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ABSTRACT Rationally targeted therapies have transformed cancer treatment, but many patients 
develop resistance through bypass signaling pathway activation. PF-07284892 

(ARRY-558) is an allosteric SHP2 inhibitor designed to overcome bypass-signaling-mediated resist-
ance when combined with inhibitors of various oncogenic drivers. Activity in this setting was confirmed 
in diverse tumor models. Patients with ALK fusion–positive lung cancer, BRAFV600E-mutant colorectal 
cancer, KRASG12D-mutant ovarian cancer, and ROS1 fusion–positive pancreatic cancer who previously 
developed targeted therapy resistance were treated with PF-07284892 on the first dose level of a 
first-in-human clinical trial. After progression on PF-07284892 monotherapy, a novel study design 
allowed the addition of oncogene-directed targeted therapy that had previously failed. Combination 
therapy led to rapid tumor and circulating tumor DNA (ctDNA) responses and extended the duration of 
overall clinical benefit.

SIGNIFICANCE: PF-07284892–targeted therapy combinations overcame bypass-signaling-mediated 
resistance in a clinical setting in which neither component was active on its own. This provides proof 
of concept of the utility of SHP2 inhibitors in overcoming resistance to diverse targeted therapies and 
provides a paradigm for accelerated testing of novel drug combinations early in clinical development.

See related commentary by Hernando-Calvo and Garralda, p. 1762.
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INTRODUCTION
Although single-agent targeted therapies have transformed 

cancer therapy for patients with oncogene-driven tumors, 
primary and secondary resistance can limit efficacy. Given 

that rationally selected combinations of targeted therapy 
are poised to overcome resistance, an increase in the num-
ber of combination therapy trials is an inevitable next step 
in precision medicine evolution. Unfortunately, traditional 
first-in-human (FIH) phase I clinical trials are inefficient at 
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investigating drug combinations. FIH dose escalations are 
typically designed to treat patients with a single drug at 
a time. Drugs are only later combined after monotherapy 
exploration, a process that delays study completion. Further-
more, the utility of this strategy is questionable when mono-
therapy is unlikely to be effective. Designing combination 
trials that circumvent these limitations is a challenge.

This problem applies to two important circumstances. 
First, combination therapy is required for oncogene-driven 
cancers that acquire off-target resistance to targeted therapy. 
For example, reactivation of mitogen-associated protein 
kinase (MAPK) pathway signaling may be induced shortly 
after starting targeted therapy treatment due to bypass recep-
tor tyrosine kinase (RTK) activation (e.g., EGFR, KIT; refs. 
1–3) or after initial tumor response due to acquired genetic 
alterations (e.g., RAS mutations, MET amplification; refs. 
4–6). Second, targeted therapy combinations may be required 
for prevalent oncogenic drivers deemed intractable to single-
agent targeted therapy, like select de novo KRAS and PIK3CA 
mutations (7–10).

Both situations may be addressed by combination targeted 
therapies that include an inhibitor of SHP2, a protein tyro-
sine phosphatase. SHP2 reinforces activation of the MAPK 
and potentially other pathways through multiple mecha-
nisms: dephosphorylation of inhibitory tyrosine phosphor-
y lation on positive regulators (e.g., RTKs, GAB1, and RAS; 
refs. 11–13); dephosphorylation of activating tyrosine phos-
phorylation on negative regulators (e.g., Sprouty; ref.  14); 
direct recruitment of Grb and SOS to RTKs (15, 16); and 
stimulation of RAS GDP–GTP exchange (17). Bypass resist-
ance can be overcome in preclinical models by combining a 
SHP2 inhibitor with inhibitors of diverse oncogenic drivers 
(8, 17, 18). A SHP2 inhibitor is unlikely to work on its own, 
however. FIH trials of the first SHP2 inhibitors to enter the 
clinic (e.g., RMC-4630 and TNO155) clearly showed limited 
monotherapy activity and were not optimally designed to 
explore rational combinations (19, 20).

In this study, we describe a bench-to-bedside approach 
to the characterization of combinations with a novel SHP2 
inhibitor (PF-07284892/ARRY-558) that distinguishes itself  
from prior drug development programs by leveraging early 
introduction of combination therapy in a phase I trial. As 
opposed to treating patients with a SHP2 inhibitor alone 
in dose escalation, each patient with an oncogene-driven 
cancer was permitted the addition of matched targeted 
therapy after a lead-in period to characterize monotherapy 
safety, dose-limiting toxicity (DLT), pharmacokinetics (PK), 
pharmacodynamics (PD), and efficacy prior to introduction 
of one of three rational combinations. This strategy resulted  
in the rapid rescue of progressive disease on single-agent 
PF-07284892 and the establishment of proof-of-concept com-
bination therapy activity.

RESULTS
PF-07284892 Design and Preclinical 
Pharmacology and Monotherapy Activity

PF-07284892 (ARRY-558), an allosteric SHP2 inhibitor, 
was discovered by Array BioPharma (Methods). The X-ray 
crystal structure of PF-07284892 bound to SHP2 shows that 

PF-07284892 is encased in a tunnel at an interface between 
the N- and C-proximal SH2 and phosphatase domains 
(Fig. 1A; Supplementary Table S1). Whereas the overall bind-
ing mode is like other SHP2 inhibitors, one difference is 
the fused dihydroindene phenyl of PF-07284892, which fits 
deeper into the tunnel and forms enhanced contacts with 
several residues (Supplementary Fig. S1A and S1B).

In cell-free systems, PF-07284892 inhibited SHP2 bio-
chemical activity with an IC50 of 21 nmol/L (±5 nmol/L, 
n = 20) and demonstrated >∼1,000-fold selectivity for SHP2 
over 21 other phosphatases, including the closely related 
SHP1 protein (Supplementary Table S2). In cell-based assays, 
PF-07284892 potently inhibited phosphorylated ERK (pERK) 
with low nanomolar IC50 values (Supplementary Table  S3). 
PF-07284892 demonstrated favorable PK properties in ani-
mals (Supplementary Table S4). The potential for improved 
brain penetration compared with other SHP2 inhibitors was 
also observed (Supplementary Table S5). Intermittent dosing 
(e.g., every 2–3 days) maintained efficacy and was better toler-
ated (as determined by peripheral blood counts and hemato-
crit) than continuous daily dosing while maintaining efficacy 
(Supplementary Fig. S2A–S2D).

Combination Therapy Preclinical Activity
To determine the effect of PF-07284892 treatment in com-

bination with appropriate targeted therapies, three human 
tumor cell lines were investigated: NCI-H3122 lorR-06, an 
EML4–ALK fusion–positive lung cancer model with acquired 
resistance to next-generation ALK inhibitors (see Methods); 
VACO-432, a BRAFV600E-mutant colorectal cancer model; and 
MIA PaCa-2, a KRASG12C-mutant pancreatic cancer model. 
Preclinically, SHP2 had been shown to contribute to primary 
or secondary targeted therapy resistance for each of the three 
driver-tumor contexts (8, 17, 18, 21).

The following targeted therapies were chosen to combine 
with PF-07284892: lorlatinib (for ALK fusions), encorafenib + 
cetuximab or binimetinib (for BRAFV600E mutants), and bini-
metinib (for KRASG12C mutants). These drugs were chosen 
based on clinical availability (e.g., we did not have access to a 
KRASG12C inhibitor for clinical studies) and thus the poten-
tial to translate findings to the clinic. Agents were used at 
concentrations (in vitro) and doses (in vivo) informed by non-
clinical studies (PF-07284892) or that approximated human 
exposures at clinically approved doses (all other combination 
agents).

For each cell line, treatment in vitro with PF-07284892 in 
combination with oncogene-matched targeted therapy led to 
maximum inhibition of pERK levels (60% to >90%) compared 
with PF-07284892 or each targeted therapy regimen alone 
(Fig.  1B–D, top; quantitation in Supplementary Fig.  S3A–
S3C, respectively).

Consistent with pERK suppression, oral treatment of 
mouse xenografts of each cell line with oncogene-matched 
targeted therapy in combination with PF-07284892 resulted 
in maximal tumor regression compared with either com-
ponent alone (Fig.  1B–D, bottom; additional in vivo models 
in Supplementary Fig.  S4A–S4C). PF-07284892 at the same 
single oral dose (30 mg/kg) used for efficacy studies caused 
significant suppression of pERK in MIA PaCa-2 tumors (Sup-
plementary Fig. S4D).
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Proof-of-Concept Clinical Activity
We designed an FIH phase I clinical trial of PF-07284892 

in patients whose solid tumors demonstrated acquired or 
intrinsic resistance to oncogene-matched targeted therapy 

(NCT04800822). Compared with traditional phase I designs 
(Fig. 2A), a novel dose-escalation study design was used that 
allowed the addition of (the same or similar) previously used 
oncogene-directed targeted therapy after a lead-in period 

Figure 1. PF-07284892 promotes antitumor efficacy in multiple oncogene-addicted models with up-front or acquired resistance to targeted thera-
pies. A, X-ray crystal structure of PF-07284892–bound SHP2. N-SH2, C-SH2, and PTP domains are yellow, cyan, and violet; inhibitor is green/blue. See 
Supplementary Table S1 for data collection and refinement statistics. B–D, Top, the indicated human cancer cell lines were treated in vitro with each 
agent at the indicated concentrations for 4 (H3122 lorR-06), 18 (VACO-432), or 24 (MIA PaCa-2) hours followed by preparation of cell lysates and analysis 
of the indicated protein by immunoblot. Quantitation of each band is shown in Supplementary Fig. S3. Bottom, immunodeficient mice (8 per group) were 
xenografted subcutaneously with the same human tumor cells used for in vitro signaling analysis. When tumors reached ∼200 mm3, animals were treated 
orally with vehicle, PF-07284892 30 mg/kg q.o.d., lorlatinib 3 mg/kg qd, encorafenib 20 mg/kg qd + binimetinib 3.5 mg/kg b.i.d., binimetinib 3.5 mg/kg b.i.d., 
or with the indicated combinations (at the monotherapy doses). Tumor sizes on days 25 to 29 were normalized to day 1 prior to treatment. b.i.d., twice 
daily; Bini, binimetinib; C, carboxy-proximal; CRC, colorectal cancer; Enco, encorafenib; Lorla, lorlatinib; N, amino-proximal; NSCLC, non–small cell lung 
cancer; p, phosphorylated; PDAC, pancreatic ductal adenocarcinoma; PTP, phosphatase; qd, daily; q.o.d., every other day; t, total.
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of SHP2 inhibitor monotherapy (Fig.  2B; Supplementary 
Fig.  S5). Twice weekly dosing of PF-07284892 was planned 
from the start of the trial based on nonclinical studies dem-
onstrating improved therapeutic index (TI; Supplementary 
Fig.  S2A–S2D). The sequential approach of giving mono-
therapy followed by combination therapy enabled assessment 
of safety, PK, preliminary efficacy, and contribution of effect 
for both PF-07284892 monotherapy and the added targeted 
therapies. We highlight below the first four patients enrolled 
to the first dose level and transitioned from monotherapy to 
combination. The disposition of all eight patients treated at 
this dose level and adverse events (AE) experienced by these 
patients are summarized in Supplementary Tables S6 and S7, 
respectively.

EML4–ALK Fusion–Positive Lung Cancer. A patient with 
EML4–ALK fusion–positive non–small cell lung cancer 
(NSCLC) was previously treated with the ALK inhibitors cri-
zotinib, ceritinib, alectinib, and lorlatinib (Fig. 2C). Two weeks 
after discontinuing lorlatinib for progression, the patient 
started treatment with PF-07284892 monotherapy [20 mg 
orally twice weekly (b.i.w.) on days 1 and 4] at dose level 1. PK 
analysis indicated sustained plasma levels of PF-07284892 
despite intermittent dosing [29 ng/mL predose cycle 1 day 18 
(C1D18, 3 days after prior dose) vs. 41 ng/mL 4 hours after 
C1D1 dose (Fig. 2D, red squares); complete PK curves shown in 
Supplementary Fig. S6]. PD analysis indicated an 80% decrease 
in the levels of pERK in peripheral blood monocytes 4 hours 
after dosing on C1D1 (Fig. 2D, blue bars). Circulating tumor 
DNA (ctDNA) showed clear decrease in EML4–ALK but less in 
ALK–EML4 or ALKG1202R (Fig. 2E).

Despite this, CT imaging after 6 weeks of PF-07284892 mono-
therapy demonstrated progressive disease (+50%; Fig. 2E). In a 
“typical” phase I clinical trial, this patient would have discon-
tinued treatment. Instead, the patient continued PF-07284892 
(at an initial lower dose of 10 mg b.i.w.; Fig. 2E and Methods), 
and lorlatinib was added [100 mg daily (qd), the dose the 
patient previously progressed on].

A partial response (PR; −50%) was achieved after 6 weeks 
of combination therapy (study week 12); precombination 
therapy imaging was used as a baseline for this comparison 
(Fig.  2E). ALK–EML4 and ALKG1202R in ctDNA showed early 
decreases after 1 week of combination and then all three 

ctDNA species increased after 3 weeks of combination (study 
week 9; Fig.  2E). After 9 weeks of combination (study week 
15), the PF-07284892 dose was increased to 20 mg b.i.w., 
whereas the dose of lorlatinib was reduced to 75 mg qd (for 
grade 2 depression related to lorlatinib); no AEs required 
PF-07284892 dose modification, and there were no DLTs. 
The PR was confirmed after 12 weeks of combination therapy 
(study week 18), with a slight increase in target lesions, fur-
ther increase in ALK fusions and ALKG1202R, and new appear-
ance of ALKG1269A, in ctDNA. The patient remained on the 
combination for 4.5 months (6 months on trial) until pro-
gressive disease (Fig. 2E).

BRAFV600E-Mutant Colorectal Cancer. A patient with meta-
static BRAFV600E colorectal cancer was treated with chemo-
therapy, encorafenib +  cetuximab, and fruquintinib (VEGFR 
inhibitor; Fig.  3A). PF-07284892 monotherapy (same dose 
level as the prior patient) was initiated. PK analysis indicated 
sustained plasma levels of PF-07284892 (35 ng/mL C1D18 vs. 
56 ng/mL C1D1; Fig.  3B). Blood samples were not available 
for pERK analysis. Progressive disease (+43% and new lesions) 
was observed after 6 weeks, together with increased BRAFV600E 
(and additional mutations) in ctDNA (Fig. 3C and D).

PF-07284892 (initially dose decreased like the prior 
patient) was continued, and encorafenib +  cetuximab were 
added at their approved doses. After 6 weeks of the combi-
nation (study week 12), rapid and complete disappearance 
of BRAFV600E (and other mutations) in ctDNA occurred 
together with a −22% decrease in the peritoneal target lesion 
and resolution of malignant ascites (Fig. 3C). After 7 weeks 
of combination (study week 13), the PF-07284892 dose was 
increased to 20 mg b.i.w. like the prior patient. BRAFV600E in 
ctDNA remained undetectable through 12 weeks of combi-
nation (study week 18). At 18 weeks of combination (study 
week 24), tumor reduction reached −30% (Fig.  3C and D). 
Despite increasing the dose of PF-07284892 to 40 mg b.i.w., 
BRAFV600E was again detected in ctDNA together with a +20% 
increase in target lesion after 24 weeks of combination 
(study week 30), indicating progressive disease (Fig. 3C and 
D). The patient remained on combination therapy without 
disease progression for 6 months, three times longer than 
prestudy encorafenib + cetuximab. There were no DLTs and 
no dose modifications for AEs.

Figure 2. Proof-of-concept clinical activity in an ALK fusion–positive NSCLC patient with resistance to multiple ALK inhibitors. A, Overview of tradi-
tional vs. alternative phase I combination trial design. Left, traditional phase I first-in-human trials require a new anticancer agent to be investigated as 
monotherapy, with the maximum tolerated dose/recommended dose for expansion identified, prior to allowing a combination with a second anticancer 
drug. If the investigational agent is ineffective on its own, treated patients do not have the opportunity to benefit from a potentially efficacious com-
bination. Right, an alternative design allows patients to receive treatment with a potentially effective combination after an initial period of treatment 
with the study drug as monotherapy. B, Implementation of early combination testing strategy with the investigational SHP2 inhibitor PF-07284892. 
Prior to trial enrollment, eligible patients had experienced PD with appropriate targeted therapy. Patients begin treatment with PF-07284892 mono-
therapy on study. Early combination with appropriate targeted therapy (lorlatinib, encorafenib + cetuximab, or binimetinib, each at the approved dose) 
may be initiated after a minimum of 6 weeks of PF-07284892 monotherapy, in the absence of ongoing grade ≥3 toxicity or DLT, and after PD (symp-
toms of PD without tumor growth ≥20% was allowed). At the start of the combination, the PF-07284892 dose must be lowered if the monotherapy dose 
level the patient was enrolled to has not yet been cleared from a safety perspective. The dose may subsequently be escalated to the highest monother-
apy dose that has been cleared. C, The patient’s previous systemic therapies included four approved ALK inhibitors. Parentheses show the best overall 
response to each treatment. D, Peripheral blood was isolated from the patient prior to and 4 hours after dosing with PF-07284892 on C1D1 and C1D18, 
and levels of PF-07284892 in plasma and of pERK in ex vivo CSF1-stimulated peripheral blood monocytes were analyzed (C1D18 samples for pERK 
were not available). The last dose of PF-07284892 prior to the C1D18 predose sampling was C1D15. The horizontal dashed line indicates PF-07284892 
concentration required to inhibit 50% of pERK in cells in vitro. E, Changes in the sum of the longest tumor diameters of target lesions (blue, normalized 
to the start of combination) and in EML4–ALK, ALK–EML4, ALKG1202R (shades of green), and ALKG1269A (red) in ctDNA. C, cycle; Cp, plasma concentration; 
CRC, colorectal cancer; ctDNA, circulating tumor DNA; D, day; DL, dose level; MAF, mean allele frequency; NA, not available; PD, progressive disease; pERK, 
phosphorylated ERK; PF-4892, PF-07284892; PK/PD, pharmacokinetics/pharmacodynamics; POC, percent of control; PR, partial response; qd, every day.
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KRASG12D-Mutant Ovarian Cancer. A patient with KRASG12D-
mutant low-grade serous ovarian cancer underwent surgical 
resection and adjuvant anastrozole. For recurrent/metastatic 
disease, she received ASN-007 (investigational ERK inhibitor), 
two lines of chemotherapy, niraparib, and SGN-STNV 
(antibody–drug conjugate; Fig.  4A). PF-07284892 monother-
apy was initiated at the same dose as prior patients. PK/PD 
analysis demonstrated sustained PF-07284892 and inhibition 

of pERK in peripheral blood monocytes, including on C1D18, 
3 days after the last prior dose (Fig.  4B). Nevertheless, after 
6 weeks of monotherapy, imaging demonstrated +6% tumor 
growth in two target lesion mediastinal lymph nodes, together 
with worsening disease-related abdominal pain and distension 
(Fig. 4C and D).

The patient continued PF-07284892 (dose decreased like  
the prior patients), and binimetinib was added at the approved 
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Figure 3. PF-07284892 overcomes intrinsic resistance to encorafenib + cetuximab in a BRAFV600E-mutant CRC patient. A, The patient’s previous 
systemic therapies were chemotherapy + bevacizumab, encorafenib + cetuximab, and fruquintinib, with the best overall response PD, indicating primary 
progression/intrinsic resistance to each therapy. B, Levels of PF-07284892 (red squares) in plasma, as in Fig. 2D; blood samples for pERK were not 
available. C, Change in the sum of the longest tumor diameters of target lesions and in BRAFV600E (and other mutations) in ctDNA over time, as in Fig. 2E. 
D, Imaging of a right-sided intra-abdominal target lesion mass during study treatment. The patient experienced one AE with monotherapy (grade 2 ascites 
not related to study treatment) and three grade 1 AEs with combination treatment (headache, fatigue, and acneiform rash, the latter a known toxicity of 
cetuximab). bev, bevacizumab; b.i.d., twice daily; C, cycle; cetux, cetuximab; Cp, plasma concentration; CRC, colorectal cancer; D, day; enco, encorafenib; 
FOLFIRI, folinic acid, fluorouracil, irinotecan; FOLFOX, folinic acid, fluorouracil, oxaliplatin; MAF, mean allele frequency; PD, progressive disease; 
PF-4892, PF-07284892; SD, stable disease; uPR, unconfirmed partial response.
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dose. A PR (−34%) was achieved after 6 weeks of combination 
therapy (study week 12; Fig.  4C and D). Despite binimetinib 
dose reduction for edema, the patient continued combination 
treatment with PR for 5 months, at which time treatment was 

discontinued for persistent edema. There were no PF-07284892 
dose modifications and no DLTs.

Although the founder KRASG12D mutation was not 
detected in ctDNA, ATML1517P appeared to decrease early 

Figure 4. PF-07284892 sensitizes a patient with KRASG12D-mutant ovarian cancer to the MAPK pathway inhibitor binimetinib. A, Prior treatments for 
metastatic disease included ASN-007 (investigational ERK inhibitor), chemotherapy, niraparib, and SGN-STNV (investigational antibody–drug conjugate). 
B, Levels of PF-07284892 in plasma (red squares) and pERK in ex vivo CSF1-stimulated peripheral blood monocytes (blue bars), as in Fig. 2D. C, Change 
in the sum of the longest tumor diameters of target lesions and of ATML1517P in ctDNA over time, as in Fig. 2E. D, Imaging of two abdominal target lesions 
during study treatment. All treatment-related AEs were grade 1 except for edema (grades 1–2, starting on monotherapy, worsening on the combination, 
and leading to dose modification), fatigue (grades 2–3), weight gain, diarrhea, and eczema (each grade 2 and resolved by the end of treatment). ADC, 
antibody–drug conjugate; b.i.d., twice daily; bini, binimetinib; C, cycle; Cp, plasma concentration; D, day; ERKi, ERK inhibitor; MAF, mean allele frequency; 
NA, not available; PD, progressive disease; PF-4892, PF-07284892; POC, percentage of control.
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during monotherapy and combination (study week 6 
sample was not available) and increased at later time points 
(Fig. 4C).

GOPC–ROS1 Fusion–Positive Pancreatic Cancer. A patient with 
GOPC–ROS1 fusion–positive pancreatic adenocarcinoma was 
previously treated with gemcitabine +  abraxane + nivolumab 
followed by repotrectinib (progressed after ∼10 months; Sup-
plementary Fig. S7A). PF-07284892 monotherapy was initiated 
at the same dose as prior patients. PK analysis indicated sus-
tained plasma levels of PF-07284892 despite intermittent dos-
ing (Supplementary Fig. S7B). After 6 weeks of monotherapy, 
imaging demonstrated progressive disease in two target lesion 
liver metastases (+26% overall), together with an increase in 
the GOPC–ROS1 and CTNNB1S45F in ctDNA (Supplementary 
Fig. S7C and S7D).

The patient continued PF-07284892, and lorlatinib was 
added at 100 mg qd. After 2 weeks of combination (study 
week 8), both mutations in ctDNA decreased by 95% com-
pared with baseline before starting any study treatment (Sup-
plementary Fig.  S7C). After 6 weeks of combination (study 
week 12), target liver lesions decreased by  −35% compared 
with precombination imaging consistent with PR, confirmed 
after 12 weeks of combination (study week 18; Supplemen-
tary Fig. S7C and S7D). She remained on the combination for 
a total of 7.5 months until progressive disease.

DISCUSSION
This study underscores the utility of early combination 

therapy exploration in drug development programs that 
include a novel agent. PF-07284892 is a highly potent, selec-
tive, allosteric SHP2 inhibitor. Compared with other SHP2 
inhibitors, PF-07284892 has a long half-life, causing sus-
tained pERK inhibition in preclinical models and peripheral 
blood monocytes from patients despite intermittent dosing, 
enhanced target binding, and potential intracranial coverage. 
Most importantly, significant preclinical antitumor activity 
was observed only in oncogene-driven cancers when adminis-
tered with matched targeted therapy.

Traditional phase I trials would have explored PF-07284892 
with a dose-escalation design that only featured monother-
apy or only allowed combination after full monotherapy dose 
exploration. This strategy raises ethical concerns, as patients 
risk exposure not only to subtherapeutic doses in early dose 
levels but also ineffective treatment even at later doses. All 
patients in this series unsurprisingly had primary progression 
on PF-07284892 monotherapy. These findings are consistent 
with trials of other SHP2 inhibitors in which little single-
agent activity was observed (20, 22). Furthermore, patients 
with florid disease progression may clinically deteriorate and 
miss the opportunity to receive subsequent cancer-directed 
therapies altogether.

Proof-of-concept data presented here demonstrate that the 
early addition of combination therapy in dose escalation is 
safe and feasible. Primary progression on SHP2 inhibitor 
monotherapy was rescued with the addition of matched tar-
geted therapy in patients with cancers driven by BRAFV600E, 
KRASG12D, and ALK/ROS1 fusions, each of whom had pro-
gressed on the same/similar targeted therapy prior to study 

entry. Benefit correlated with molecular response in founder 
or companion alterations in ctDNA after combination therapy 
initiation. These outcomes were enabled by the trial’s con-
temporary study design approved by regulatory authorities. 
This design is scientifically informed and patient-centric and 
should be considered by other drug development stakeholders 
for future trials.

The preclinical and clinical combination therapy activity 
presented here supports the role of SHP2 as an “Achilles’ 
heel” whose inhibition may sensitize or resensitize diverse 
tumors to targeted therapy. Of note, although responses to 
the up-front combination of KRASG12C and SHP2 inhibitors 
(e.g., JDQ443 and TNO155 or adagrasib and RMC-4630) 
have previously been described in KRASG12C-mutant cancers, 
the patients had not first received either agent as mono-
therapy, challenging ascertaining the need for combination 
treatment (20, 23). Our data support combination therapy 
in other oncogene-driven cancers. We are not aware of previ-
ous reports of responses to SHP2 +  fusion kinase inhibitor 
therapy in ALK/ROS1 fusion–positive cancer patients.

Early combination therapy exploration likewise enables 
early safety data readouts. Other SHP2 inhibitors had narrow 
TIs, requiring intermittent dosing to mitigate on-target toxic-
ity. PF-07284892 preclinical data demonstrated consistent 
activity with a wider TI with intermittent dosing. This led us 
to pursue intermittent dosing in patients from the start (Sup-
plementary Fig.  S2A–S2D). Although two of four patients 
required dose decreases of the combination agent due to drug-
related depression (lorlatinib) or edema (binimetinib), none 
required dose reduction of PF-07284892 for AEs, and mostly 
low-grade toxicities were observed with combination therapy 
in the rest. Although earlier in development, PF-07284892’s 
overall safety profile appears like other investigational SHP2 
inhibitors (compared in Supplementary Table  S8). We note 
the potential for consistent target inhibition by PF-07284892 
(as measured by inhibition of pERK in patient monocytes) 
despite intermittent dosing.

There are limitations to this study. As summarized in Sup-
plementary Table S6, some patients were not able to start or 
receive sufficient combination treatment due to clinical deteri-
oration, disease progression, and/or toxicity during monother-
apy. The number of patients treated with combination therapy 
should be increased to firmly establish the contribution of 
individual components to observed clinical effects. Higher 
doses of PF-07284892 should be explored to determine if even 
greater pERK inhibition and efficacy in patients are achieved.

Two patients had previously been treated with targeted 
therapy that differed from the actual combination agent 
provided on study: an investigational ERK inhibitor for the 
patient with ovarian cancer and repotrectinib for the patient 
with pancreatic cancer. Although it is possible that the effi-
cacy observed in these two patients was driven primarily by 
the study combination agent patients were not previously 
exposed to (binimetinib or lorlatinib, respectively), this seems 
less likely. The ERK inhibitor inhibits the MAPK pathway 
downstream of binimetinib, and the absence of acquired 
ROS1 resistance mutations in GOPC–ROS1 may be consistent 
with occult bypass resistance to repotrectinib that is not gen-
erally sensitive to single-agent targeted therapy. Furthermore, 
lorlatinib is not clearly active after repotrectinib (24).
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Regarding long-term combination therapy toxicities, 
clearly attributing side effects to individual drug compo-
nents or their combination may be challenging, although in a 
traditional phase I design, if monotherapy is ineffective, most 
patients will discontinue treatment early and long-term side 
effects cannot be interrogated. Finally, although knowing the 
clinical AE profile of similar drugs is helpful, it is not neces-
sary for this type of trial design if robust nonclinical data 
are available on potential efficacy, toxicities, and drug–drug 
interactions that support drug combination.

In summary, we describe the discovery and early clinical 
deve lopment of the investigational SHP2 inhibitor 
PF-07284892 using a novel FIH phase I clinical trial design 
that allowed each patient to receive one of three rational 
combinations of targeted therapy and PF-07284892. This 
approach led to tumor and ctDNA reductions and extended 
clinical benefit for four patients treated at the first dose 
level. We are not aware of another trial in which the first 
patients in dose escalation had access to rational combina-
tion treatments instituted immediately upon monotherapy 
progression. This phase I study is ongoing and will more fully 
evaluate up-front combination therapy safety and efficacy at 
higher doses in patients with prior progression on appropri-
ate targeted treatment.

METHODS
PF-07282892 Structure and Design

See US Patent 11,634,417, Example No. 6.

SHP2 Protein Expression and Purification
N-terminal poly-His tagged SHP2(2–257) for enzyme assay and 

SHP2(1–525) for crystallography were expressed in Escherichia coli 
BL21(DE3) and purified by standard methods, including metal affin-
ity and anionic ion exchange, followed by size-exclusion column 
chromatography. The poly-His tag was removed from SHP2(1–525) 
by the TEV protease that recognizes the TEV cleavage sequence 
engineered between the poly-His tag and the SHP2(1–525) amino 
sequence. The SH2(1–525) was concentrated to 8 mg/mL in a buffer 
of 25 mmol/L Tris, pH 8.0, 150 mmol/L NaCl, and 1 mmol/L tris(2-
carboxyethyl)phosphine (TCEP) for crystallization.

Cocrystallization, X-ray Data Collection, Data Processing, 
and Structure Solution of SHP2 with PF-07282892

The inhibitor-bound SHP2 protein complex was prepared by mix-
ing purified SHP2(1-525) with a 5-fold molar excess of PF-07282892 
(in DMSO) and incubated on ice for at least 30 minutes. An equal 
volume of SHP2:PF-07282892 complex and the reservoir solution, 
which consists of 9% PEG3350, 0.1M Bicine, pH 9.2, 30 mmol/L 
ammonium acetate, and 5% Tacsimate, were mixed with additional 
microcrystal seeds to promote the crystallization process. Crystal-
lization was performed by the hanging-drop vapor diffusion method 
at 14°C for  ∼7 days before harvesting. Rectangular plate crystals 
with sizes of 200 to 300 μm in two dimensions were collected and 
cryoprotected in the reservoir solution containing 25% (v/v) glycerol 
and flash-frozen in a 100K nitrogen gas stream. X-ray diffraction 
data were collected on a Rigaku FRE SuperBright X-ray generator 
equipped with Confocal VariMax optics and EIGER 1M detector. 
Diffraction data were processed using Mosflm in the CCP4 software 
package (25). Structures were solved by molecular replacement using 
a published SHP structure (PDB ID: 2SHP) as a search model. Itiner-
ate rounds of structure refinement (26) and manual model rebuilding 

were performed with Refmac5 (27) and COOT (28). Data collection 
and refinement statistics are shown in Supplementary Table S1. The 
image in Fig. 1A was generated using the Maestro graphical interface 
(version 13.3.121; SchrÖdinger).

SHP2 Enzyme Assays
C-terminal, Histidinex6 (His6) tagged full-length SHP2 (amino 

acids 2–527) was recombinantly expressed in and purified from 
E. coli using standard methods. Fluorescence intensity kinetic assays 
were configured for full-length SHP2 to monitor the amount of 
6,8-difluoro-7-hydroxy-4-methylcoumarin (DiFMU) formed upon 
hydrolysis of 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP). 
The assay mixture consisted of 25 mmol/L K+HEPES, pH 7.4, 0.01%  
Triton X-100, 1 mmol/L DTT, 50 mmol/L KCl, 100 μg/mL bovine 
γ-globulin, 50 μmol/L DiFMUP, 1 μmol/L SHP2 activating peptide 
[LN(pY)IDLDLV(dPEG8)LST(pY)-ASINFQK-amide], 1 nmol/L full-
length SHP2 [His6-tagged SHP2(2–527)], and 2% (v/v) DMSO (from 
compound). Compounds were typically diluted in DMSO across 
a 10-point dosing range created using a 3-fold serial dilution pro-
tocol at a top dose of 20 μmol/L. The assays were run in 384-well, 
polystyrene, low-volume, nontreated, black microtiter plates (Costar 
4511) in a final volume of 20 μL. Low control wells lacked enzymes. 
The assays were initiated by the addition of a mixture of SHP2 and 
the activating peptide and, following a 15-second mix on an orbital 
shaker, were read in kinetic mode for 15 minutes (30 seconds/
cycle) at ambient temperature on a PerkinElmer EnVision microplate 
reader (λEx = 355 nm, λEm = 460 nm). Initial velocities (slopes of the 
tangents at t = 0) were estimated from exponential fits to the slightly 
nonlinear progress curves and then were converted to percent of con-
trol (POC) using the following equation:

= − − ×POC (Sample X ) /(X X ) 100min max min

where Xmax is the average of the uninhibited controls and Xmin is the 
average of the background samples. A 4-parameter logistic model was 
fit to the POC data for each compound. From that fit, the IC50 was 
estimated and is defined as the concentration of compound at which 
the curve crosses 50 POC.

Phosphatase Profiling
PF-07284892 was evaluated by Eurofins, Inc. with Phosphatase 

Profiler for 22 phosphatases [20 human phosphatases, YoPH (bacte-
rial) and lambda (phage)]. Compounds were run at 10,000, 1,000, and 
100 nmol/L final compound concentration according to Eurofin’s 
specifications. IC50 values were estimated from the POC of the three 
concentrations evaluated.

Cell Lines and Xenografts
NCI-H3122, HT29, MIA PaCa-2, and NCI-H1975 cells were obtained 

from ATCC, KYSE-520 from DSMZ, RT 112/84 from the European 
Collection of Animal Cell Cultures, and EBC-1 from the Japanese Col-
lection of Research Bioresources Cell Bank. All cell lines were authen-
ticated by STR profiling and regularly evaluated for Mycoplasma 
(MycoAlert, Lonza, Inc.). The CR5087 patient-derived xenograft 
(PDX) was obtained from Crown Biosciences. The MGH915-4Y10 
PDX was provided by Dr. Aaron Hata, MGH Cancer Center. LorR-06 
(EML4–ALK) fusion-positive NSCLC cell lines were derived from 
parental NCI-H3122 cells by long-term in vitro culture in the presence 
of lorlatinib. See Supplementary Methods for additional molecular 
validation of cell lines and PDXs.

Quantitative pERK Cell Analysis
Cells were seeded at 5 × 104/well into clear, black-bottom, 96-well 

plates, incubated overnight at 37°C, and incubated for 1 hour 
with a 9-point dilution series of each inhibitor, followed by 3.7% 
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formaldehyde fixation, costaining with pERK and GAPDH antibod-
ies, costaining with goat secondary antibodies conjugated to IrDye 
800CW (for pERK) or IRDye 680RD (for GAPDH), and analysis of 
staining intensity by InCell Western (LI-COR, Inc.). Signal intensity 
for pERK was normalized to GAPDH and the DMSO-treated control 
samples to generate POC data, which were then plotted versus com-
pound concentration using GraphPad Prism 5 software to generate 
IC50 data using a 3-parameter curve fit. See Supplementary Table S9 
for sources of primary antibodies.

Immunoblotting
Each cell line was seeded in 12-well plates at 2.5 × 105 cells/well 

(1 mL total volume), incubated overnight at 37°C, and incubated for 
the indicated times with the indicated concentrations of each inhibitor 
dissolved in DMSO (DMSO used for vehicle control). Cells were lysed 
with 100 μL cell lysis buffer (Cell Signaling Technology), processed for 
SDS-PAGE, and transferred to nitrocellulose membrane for immuno-
blot analyses with the indicated primary and appropriate antibodies, 
followed by imaging analysis (Bio-Rad ChemiDoc XR/ECL for Fig. 1B; 
LI-COR Odyssey Scanner/fluorescent imaging for Fig. 1C and D). See 
Supplementary Table S9 for sources of antibodies.

Animal Care, Xenograft Preparation, and Treatment
All procedures performed on animals were in accordance with reg-

ulations and established guidelines and were reviewed and approved 
by Pfizer’s Institutional Animal Care and Use Committee. Tissue 
samples were collected in accordance with regulations and estab-
lished guidelines for the humane treatment of research animals. All 
animals were obtained at 6 to 8 weeks of age (Envigo), housed in 
groups of five, and allowed a 1-week acclimation period before cancer 
cell injection. Food, water, temperature, and humidity were prepared 
per Pharmacology Testing Facility performance standards (standard 
operating procedures), which are in accordance with the 2011 Guide 
for the Care and Use of Laboratory Animals (National Research 
Council) and AAALAC International.

Each cell line (5 × 106 cells) or PDX (cell suspension prepared with 
Miltenyi gentleMACS) was injected subcutaneously into the right flank 
of female Foxn1nu mice and allowed to grow to approximately 200 mm3 
(efficacy) or approximately 500 mm3 (PK/PD) prior to randomization by 
tumor size into dosing groups of eight (for efficacy) or three (for PK/PD) 
analysis. Animals were dosed by oral gavage with vehicle (1% carboxy-
methylcellulose/ 0.5% Tween-80), PF-07284892 (20% hydroxypropyl-
β-cyclodextrin in 50 mmol/L citric acid, pH 4), lorlatinib (water for 
injection, pH 3), encorafenib + binimetinib (1% carboxymethylcellu-
lose/0.5% Tween-80), binimetinib (1% carboxymethylcellulose/0.5% 
Tween-80), or their combination with PF-07284892.

Animal Efficacy Studies
Animals were dosed with vehicle, PF-07284892 (30 mg/kg every 

other day), appropriate targeted therapy [lorlatinib, 3 mg/kg qd, 
encorafenib 20 mg/kg qd + binimetinib 3.5 mg/kg twice daily (b.i.d.), 
binimetinib 3.5 mg/kg b.i.d.], or the combination of each targeted 
therapy with PF-07284892 at the doses used for monotherapy. Tumor 
size was determined by the formula (length × width × width)/2. For 
each animal, tumor size on days 22 to 29 of treatment was normal-
ized to tumor size on day 0 immediately prior to first treatment and 
displayed as a percentage of tumor volume change.

Animal PK Assessment
Concentrations of PF-07284892 in mouse, rat, dog, and monkey 

plasma and mouse brains were determined by liquid chromatography–
tandem mass spectrometry (LC-MS/MS) following protein precipitation. 
Oral and intravenous mouse, rat, dog, and monkey pharmacokinetic 
parameters were calculated using the noncompartmental analysis of 
total PF-07284892 concentration in plasma, and mouse brain-to-plasma 

ratios were calculated following adjustment for the unbound fraction 
of PF-07284892 in both brain homogenate and plasma.

For the quantitation of PF-07284892 concentrations in plasma, 
blood samples were collected into tubes containing K2EDTA as an 
anticoagulant and processed to the plasma component via cen-
trifugation. A 12-point calibration curve, ranging from 0.282 to 
50,000 ng/mL, was prepared in duplicate. A solution of 400 μg/mL 
PF-07284892 in DMSO was serially diluted 3-fold, and 2.5 μL of each 
standard solution was added to 20 μL of naive plasma. To mimic 
extraction of the standard curve, 2.5 μL of DMSO was added to 20 μL 
aliquots of test plasma. Both calibration and test plasma samples 
were spiked with 2.5 μL of internal standard in DMSO.

For the quantitation of PF-07284892 in brain, whole brains were 
harvested from mice administered an oral dose of PF-07284892, 
weighed, and homogenized in matrix D lysing tubes (MP Biomedi-
cals, Inc.) following the addition of 500 μL of 4:1 water:methanol. 
A 10-point calibration curve, ranging from 0.508 to 10,000 ng/mL, 
was prepared in duplicate. A solution of 400 μg/mL PF-07284892 
in DMSO was serially diluted 3-fold in DMSO, and then 2.5 μL of 
each standard solution was added to 100 μL of naive mouse brain 
homogenate. To mimic extraction of the standard curve, 2.5 μL of 
DMSO was added to 100 μL aliquots of test brain homogenate. Both 
calibration and test brain homogenate samples were spiked with 
2.5 μL of internal standard in DMSO.

Proteins in plasma and brain preparations were precipitated by the 
addition of 300 μL of acetonitrile. Samples were vortex-mixed, and 
precipitated proteins were removed via centrifugation. A 75 μL ali-
quot of the supernatant was transferred to a 96-well plate and diluted 
1:1 with water for analysis.

Animal PK/PD Studies
Each animal was administered a single dose of 30 mg/kg 

PF-07284892 by oral gavage. The mice were euthanized at 1, 8, 
24, and 48 hours after dose by CO2 inhalation, and tumors were 
excised, flash-frozen in liquid nitrogen, and stored at −80°C. Blood 
was collected into tubes containing 10% v/v EDTA, processed to 
the plasma component via centrifugation, and stored at  −80°C 
for bioanalysis. To determine the levels of pERK in tumors, tumor 
tissue was homogenized in lysis buffer (1% NP-40, 20 mmol/L Tris, 
pH 8.0, 137 mmol/L NaCl, 10% glycerol, 2 mmol/L EDTA, protease 
and phosphatase inhibitors) and centrifuged twice to separate 
insoluble material. Protein levels in each lysate were determined 
using Coomassie protein reagent (Pierce, Inc.). pERK levels were 
determined in 250 μg of each sample by immunoblot and normal-
ized to GAPDH in the same lysate and vehicle-treated controls, and 
results were expressed as POC pERK levels in tumors. To determine 
the levels of PF-07284892 in plasma, see “Animal PK Assessment” 
above.

Clinical Studies
Trial Design. Patients were treated on the FIH phase I clinical 

trial of PF-07284892 (NCT04800822). The FDA and Institutional 
Review Boards from each site approved the trial, the studies were 
conducted in accordance with the Declaration of Helsinki and in 
compliance with all International Council for Harmonisation Good 
Clinical Practice guidelines, and each patient (or legal guardians/rep-
resentatives) provided written informed consent. Early combination 
was initiated after 2 cycles/6 weeks of PF-07284892 monotherapy, 
absent ongoing grade ≥3 toxicity or DLT, after radiographic evidence 
of disease progression (symptoms of progressive disease without tumor 
growth ≥20% was allowed), and starting at one dose level lower than the 
highest safe monotherapy dose of PF-07284892 based on an accept-
able rate of first treatment cycle DLTs. Intrapatient dose escalation of 
PF-07284892 to previously determined safe dose(s) was permitted after 
1 cycle and absent grade ≥3 toxicity.
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Treatment and Response Assessment. PF-07284892 was adminis-
tered to patients as a powder in capsule. Lorlatinib, encorafenib, 
cetuximab, and binimetinib were administered at their labeled 
doses. Dose modifications and interruptions followed a prescribed 
algorithm. AEs were graded using Common Terminology Criteria 
for Adverse Events (CTCAE) version 5.0. Response was evaluated by 
CT imaging using RECIST version 1.1 every 6 weeks.

PD Assessment. Plasma samples were collected prior to treatment 
and at defined intervals after dosing on days 1 and 18 of cycle 1 at 
the starting PF-07284892 monotherapy dose. PF-07284892 plasma 
concentrations were determined using a validated LC-MS/MS assay.

Patient PD Assessment. Whole blood was collected from patients 
in 4 mL collection tubes and shipped on the same day with refriger-
ated gel packs to the Pfizer Early Clinical Development Precision 
Medicine Flow Cytometry Lab in Groton, CT. Samples received 
within the 24-hour stability window were processed and analyzed. 
Whole blood samples were stimulated with 9 ng/mL recombinant 
human M-CSF (R&D Systems) for 12 minutes at room tempera-
ture. Unstimulated samples were used as a control sample. Whole 
blood was stained by incubating with a mixture of antibodies to 
anti-CD45-APC-H7 (clone 2D1, Becton Dickinson), anti-CD14-
BV421 (clone M5E2, Becton Dickinson), ERK1/2-AF-647 (clone 
137F5, Cell Signaling Technology), and pERK1/2 T202/Y204-PE 
(clone 20A, Becton Dickinson) for 30 minutes at room temperature 
in the dark. Samples were analyzed on a Becton Dickinson FACS-
Canto Flow Cytometer using BD FACSDiva software v8.0.1, FlowJo 
V10. Whole blood samples were gated to exclude doublets by using 
FSC-A versus FSC-H. Cells were gated for CD45+ and CD14+ cells. 
Median fluorescent intensity (MFI) of ERK1/2 in CD14+ monocytes 
and MFI of pERK1/2 in CD14+ monocytes are reported. MFI of 
pERK1/2 in CD14+ monocytes at 9 ng/mL is normalized to the 
unstimulated sample to account for a change in cell numbers.

Patient Plasma Cell-Free DNA Extraction and Analyses. Whole 
blood was collected from patients in 2  ×  10 mL collection tubes 
containing K2EDTA as anticoagulant. Within 30 minutes, plasma 
was processed by centrifugation at approximately 1,600  ×  g for 
10 minutes using a prechilled centrifuge set to 4°C. Plasma was 
then transferred to a 15-mL centrifuge tube, centrifuged as above 
at approximately 3,000  ×  g for 25 minutes, aliquoted, and frozen 
at −80°C until shipment to Guardant Health. Extraction of cell-free 
DNA and next-generation sequencing were performed at Guardant 
Health using the G360 73-gene panel (Panel v 2.10, bioinformatics 
pipeline v 3.5.2). Mean allele frequency of each mutation was plotted.

Data Availability
Upon request, and subject to review, Pfizer, Inc. will provide the 

data that support the findings of this study. Subject to certain cri-
teria, conditions, and exceptions, Pfizer, Inc. may also provide access 
to the related individual deidentified participant data. See https://
www.pfizer.com/science/clinical-trials/trial-data-and-results for more 
information.
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