 um. (k) Quantification of PH3- and CC3-positive foci. [PBS (n=12),
eCNTFR-Fc (n = 15) biologically independent samples with 10 technical replicates per
group]. *** P< 0.001 using two-tailed unpaired Student’s #test. Data represented as mean +
S.E.M. () Representative IHC for phospho-ERK (P-ERK) and Phospho-S6RP (P-S6) in
Ab49 xenografts and (m) PDTX (7= 3 independent experiments with similar results). (n)
Representative cropped western blot of A549 xenografts [/7= 8 biologically independent
samples except PBS (7= 6)]. (0) Quantification of western blot [depicting PBS (n= 8) and
eCNTFR-Fc (n=7 per group) biologically independent samples]. One-way ANOVA and
DMCT. Data represented as mean + S.E.M.
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Figure®6.

Effect of eCNTFR-Fc in an autochthonous KRAS-driven genetically-engineered mouse
model. (a) Representative 2D axial microCT (UCT) images, cross-section of mouse lungs at
cervical vertebra 8 from KrasC12D/ Trp537f mice treated 3 times per week with PBS or
eCNTFR-Fc (10 mg/kg) by intraperitoneal (i.p.) injection for 4 weeks (Day 28) starting at 8
weeks post-delivery of 5 x 108 pfu of adenovirus-expressing Cre (Ad-Cre) (Day 0). Red
outline surrounds the heart and red arrow identifies representative tumor nodule. (b)
Quantification of pCT tumor burden using ImageJ software. Arbitrary units (A.U.) (n=10
biologically independent samples with 12 technical replicates in each group). One-way
analysis of variance (ANOVA) and Dunnett’s multiple comparison test (DMCT). Data
represented as mean + S.E.M. (¢) Representative H&E images of lungs 28 days after
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treatment initiation. Scale bars, 1 mm. (d) Effect of treatment on tumor burden (%) and (€)
tumor foci (7= 10 biologically independent samples). *** £< 0.001 using two-tailed
unpaired Student’s #test. Data represented as mean = S.E.M. (f) Representative IHC for
PH3 and CC3 from the GEM model. (g) Quantification of PH3- and CC3-positive foci. (7=
10 biologically independent samples with 12 technical replicates in each group). *** P<
0.001 using two-tailed unpaired Student’s #test. Data represented as mean + S.E.M. (h)
Representative IHC for phospho-ERK (P-ERK), Phospho-S6RP (P-S6), and phopho-STAT3
(P-STAT3) 28 days after treatment initiation (/7= 3 independent experiments with similar
results). (i) Kaplan-Meier analysis of survival to ethical endpoint (7= 11 mice per group).
Day 0 denotes the end of treatment and 12 weeks after administration of Ad-Cre. Two-sided
log-rank test with Bonferroni correction. (j) CLCF1 ELISA performed on patient plasma
samples (7= 25) and normal controls (n7= 10). Mutation of interest = KRAS G12C, KRAS
G12V, and KRAS wild-type / EGFR mutant. One-way ANOVA and DMCT. Data
represented as mean + S.E.M.
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