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Abstract
Molecular testing is performed upon diagnosis of non-small cell lung cancer (NSCLC) because of the large success of 
targeted therapies for oncogenic mutations. Epidermal growth factor receptor (EGFR) mutations are the most commonly 
identified mutation in NSCLC, and EGFR exon 20 insertion mutations (exon20ins) are the third most common mutation 
in EGFR following EGFR exon 19 deletions and exon 21 L858R mutations. EGFR exon20ins have regularly demonstrated 
resistance to classical EGFR inhibition. Two treatments—mobocertinib and amivantamab—have recently been the first 
drugs to be approved by the US Food and Drug Administration (FDA) for treatment of lung cancers with these mutations 
following platinum-based therapy. Research surrounding these two drugs demonstrates strong efficacy, but with an intense 
array of side effects. Another targetable driver mutation is the human epidermal growth factor receptor 2 (HER2) exon20ins, 
representing approximately 2–3% of NSCLC patients. This mutation has been heavily studied in vitro as well as clinically, 
and trastuzumab deruxtecan was just recently granted accelerated FDA approval based on the high efficacy demonstrated 
in the Destiny-Lung01 study. However, similar to their EGFR counterparts, HER2 inhibitors also have evidence of toxicity 
in clinical studies. In this paper, we discuss the limited response of EGFR and HER2 exon20ins to a wide range of standard 
treatment regimens, such as platinum-based chemotherapy and classic EGFR tyrosine kinase inhibitors, as well as immuno-
therapy. We also review recently approved and upcoming targeted therapeutic options, considering what research is presently 
being done regarding efficacy and the reduction of side effects, as well as the agents’ risks and benefits for incorporation 
into an approved treatment regimen.
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Key Points 

Exon 20 insertion mutations in epidermal growth factor 
receptor (EGFR) and human epidermal growth factor 
receptor 2 (HER2) are resistant to traditional EGFR-
targeting agents.

Recently, two agents (amivantamab and mobocertinib) 
have been approved for EGFR exon 20 insertion muta-
tions.

Trastuzumab deruxtecan was also recently Food and 
Drug Administration (FDA) approved for non-small cell 
lung cancer with HER2 mutations.

Novel agents to improve upon the efficacy and toxic-
ity profile are being developed in the exon 20 insertion 
mutation space.

1 Introduction

Lung cancer affects over 2 million people annually, with 
non-small cell lung cancer (NSCLC) accounting for 82% of 
lung cancer cases [1, 2]. Much is known about the epidemi-
ology of NSCLC, including how varying mutations impact 
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prognosis and outcome, and as a result, targeted therapies 
have been developed for several oncogenic mutations.

Epidermal growth factor receptor (EGFR) mutations are 
the most commonly identified mutation in NSCLC, occur-
ring in 10–15% of all NSCLC cases [3]. Carcinogenic muta-
tions typically mutate the EGFR protein to a constitutively 
active state. EGFR mutations are predominantly found in 
females, never-smokers, and Asians with adenocarcinoma 
[4]. The two most common EGFR alterations, or classic 
EGFR mutations, are exon 19 deletions and an L858R point 
mutation on exon 21; together, they make up about 85–90% 
of EGFR mutations [3]. Tyrosine kinase inhibitors (TKIs) 
have been designed to target active EGFR proteins, selec-
tively targeting the carcinogenic mutations. Osimertinib 
has seen the most recent approvals for NSCLC harboring 
classic EGFR mutations or exon 19 deletions and exon 21 
L858R mutations; it is an irreversible inhibitor that cova-
lently binds to the EGFR protein at Cys797, blocking the 
adenosine triphosphate (ATP) binding site [5]. It was ini-
tially approved for treatment of those who developed the 
T790M escape mutation post earlier generation EGFR TKIs 
[13]. However, after the FLAURA study, which compared 
osimertinib to both gefitinib and erlotinib, demonstrated 
an increase in progression-free survival (PFS) as well as 
overall survival (OS), osimertinib is now considered the 
preferred frontline treatment for patients with metastatic 
NSCLC harboring EGFR mutations [6]. Additionally, the 
ADAURA study recently compared treatment with osi-
mertinib versus placebo following surgical resection of 
early stage NSCLC, and it showed a significant increase in 
disease-free survival, with improvements increasing with 
disease stage [7].

2  Diagnostic Testing

At any new diagnosis of advanced NSCLC, molecular test-
ing is paramount for a full clinical picture of the disease 
in order to understand how best to proceed with treatment. 
Current testing numbers are not fully known, but a survey 
from 2020 estimates that approximately 61% of physicians 
consistently order molecular testing for newly diagnosed 
advanced-stage NSCLC [8].

2.1  Diagnosis of HER2 Aberrations

Human epidermal growth factor receptor (HER2) altera-
tions are diagnosed by (1) fluorescence in situ hybridization 
(FISH) for HER2 amplifications, (2) immunohistochemical 
(IHC) staining for HER2 overexpression, or (3) next-gener-
ation sequencing (NGS) for mutations [9].

2.2  Diagnosis of EGFR Aberrations

EGFR mutations generally consist of point mutations or 
variably sized mutations below the threshold of testing for 
karyotype, FISH, or IHC staining [10]. Thus, mutational 
testing can be done via either liquid biopsy or tumor tissue 
sequencing. Liquid biopsy testing is primarily only recom-
mended for advanced or metastatic disease, since it meas-
ures cell-free DNA, which is more prevalent in metastatic 
cancers. However, liquid biopsies still show a 30% false-
negative rate, so they should not be the standalone method 
of analysis. Guardant360 (Guardant, CA) is an NGS-based 
device using cell-free DNA from plasma to identify NSCLC 
patients who may benefit from treatment with osimertinib. 
Validation testing showed a specificity of > 99.9%, with 
sensitivity of 85.0%, compared to sensitivity of 80.7% in 
tissue-based samples [11].

Polymerase chain reaction (PCR) has a high sensitivity for 
detecting only those assays for which the test was designed. 
PCR can detect mutant allelic frequencies as low as 1% [10]. 
Tissue analysis by NGS is currently the gold standard [12], 
though results may take weeks or more to report. NGS has 
an advantage of providing detection of (1) single nucleotide 
variants, (2) copy number variants, and (3) rearrangements 
in multiple genes simultaneously [10]. NGS can detect allelic 
frequency down to 0.1% [11]. In one analysis of 31 EGFR 
samples, the concordance rate between PCR and NGS was 
90.3%, with more aberrations detected via NGS [13]. One ret-
rospective analysis found use of PCR decreased from 100% 
in 2011 to 6.5% by 2020, while the rate of NGS increased 
from 0% in 2011 to 64.5% in 2020 [14]. Testing was sampled 
from tissue in 84.9% of EGFR exon 20 insertion mutation 
(exon20ins) cases versus blood in 17.7%. Across all assays, 
the median time from diagnosis to EGFR exon20ins result was 
23 days (28 days for NGS vs 12 days for PCR), with a median 
laboratory turnaround time of 9 days (11 days for NGS and 8 
days for PCR).

3  Epidemiology and Structure

3.1  EGFR Exon 20 Insertions: Epidemiology 
and Structure

Although EGFR exon 19 deletions and L858R point muta-
tions represent the majority of EGFR mutations, exon20ins 
make up 4% of EGFR mutants. EGFR exon20ins are generally 
mutually exclusive of other mutations [15]. In contrast to clas-
sic mutations, exon20ins do not sensitize the kinase domain to 
EGFR TKIs, thus acting as resistance mutations [16–19]. To 
elucidate the mechanism behind this, Yasuda et al. developed 
the first crystal structure of an exon20ins EGFR mutation, 



719Lung Cancer with EGFR or HER2 Exon 20 Insertion Mutations

D770_N771insNPG [19]. The crystal structure revealed an 
active conformation with the C-helix in an inward position, 
forming a rigid and inflexible structure that locks the EGFR 
molecules in active conformation without ligand binding [19].

As a result of blocking the binding domain, patients with 
EGFR exon20ins have shorter OS than patients with com-
mon EGFR mutations, due to a lack of targeted therapeutic 
options [4]. This is explained by the structural changes in 
the EGFR protein—the insertion, typically around codons 
762–774, keeps the protein in its active confirmation [20]. 
These mutations typically represent insertions ranging from 
3 to 21 base pairs. The insertion sequences were highly vari-
able, with the most common variant (V769_D770insASV) 
found in 22% of cases [4]. Since ATP binding is not needed 
to shift these proteins into the active state, this renders tra-
ditional TKIs clinically useless against tumors expressing 
EGFR with exon20ins. Furthermore, the traditional TKIs, 
including osimertinib, are chemically unable to bind to the 
enzyme when in its active state. The median survival of 
1086 patients with EGFR exon20ins receiving either TKIs 
or chemotherapy was 16 months [4].

This had been a major area of unmet need until very 
recently, when we finally saw the approval of mobocertinib 
and amivantamab.

3.2  HER2 Exon 20 Insertions: Epidemiology 
and Structure

HER2 mutations are found in 2–3% of lung adenocarcinoma 
patients [21–25]. In a report from the Cancer Genome Atlas, 
HER2 mutations were seen in 4% of NSCLC patients [26]. 
Most of these mutations (90%) occur as an insertion mutation 
within the exon 20 frame, with duplication of A775_G776in-
sYVMA being the most common [21–24]. HER2 exon20ins 
result in constitutive activation of the receptor with down-
stream effects on AKT/MEK pathways [27]. Simulations show 
that HER2 exon20ins restrict HER2 kinase to its active state, 
resulting in ligand-independent kinase activation [28]. Thus, 
they have been classified as driver oncogenic mutations. HER2 
exon20ins are associated with women and never-smokers [21, 
23]. HER2 mutation is also considered a mechanism for resist-
ance to TKIs. Arcila et al. reported OS of 19 months for HER2-
mutated NSCLC patients compared to 30 months for EGFR-
mutated NSCLC patients on any treatment [21]. Another study 
confirmed the OS to be around 24 months [29].

4  Response to Standard Therapies

4.1  Chemotherapy

Currently, the first-line standard-of-care treatment for EGFR 
exon20ins and HER2 exon20ins patients is platinum-based 

chemotherapy. In a case series of 27 NSCLC patients with 
EGFR exon20ins, 67% received chemotherapy, 94% in 
the first-line setting [30]. Most patients (17/18) received 
carboplatin plus pemetrexed. The objective response rate 
(ORR) to chemotherapy was 39% (95% confidence interval 
[CI] 16–61), with PFS of 7.1 months (95% CI 6.3–13.7). 
The OS was 3.2 years (95% CI 1.92–not reached [NR]). 
One-third (6/18) of patients had bevacizumab added to 
their regimen, with similar ORR and PFS (50% and 6.2 
months, respectively). The authors concluded that EGFR 
exon20ins NSCLC has a similar response to chemotherapy 
as wild-type EGFR NSCLC, which has shown an ORR of 
30%, with a median PFS of 5–6 months in prior literature 
[31–33]. A review of 104 Chinese patients with EGFR 
exon20ins receiving first-line platinum-based chemotherapy 
found an ORR of 19.2%, with median PFS of 6.4 months 
(95% CI 5.7–7.1) [34]. A review of 77 patients receiving 
pemetrexed-based first-line chemotherapy found an ORR of 
41.6% [35]. The authors also showed that pemetrexed-based 
chemotherapy provided superior disease control compared 
with non-pemetrexed chemotherapy regimens, with PFS of 
5.5 vs 3.0 months, respectively. In a retrospective analysis 
of 1882 patients with lung adenocarcinoma, 46 patients 
with EGFR exon20ins had similar OS on platinum-based 
chemotherapy to that of 258 patients with EGFR exon19 
deletion/L858R mutation (26 vs 31 months, respectively; p 
= 0.53) [36]. This further demonstrates the unmet need for 
targeted agents in the exon20ins populations.

The activity of chemotherapy in patients with HER2 
mutation is similar to that of patients with EGFR exon20ins. 
From the European EUHER2 cohort, the ORR and median 
PFS were 43.5% and 6 months (95% CI 5–7.1) in the first-
line chemotherapy setting (n = 93) [24]. Most patients (n = 
71) received first-line platinum-based doublet with a pem-
etrexed backbone. In the second-line setting, chemotherapy 
yielded an ORR of 10% and median PFS of 4.3 months (95% 
CI 3.1–5) (n = 52) [24]. In the second line, most patients 
received monotherapy with erlotinib (n = 15), docetaxel 
(n = 9), or pemetrexed (n = 7). Median OS was 24 (95% 
CI 10.1–36.4) and 19.4 (95% CI 9.6–24.7) with first- and 
second-line therapy, respectively.

4.2  Immune‑Checkpoint Inhibitors

Patients with classic EGFR mutant NSCLC do not benefit 
from immune-checkpoint inhibitors (ICIs) [37, 38]. Addi-
tionally, combining EGFR TKIs and ICIs increases toxicity 
without evidence of clinical benefit [39]. In a study of 263 
NSCLC with EGFR exon20ins, median tumor mutational 
burden  was 3.6 mutations per megabase, similar to that of 
other EGFR mutant NSCLC (3.6 mutations per megabase;  
p = 0.31) and significantly lower than EGFR wild-type 
tumors (8.1 mutations per megabase; p < 0.0001) [40].



720 D. Brazel et al.

Although patients with exon20ins have largely been 
excluded from immunotherapy clinical trials, in retrospec-
tive analyses, patients with EGFR or HER2 exon20ins seem 
to derive greater benefit than patients with classic EGFR 
mutations [41–43]. In one retrospective analysis of 48 
NSCLC patients treated with any ICI, Lau et al. showed 
that exon20ins were associated with better response (HER2 
29%, n = 14; EGFR 50%, n = 6) than classic EGFR muta-
tions, though these findings were not statistically significant  
(p = 0.07) [41]. Compared to classic mutations, exon20ins 
were associated with improved PFS (adjusted hazard ratio 
[HR] for HER2 0.35, p = 0.02; adjusted HR for EGFR 0.37, 
p = 0.10). Programmed death ligand 1 (PD-L1) expression 
was an independent prognostic factor for PFS (HR 0.42; 
95% CI 0.23–0.76). ICIs were generally well tolerated, and 
in those patients who received subsequent TKI, no immune-
related toxicity was observed, although the study was limited 
by its small sample size.

In one prospective series of 36 patients with EGFR 
exon20ins who received ICIs, the observed ORR was 25%, 
with PFS of 2.9 months, versus classical EGFR mutations, 
where ORR was 0% and PFS was 1.9 months [42]. The 
authors found that HER2 exon20ins had similar ORR and 
PFS to those of classic EGFR mutations (HR 1.1, p = 0.8) 
[35].

4.3  First‑ and Second‑Generation EGFR TKIs

In contrast to other EGFR mutations in NSCLC, exon20ins 
are generally associated with resistance to first- and second-
generation TKIs through steric hindrance of the drug bind-
ing pocket. The ORR ranged from 0 to 28%, with median 
PFS less than 4 months [34, 44, 45]. First-generation TKIs 
(gefitinib, erlotinib, and icotinib) bind to EGFR reversibly. 
The second-generation TKIs (afatinib, dacomitinib, and ner-
atinib) bind irreversibly. In exon20ins, this mechanism is 
thought to require higher plasma concentrations for inhibi-
tion than is feasible in clinical practice, due to dose-limiting 
toxicities [19].

As a result, patients with EGFR exon20ins have better 
survival and response with chemotherapy compared to TKIs 
in the first line [45–47]. The OS of EGFR exon20ins in the 
first-line treatment setting ranges from 7.1 to 16.8 months 
with TKI [46, 47] versus 6.3–28 months on chemotherapy 
[46]. One study combining TKI and platinum chemotherapy 
found an OS of 16.4 months [45]. The ORR ranges from 0 
to 8.7% with TKI [17, 46] versus 23–29% on chemotherapy 
[46, 48, 49].

In the later lines of therapy, the OS with TKI is approxi-
mately 12.9–15.3 months [47, 50], with one study also 
reporting 17.1 months with chemotherapy and 8.0 months 
with immunotherapy [47].

4.4  HER2 TKIs

In a randomized phase II trial, patients with HER2 mutant 
NSCLC received pan-HER TKI neratinib with or without 
mammalian target of rapamycin inhibitor temsirolimus [51] 
based on results from preclinical data [27] and a phase I 
trial of HER2 mutant solid tumors [52]. No responses were 
observed in the neratinib group, compared with an ORR of 
21% in the neratinib plus temsirolimus arm [51]. Given the 
high prevalence of exon20ins in HER2 mutant NSCLC, most 
patients were expected to have this subtype.

5  Response to Novel TKIs

5.1  Mobocertinib (TAK‑788)

Mobocertinib is a selective oral TKI targeting EGFR 
exon20ins. A phase I/II trial of 28 previously treated EGFR 
exon20ins patients found an ORR of 43% (95% CI 24–63), 
with median PFS of 7.3 months (95% CI 4.4–15.6) [53]. 
This group was compared to 71 matched real-world EGFR 
exon20ins patients who did not receive mobocertinib, and 
had an ORR of 13%, with a median PFS duration of 3.5 
months. In 12 patients with brain metastases at baseline, 
ORR was 25%, compared to 56% (95% CI 30–80%) in 
patients without brain metastases [53]. The median PFS was 
3.7 months (95% CI 1.8–15.9) versus 10.2 months (95% CI 
5.6–NR) [53]. Grade 3 or higher treatment-related adverse 
events occurred in 40% of patients, the most common being 
diarrhea (21%). As a result, mobocertinib was granted Food 
and Drug Administration (FDA) Breakthrough Therapy des-
ignation in April 2020 [54].

Data from the phase II extension (EXCLAIM) cohort of 
114 platinum-pretreated patients were presented at Ameri-
can Society of Clinical Oncology (ASCO) 2021. These 
findings confirmed an ORR of 28% (95% CI 20–37) and 
median PFS of 7.3 months (95% CI 5.5–9.2) [55]. As a 
result, mobocertinib was granted accelerated approval by 
the FDA for treatment of advanced-stage NSCLC harboring 
EGFR exon20ins following disease progression on platinum-
based chemotherapy in September 2021 [56]. Table 1 shows 
the major efficacy and safety endpoints of mobocertinib and 
amivantamab. (Also see Table 2 for a comprehensive com-
parison of exon20ins agents.)

The phase III EXCLAIM-2 trial of mobocertinib versus 
platinum-based chemotherapy in advanced NSCLC with 
EGFR exon20ins in the first-line setting is currently ongo-
ing (NCT04129502).

Preclinical data on mobocertinib in HER2 mutant NSCLC 
have shown promising results both in vitro and in mouse 
models with varying activity against certain variants [57], 
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and although the EXCLAIM study originally included HER2 
mutant patients, enrollment was halted for this arm.

5.2  Osimertinib

Osimertinib is an oral, potent, irreversible EGFR TKI selec-
tive for the founder EGFR mutation and the EGFR T790M 
resistance mutations. Although preclinical studies showed 
activity in EGFR exon20ins cell lines and xenografts [18, 
58, 59], and in a retrospective analysis of six patients with 
EGFR exon20ins treated with osimertinib 80 mg daily, four 
patients achieved PR [60], with median PFS of 6.2 months 
(95% CI 5.0–12.9), since there is a significant overlap in 
terms of conformation between EGFR exon20ins and wild-
type EGFR in the ATP binding pocket [4], osimertinib lacks 
selectivity against EGFR exon20ins.

In a phase I/II study of osimertinib in EGFR exon20ins, 
authors found median PFS of 3.8 months, with OS of 15.8 
months [61]. The results from the phase II ECOG-ACRIN 
5162 trial were presented at ASCO 2021. In 21 NSCLC 
patients with EGFR exon20ins treated with a “double dose 
(160 mg)” of osimertinib, the ORR was 25%, with median 
PFS of 9.7 months (95% CI 4.1–NR) [62]. Most common 
adverse events included anemia (9.5%), fatigue (9.5%), and 
QT interval prolongation (9.5%).

Although osimertinib demonstrates activity in wild-type 
HER2 overexpression, it has failed to show benefit in HER2 
exon20ins [63].

5.3  Poziotinib

Poziotinib is an oral, irreversible, pan-HER TKI. It is 
more potent than afatinib and osimertinib in EGFR and 
HER2 exon20ins. Poziotinib resulted in an ORR of 43% 
among 44 patients with EGFR exon20ins in a phase II 
trial, with median PFS of 5.6 months (95% CI 5.06–NR) 

(NCT03066206) [64]. Within the HER2 exon20ins cohort, 
the ORR among 12 patients was 42%, with median PFS of 
5.1 months. Grade 3 or higher treatment-related adverse 
events occurred in 56% of patients and were mostly rash 
and diarrhea.

The phase II ZENITH20 trial was initiated in an attempt 
to confirm these findings. Study patients in the EGFR 
exon20ins mutation cohort had at least one line of prior 
treatment, and demonstrated an ORR of 14.8% (95% CI 
8.9–22.6) and median PFS of 4.2 months [64]. Within 
the HER2 exon20ins cohort, the ORR was 27.8% (95% 
CI 59.4–79.2), with median PFS of 5.5 months (95% CI 
3.9–5.8) [65]. These results led to FDA fast-track designa-
tion of poziotinib for previously treated NSCLC with HER2 
exon20ins in March 2021 [66]. Further analyses revealed 
decreased adverse effects with 8 mg twice daily rather than 
16 mg daily dosing.

A single-center expanded access program of 30 patients 
with EGFR (n = 22) or HER2 (n = 8) exon20ins NSCLC on 
poziotinib resulted in an ORR of 23% in the EGFR cohort 
and 50% in the HER2 cohort [67]. The median PFS was 5.6 
months (95% CI 3.6–6.7), and median OS was 9.5 months 
(95% CI 5.3–NR). In this program, 66% of patients had 
grade 3 or 4 toxicities. This confirms patients with exon20ins 
have variable response to poziotinib with significant toxicity. 
It has been proposed that this toxicity is due to potent inhibi-
tion of wild-type EGFR that is not selective for exon20ins 
[68].

5.4  Tarloxotinib

Tarloxotinib is a potent, irreversible pan-HER TKI [69]. 
Tarloxotinib is a prodrug that becomes the active metabo-
lize tarloxotinib-E under hypoxic conditions, thus prefer-
entially accumulating in hypoxic tumors relative to healthy 
tissue [70]. In preclinical models, tarloxotinib was effective 

Table 1  Comparison of amivantamab, mobocertinib, and TAS6417/CLN-081

AE adverse event, CI confidence interval, DOR duration of response, EGFR epidermal growth factor receptor, G grade, HER2 human epidermal 
growth factor receptor 2, ORR objective response rate, NE non-evaluable, NR not reached, PFS progression-free survival, TKI tyrosine kinase 
inhibitor, IgG1 immunoglobulin G1, MET mesenchymal–epithelial transition

Drug Amivantamab Mobocertinib TAS6417/CLN-081

Target IgG1 antibody against EGFR and MET TKI against EGFR and HER2 exon20ins TKI against EGFR
Number of patients 81 114 73
ORR 40% (95% CI 29–51%) 28% (95% CI 20–37%) 38.4%
PFS 8.3 months (95% CI 6.5–10.9) 7.3 months (95% CI 5.5–9.1) 10 months (95% CI 6–12)
DOR 11.1 months (95% CI 6.9–NE) 17.5 months (95% CI 7.4–20.3) 10 months (95% CI 6–NR)
Grade 3 or higher AEs G3 ≥ hypokalemia 5%, G3 ≥ rash 4%,  

G3 ≥ diarrhea 4%
G3 ≥ rash 0%, G3 ≥ diarrhea 21% G3 ≥ rash 1%, G3 ≥ diarrhea 3%

Most common AE Rash (86%), infusion-related reaction 
(66%)

Diarrhea (91%), rash (45%), paronychia 
(38%), nausea (34%), vomiting (30%)

Rash (80%), diarrhea (20%)
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in EGFR and HER2 exon20ins or fusions involving NRG1 
encoding for neuregulin 1.

In the RAIN-701 trial (NCT03805841), patients with 
EGFR exon20ins or HER2-activating mutations received 
weekly tarloxotinib 150 mg/m2 intravenously. The ORR was 
22% (2/9), with grade 3 adverse events including QTc pro-
longation (35%), rash (4.3%), diarrhea (4.3%), and elevated 
transaminase levels (4.3%) [71]. Tarloxotinib demonstrated 
clinical activity against HER2 but not EGFR exon20ins, 
leading to a recruitment interruption.

5.5  Pyrotinib

Pyrotinib is an irreversible HER1, HER2, and HER4 TKI 
with demonstrated activity in breast cancer [72]. In lung 
cancer xenograft models, pyrotinib showed superior activ-
ity compared to afatinib or trastuzumab emtansine [73]. In 
a phase II trial of advanced HER2-aberrant NSCLC previ-
ously treated with platinum-based chemotherapy, pyrotinib 
showed an ORR of 30%, with median PFS of 6.9 months 
and median OS of 14.4 months [74]. Grade 3–4 treatment-
related adverse effects occurred in 28.3% of patients, includ-
ing grade 3 diarrhea in 20% of participants.

Ongoing trials of pyrotinib include the phase II PEER20 
EGFR or HER2 exon20ins (NCT04063462) and the ran-
domized phase III PYRAMID-1 trial comparison with 
second-line pyrotinib versus docetaxel (NCT04447118). 
Another phase II trial combining pyrotinib with anti-PD-1 
antibodies in patients with NSCLC harboring HER2 but 
not EGFR insertion mutations is also active at this time 
(NCT04144569).

6  Response to Novel Antibodies

6.1  Amivantamab

Amivantamab is a bispecific immunoglobulin G1 (IgG1) 
antibody targeting EGFR and mesenchymal–epithelial tran-
sition. Amivantamab was the first treatment to receive accel-
erated FDA approval for EGFR exon20ins. Its mechanism 
is through blocking ligands from binding to these receptors 
while also inducing antibody-dependent cytotoxicity [75, 
76]. In the phase I CRYSALIS trial (NCT02609776), ami-
vantamab is being studied as both a single agent, in combi-
nation with third-generation TKI lazertinib, and in combina-
tion with platinum-based chemotherapy. At interim analysis 
of 39 patients with EGFR exon20ins receiving single-agent 
amivantamab, the ORR was 40% (95% CI 29–51), with 
median PFS of 8.3 months (95% CI 6.5–10.9) [77], and led 
to FDA accelerated approval in this setting. In a sub-analysis 
of patients previously treated with platinum-based chemo-
therapy, the ORR was 41%, with median PFS of 8.6 months. 

The most common adverse events were rash (86%), infusion-
related reactions (66%), and paronychia (45%), with grade 3 
or higher adverse events in 6% of participants. Table 1 shows 
the major efficacy and safety endpoints of mobocertinib and 
amivantamab in comparison with TAS6417 /CLN-081.

6.2  Cetuximab

Cetuximab is an anti-EGFR monoclonal antibody that 
sterically hinders EGFR dimer formation [78]. Preclinical 
models show that mutant EGFR monomers have enhanced 
dimerization, supporting utilization of this agent [79]. In 
preclinical studies, cetuximab in combination with a TKI 
such as erlotinib, afatinib, or osimertinib showed activity 
against EGFR exon20ins [60, 79–81]. The combination of 
cetuximab with TKI is limited by its toxicity profile, with 
grade 3 or higher treatment-related adverse events occurring 
in approximately 70% of patients and a treatment discon-
tinuation rate of 30% in the randomized phase II SWOG 
S1403 trial of cetuximab plus afatinib [82]. Similarly, in 
the phase II AFACET trial (NCT03727724), afatinib plus 
cetuximab resulted in an ORR of 47%, with median PFS of 
5.5 months [83]. Treatment-related adverse events grade 3 
or higher occurred in 59% of patients, namely rash (18%) 
and diarrhea (18%).

6.3  Trastuzumab Emtansine

Trastuzumab is an IgG1 monoclonal antibody that when 
conjugated to emtansine, an antimicrotubule agent, is used 
in breast cancer patients with HER2 amplification/overex-
pression [84]. In a phase II basket trial of HER2-altered 
cancers, the partial response rate of the NSCLC cohort was 
44% (95% CI 22–69), with median PFS of 5 months (95% 
CI 3–9) [85]. Toxicities were largely grade 1–2 and included 
infusion-related reactions, elevation in transaminases, ane-
mia, and thrombocytopenia.

In another phase II trial of trastuzumab emtansine, in 
22 previously treated NSCLC HER2 exon20ins patients, 
the ORR was 38.1% (90% CI 23–55.9), with median PFS 
of 2.8 months (95% CI 1.4–4.4) [86]. The median OS was 
8.1 months (95% CI 3.5–13.2). Grade 3 or higher toxicities 
included cardiac dysfunction (4.5%), anemia (4.5%), hyper-
tension (4.5%), and brain hemorrhage (4.5%).

6.4  Trastuzumab Deruxtecan

Trastuzumab is another antibody–drug conjugate, which 
consists of trastuzumab conjugated to deruxtecan, a topoi-
somerase I inhibitor. In a phase I trial of HER2-mutant and/
or HER2-expressing cancers, the NSCLC HER2 mutant 
cohort had an ORR of 72.7 (8/11), with median PFS of 
11.3 months (95% CI 8.1–14.3) [87]. The most common 
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treatment-related adverse events included gastrointestinal 
and hematological complications. Grade 3 or higher treat-
ment-related adverse events occurred in 62.7% of patients, 
with the most common including anemia (25.4%), decreased 
neutrophil count (20.3%), decreased white blood cell count 
(18.6%), and decreased platelet count (15.3%).

The Destiny-Lung01 study (NCT03505710), presented 
at the ASCO meeting in 2020, gave trastuzumab deruxtecan 
a breakthrough therapy designation. The data were further 
updated with the HER2 mutant cohort of 91 patients at the 
European Society of Medical Oncology Congress in 2021, 
reporting an ORR of 55%, with median PFS of 9.3 months 
and median OS of 17.8 months [76]. Recently, trastuzumab 
deruxtecan gained FDA accelerated approval (in August 
2022) and became the first antibody–drug conjugate to be 
approved in NSCLC. While the addition of HER2 targeted 
therapy in NSCLC was a long-awaited achievement, the 
toxicity profile of trastuzumab deruxtecan is notable: 88 of 
the 91 study patients experienced adverse events that were 
attributable to trastuzumab deruxtecan, while 42 of these 
events were grade 3 or higher. Two fatal adverse events were 
attributed to the study medication. The most notable attrib-
uted adverse events were nausea, neutropenia, and pneumo-
nitis. In particular, drug-induced pneumonitis is of particular 
concern, with 26% for all grades and 6.6% for grade 3 and 
higher, respectively [76].

The Destiny-Lung02 phase II study is ongoing to com-
pare efficacy and safety of two doses (6.4 mg/kg and 5.4 
mg/kg) (NCT04644237). Trastuzumab deruxtecan is also 
being explored in the front-line setting of advanced/meta-
static NSCLC in the Destiny-Lung04 trial (NCT05048797). 
Other ongoing studies are looking at trastuzumab deruxte-
can in combination with pembrolizumab (NCT04042701), 
which in preclinical models has shown greater efficacy than 
either drug alone [88]. Trastuzumab deruxtecan is also being 
studied in combination with chemotherapy (NCT04686305).

6.5  Trastuzumab and Pertuzumab

Trastuzumab is often combined with another HER2-target-
ing monoclonal antibody, pertuzumab. In a phase II trial of 
previously treated NSCLC HER2 exon20ins, this combina-
tion resulted in an ORR of 29%, with median PFS of 6.8 
months (95% CI 4.0–8.5) [89]. Grade 3 or 4 toxicities were 
seen in 64% of patients and included neutropenia (33%), 
diarrhea (13%), and anemia (9%), though none resulted in 
treatment discontinuation.

7  Future Compounds

7.1  TAS6417/CLN‑081

TAS6417 (CLN-081) is an irreversible EGFR TKI with 
activity against both common mutations and exon20ins. 
This agent was engineered to fit inside the ATP binding 
pocket of EGFR exon20ins kinase, while sparing wild-type 
EGFR [20]. Preclinical studies have confirmed selectivity 
for EGFR exon20ins over wild-type EGFR. In xenograft 
models, TAS6417 inhibited EGFR phosphorylation to block 
PI3K-AKT and RAS-MAPK signaling pathways, ultimately 
causing tumor regression.

At interim analysis of a phase I/II trial in previously 
treated EGFR exon20ins (NCT04036682), presented at 
ASCO 2021, TAS6417 had an ORR of 40% (10/25) [90]. 
Grade 3 treatment-related adverse events included anemia 
(5%), diarrhea (3%), and alkaline phosphatase (3%). Updated 
data presented at ASCO 2022 showed an ORR of 38.4% and 
overall median PFS of 10 months (n = 73), with intracranial 
response demonstrated in a few patients. The toxicity profile 
also appears to be favorable (Table 1) [80]. Given the above 
data, TAS6417/CLN-081 has been granted breakthrough 
therapy designation by the FDA.

7.2  LNG‑451 (BLU‑451)

LNG-451 (BLU-451) is an oral, covalent inhibitor of EGFR 
exon20ins with CNS penetration. Given that 30% of NSCLC 
patients develop brain metastases, agents that cross the 
blood–brain barrier are important therapeutic options. Pre-
clinical models show that BLU-4551 spares wild-type EGFR 
cells and has activity in the brain and spinal cord [91]. Fur-
ther analysis showed that BLU-451 had similar potency to 
mobocertinib and greater potency than osimertinib in EGFR 
exon20ins [92]. A phase I/II clinical trial of BLU-451 in 
EGFR exon20ins is ongoing (NCT0521873).

7.3  DZD9008

DZD9008 is a novel, oral, irreversible EGFR and HER2 
exon20ins variant-selective TKI. The WU-KONG1 trial 
(NCT03974022) is an ongoing phase I/II study assessing 
activity and safety of this drug. In 31 patients with EGFR 
exon20ins (phase II study presented at ASCO 2021), the 
ORR was 48.4% (15/31) [93]. The most common grade 3 
adverse events were diarrhea (5%) and rash (1%).
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7.4  BDTX‑189

BDTX-189 is an oral, irreversible TKI with high selectivity 
in preclinical studies for HER2 and EGFR mutations over 
wild-type EGFR [94].

In the phase I/II MasterKey-01 study of patients 
with advanced EGFR, HER2, or HER3 mutations 
(NCT04209465), preliminary data from 46 patients, includ-
ing five HER2 exon20ins and five EGFR exon20ins, were 
presented at the ASCO 2021 meeting [94]. The ORR was 
7%, though neither patient with response had exon20ins. 
Grade 3 treatment-related adverse events included diarrhea 
(8%) and vomiting (3%). Ultimately, Black Diamond Thera-
peutics stopped development to focus on other therapeutics.

7.5  BDTX‑1535

BDTX-1535 is a brain-penetrant EGFR inhibitor for the 
treatment of patients with glioblastoma and NSCLC patients 
with intrinsic or acquired resistance mutations. A phase I 
trial of this drug in NSCLC with uncommon EGFR muta-
tions and acquired resistance EGFR mutations is currently 
enrolling.

7.6  Compound 1A

Compound 1A was structurally designed to bind the deep 
hydrophobic pocket at the back of the ATP binding site 
exposed when osimertinib binds wild-type EGFR [95]. This 
drug has a similar pyrimidine core structure that binds both 
EGFR Cys797 as well as the hydrophobic pocket. It has 
shown broad and potent activity against EGFR and HER2 
exon20ins. In preclinical models of EGFR exon20ins, Com-
pound 1A inhibited EGFR phosphorylation and cell prolif-
eration with greater selectivity for mutant over wild-type 
EGFR than second-generation TKIs or poziotinib. Although 
early results are promising, clinical utility may be limited by 
low oral bioavailability and short half-life [96].

7.7  DS2087b

DS2087b is an oral, highly selective inhibitor of EGFR and 
HER2 exon20ins. In preclinical models, DS2087b was 15 
times more potent in the inhibition of EGFR exon20ins cell 
line growth over wild-type EGFR [97]. The selectivity of 
this drug resembles that of poziotinib, so clinical trials are 
necessary to determine safety and tolerability.

7.8  JMT‑101

JMT-101 is an IgG1 monoclonal antibody targeting EGFR. 
A phase Ib trial of JMT-101 combined with either afatinib 

or osimertinib in EGFR exon20ins is currently ongoing 
(NCT04448379).

7.9  BI 1810631

BI1810631 is an HER2 exon 20 inhibitor being devel-
oped by Boehringer Ingelheim, and a study in patients 
with solid tumors harboring HER2 aberrations is ongoing 
(NCT04886804).

8  Future Directions

As effective targeted therapeutics become more widely 
available, mechanisms of resistance will need to be further 
explored. Combinations of these therapies with other agents 
such as chemotherapy or immunotherapy may be able to 
prevent at least some of the resistance mechanisms; however, 
these should be studied in clinical trials with caution, while 
better toxicity management should be developed both in the 
single-agent and combinatory settings.

Additionally, these agents should be evaluated in dif-
ferent settings, such as the frontline setting, to assess their 
efficacy and safety against the current standard of care of 
platinum-based chemotherapy. Just as it was shown for the 
classic EGFR mutations, treatment with upfront targeted 
therapy may ultimately have survival benefit. Further-
more, the use of these agents for adjuvant therapy may be 
explored, although the toxicity profile would need to be fur-
ther optimized for the adjuvant setting, where a proportion 
of patients may already be cured with surgical intervention 
(and/or chemotherapy) alone. The field of NSCLC is mov-
ing quickly. The neoadjuvant space may be where we would 
ultimately be able to better learn about the resistance mecha-
nisms of these agents, as comparative analysis may be pos-
sible among those who were able to mount a pathological 
complete response versus those with a sizable amount of 
residual disease.

9  Conclusion

The recent approvals of mobocertinib and amivantamab 
for EGFR exon20ins as well as trastuzumab deruxtecan for 
HER2 exon20ins represent promising advances in treating 
these mutant cancers. However, these drugs have significant 
side effect profiles, especially diarrhea, nausea, and rash for 
mobocertinib and amivantamab, and chemotherapy-related 
adverse events as well as pneumonitis for trastuzumab der-
uxtecan. Further research needs to focus on mitigating these 
side effects so patients can have improved quality of life 
while on these medications. Further data on those patients 
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who are likely to benefit from these agents as well as those 
who may be at a higher risk of adverse events are yet to be 
elucidated.
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