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Brain metastases (BM) continue to represent an unmet clinical need in oncology. 
Immunotherapy and targeted therapy hold great promise in the treatment of BM. Emerging 
data are confirming the activity of these agents in patients with BM. Genomic studies 
have confirmed that clinically actionable mutations are present in BM and they can be 
used in clinical studies to link targeted therapies with their genetic targets. Furthermore, 
as molecular signatures associated with sensitivity and resistance to immunotherapies are 
developed, we will better be able to select BM patients who will most benefit from these 
therapies. Understanding the genetic and immune evolution within BM should drive the 
next generation of immunotherapy and target therapy, as well as increase the accuracy of 
the selection process for these therapies.
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Practice points

●● 	The approach to brain metastases (BM) is multidisciplinary and includes surgery, radiation therapy/stereotactic 
radiosurgery, whole-brain radiation therapy and systemic therapy. Targeted therapies are playing an increasingly 
important role in the management of BM. Genetic characterization of BM is revealing new insights into potential 
therapies for BM patients.

●● 	Lung cancer BM: EGFR ± T790M, ALK.

●● 	Second-generation tyrosine kinase inhibitors (TKIs), including afatinib, have activity in EGFR-positive non-small-
cell lung cancer BM. Patients on first-generation TKIs at CNS progression should be transitioned to a second- or 
third-generation EGFR TKI.

●● 	In patients with anaplastic lymphoma kinase-positive non-small-cell lung cancer BM, newer generation anaplastic 
lymphoma kinase TKIs such as ceritinib and alectinib have demonstrated greater intracranial response rates than 
first-generation TKIs.

●● 	Breast BM: HER2, BRCA 1/2 (as well as hormone receptors).

●● 	Dual HER2 and EGFR TKIs, like lapatinib, have modest CNS activity. The combination of capecitabine and lapatinib has 
higher response rates.

●● 	Melanoma BM: BRAF, PD-L1 expression.

●● 	BRAF inhibitors, like vemurafenib and dabrafanib, have been shown to have good CNS response rates, and should be 
used concurrently with MEK inhibitors.

●● 	Early studies have shown that anti-CTLA-4 antibodies, such as ipilimumab, and anti-PD-1 antibodies, such as 
pembrolizumab, have activity in CNS metastatic disease.
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CNS Oncol. (2017) 6(2)140

Review  Lazaro & Brastianos

future science group

Metastasis to the brain is one of the most com-
mon causes of neurological complications in sys-
temic cancers, occurring in 20–40% of patients 
during the course of the disease [1,2]. The annual 
incidence of brain metastases (BM) has been 
estimated to be 8–10% of patients with cancer, 
with increasing incidence over time as neuro-
imaging modalities improve and the treatment 
of disseminated disease becomes more effective 
in increasing survival [1,3–5]. Moreover, BM are 
the most common intracranial tumors in adults, 
accounting for over half of brain tumors  [6,7]. 
Two large population studies, one conducted 
in the Detroit Metropolitan area, the other in 
the Netherlands, found that lung, melanoma, 
renal cell, breast and colorectal cancers made up 
greater that 67% of the cumulative incidence of 
BM [1,3]. Both studies estimated the cumulative 
incidence of BM at 5 years to be 16–20% for 
lung cancer, 7% for melanoma, 7–10% for renal 
cell cancer, 5% for breast cancer and 1–2% for 
colorectal cancer. The treatment of all BM in 
general usually comprises of some combination 
of surgery, radiation therapy (RT) and systemic 
chemotherapy; however, new targeted therapies 
for each of these tumor types may start to find a 
place in the repertoire, as therapies are adapted 
to the unique genetic mutations of each type.

The approach to treatment of BM is strongly 
influenced by prognosis. Predictors of longer 
survival include higher performance status, 
younger age, well-controlled primary tumor 
activity, absence of extracranial metastases and 
low tumor burden; though patients with four 
or more BM seem to represent a group with an 
invariably poor prognosis  [8–10]. For patients 
with favorable prognoses and limited number of 
metastases (1–3), surgical resection and stereo
tactic radiosurgery (SRS) are considered the 
standard of care to achieve better control and 
reduction in tumor burden, although no pro-
spective randomized studies comparing defini-
tive SRS to surgery have been carried out. In 
these patients, a meta-analysis demonstrated 
an improved survival, reduced morbidity and 
decreased local recurrence with surgical resec-
tion added to radiotherapy, compared with 
whole-brain radiation therapy (WBRT) alone, 
although several of the trails in the analysis 
did not reach statistical significance  [11–14]. In 
patients with solitary BM who have undergone 
surgical resection, new evidence favors SRS 
to the resection cavity, associated with far less 
neurotoxicity than WBRT [15].

Despite advances in surgical techniques and 
radiotherapy, even patients with optimal risk 
factors have median survival of 7.1 months, 
although these numbers do not reflect treatment 
in the era of targeted and immunotherapy [8,16]. 
In patients with multiple BM considered to have 
advanced disease and poorer prognoses, treat-
ment is often aimed at palliation and symptom 
control. WBRT remains the standard of care 
for these patients. Chemotherapy has histori-
cally been used in the recurrent setting, or in 
the primary treatment of chemosensitive tumors, 
such as germ cell tumors  [17]. Nonetheless, 
previous data are limited to offer any defini-
tive conclusion of the role of chemotherapy in 
newly diagnosed BM. In several randomized 
prospective trials, primary chemotherapy and 
groups of primary chemotherapy with delayed 
WBRT had similar response rates and survival 
outcomes to WBRT alone  [18,19]. Other trials 
of concurrent chemotherapy with WBRT and 
radiosensitizing agents during WBRT have 
found some improved response rates; however, 
no survival benefit was demonstrated and there 
were significantly increased rates of acute and 
latent sequalae of WBRT [20–22]. Thus, concur-
rent, nontargeted chemotherapy with WBRT 
has been discouraged.

The role of immunotherapy and targeted 
therapy is becoming more well established 
in the treatment of BM as cancers are getting 
more genetically defined. Advances in molecu-
lar genetics have led to a better characteriza-
tion of the genetic heterogeneity of BM and the 
detection of unique drivers [23]. The concept of 
divergent or branched evolution of metastases 
from their primary tumors is just beginning to 
play a role in the treatment of BM and in the 
understanding of their unique clinical features. 
In this review, we discuss how the genomic con-
text of BM plays a role in the treatment of several 
of the most common cancers to metastasize to 
the brain, with the goal of informing rational 
therapy options.

Non-small-cell lung cancer
Lung cancer is the leading cause of cancer 
mortality worldwide, accounting for 18.2% 
of total deaths from cancer  [24]. It is also the 
most common primary malignancy to meta
stasize to the brain, with non-small-cell lung 
cancer (NSCLC) constituting the majority of 
cases [25]. BM occurs in approximately 7.4% of 
NSCLC patients at presentation, and 25–30% 

Keywords 	   
• brain metastases  
• genomics  
• immunotherapy • targeted 
therapy



141

Immunotherapy & targeted therapy in brain metastases: emerging options in precision medicine  Review

future science group www.futuremedicine.com

will develop BM during the course of their dis-
ease  [26,27]. Current treatment regimens utiliz-
ing platinum-based chemotherapy, radiation and 
surgical measures afford patients with stage III 
NSCLC – a 26.1% 5-year survival rate; how-
ever, stage IV disease remains challenging, with 
a 1-year survival rate of 10%  [28]. In addition, 
many patients with complete initial responses 
to therapy will develop BM, with an incidence 
of 40–50% at 3 years [29]. Given this, targeted 
therapies, especially in tumors with activating 
mutations in EGFR and ALK, have been recog-
nized to significantly improve clinical outcomes 
compared with previous platinum-based chemo-
therapy, and have thus become the standard of 
care in metastatic lung cancer [30,31].

Activating mutations in the tyrosine kinase 
domain of the EGFR are present in 10–25% of 
NSCLC, with the highest prevalence found in 
adenocarcinomas of never-smoking women of 
East Asian descent [29]. Moreover, the frequency 
of BM was higher among EGFR-mutated cases 
than EGFR wild-type cases, at 31.4 versus 19.7% 
(odds ratio [OR]: 1.86; 95% CI: 1.39–2.49; 
p < 0.001) [32]. In the past 10 years, many ran-
domized control trials have established that 
EGFR tyrosine kinase inhibitors (TKIs) improve 
progression-free survival (PFS) and overall sur-
vival (OS) compared with standard platinum-
based chemotherapy in patients without BM [33]. 
As a result, the EGFR mutation is associated 
with prolonged survival after diagnosis of BM 
(hazard ratio [HR] 2.23; 95% CI: 1.62–3.10; 
p < 0.001) [32].

Fusion of the ALK and EML4 results in 
an oncogenic chimeric protein with constitu-
tive kinase activity, and occurs in 2–8% of 
patients with NSCLC  [34]. Like EGFR muta-
tions, ALK-rearranged NSCLC are most fre-
quent in adenocarcinomas of young, never-
smoking patients [35]. BM are found in 23–31% 
of ALK-positive patients  [34]. Unlike EGFR-
mutant NSCLC, however, ALK activation has 
not been found to increase the risk of BM [35]. 
Nonetheless, ALK inhibitors are under constant 
investigation in the treatment of BM, given their 
success in the control of primary ALK-mutant 
NSCLC [36].

Although genetically driven therapies have 
made tremendous progress in this disease, BM 
are still quite frequent in advanced EGFR-
mutated or ALK-rearranged NSCLCs, with an 
estimated 45% of patients with involvement of 
the CNS by 3 years of survival. Issues of brain 

penetration and insufficient therapeutic levels 
of systemic agents in cerebral spinal fluid (CSF) 
are frequently cited; new data are also emerg-
ing that BM harbor additional oncogenic driv-
ers  [23]. Overall, these data points toward the 
important need to systematically investigate 
these drug therapies, to meet the clinical needs 
of the ever-evolving schema of personalized care 
in NSCLC [37].

●● NSCLC: EGFR tyrosine kinase inhibitors
Overall, the superiority of first- and second-gen-
eration TKIs to chemotherapy in EGFR-mutant 
NSCLC is well established and has led to regula-
tory approval of these drugs as first-line thera-
pies [19,38–39]. Gefitinib and erlotinib were the first 
US FDA-approved EGFR TKIs. Unfortunately, 
resistance to these first-generation agents inevi-
tably occurs, most commonly the threonine-
to-methionine substitution at position 790 on 
exon 20 (T790M) [40,41]. Third-generation TKIs 
have been developed to more effectively com-
bat these resistant EGFR-mutant types, such as 
osimertinib and rociletinib. In Phase II trials, 
these TKIs have been shown to have an objec-
tive response rate (ORR) of 51–64% in resistant 
EGFR-mutant NSCLC [42–44].

There have also been recent data comparing 
first- and second-generation TKIs from the Lux-
Lung 7 trial suggests a superiority of afatinib to 
gefitinib in treatment naive patients, with a more 
tolerable side effect profile [45,46]. Other trials are 
ongoing, comparing the efficacy of other first-, 
second- and third-generation TKIs [47,48,49,50].

Overall, the evidence for EGFR TKIs in BM 
is hopeful but lacking. One prospective trial 
exploring EGFR TKIs in BM in 28 patients has 
preliminarily reported an 83% ORR with first-
generation EGFR TKIs [51]; however, other tri-
als report more modest responses [52,53]. One of 
the primary reported issues in the use of EGFR 
TKIs in the treatment of BM is their incon-
sistent penetration of the blood–brain barrier 
(BBB). In one study, the CSF penetration rate 
of erlotinib in patients with CNS metastases was 
found to be 5.1%, and had a significantly lower 
concentration in the CSF than in the plasma [54]. 
Pulsatile, weekly high-dose erlotinib has been 
suggested to overcome this limitation, and it 
has been shown to be effective in a retrospective 
trial; however, more prospective trials must be 
done before any conclusion can be made about 
its effect on OS [55,56]. Lastly, a recent study of 
CSF concentrations of afatinib has suggested 



CNS Oncol. (2017) 6(2)142

Review  Lazaro & Brastianos

future science group

better overall CNS activity of next-generation 
EGFR TKIs [57].

Other trials have studied the sequence of 
EGFR TKI and RT. With the goal of reducing 
potential toxicities of RT, there has been increas-
ing interest in deferring RT with upfront EGFR 
TKI therapy in those patients that develop BM. 
One retrospective study of upfront EGFR TKI 
with deferred RT (SRS or WBRT) found that 
OS was decreased in the upfront EGFR TKI 
cohort [58]. There is currently a randomized con-
trol trial studying the use of upfront erlotinib 
with RT at the time of brain tumor progression, 
versus the standard of erlotinib with concur-
rent RT [59]. It is also unclear what the correct 
sequence of WBRT is with EGFR TKIs, as it is 
unclear whether upfront RT has a benefit [60,61]. 
One recent retrospective study of 230 EGFR-
mutant NSCLC patients with BM concluded 
that EGFR TKIs plus WBRT did not have any 
survival benefit compared with upfront EGFR 
TKIs alone [62].

●● NSCLC: ALK tyrosine kinase inhibitors
First-generation ALK TKIs, such as crizotinib, 
have been shown to be superior to chemo-
therapy as first-line treatment of patients with 
ALK-rearranged NSCLC  [63,64]. Ceritinib, a 
second-generation ALK TKI, has been also been 
shown to be effective, especially in crizotinib-
resistant cases  [65–67]. The ASCEND-1 trial, 
a Phase I trial of ceritinib in ALK TKI-naive 
and ALK TKI-pretreated patients, has shown 
a 56% overall response in ALK TKI-pretreated 
patients [68]. Another multicenter retrospective 
study reported greater OS with sequential crizo-
tinib and ceritinib in patients with and without 
resistant ALK NSCLC  [67]. These two studies 
have opened the discussion as to the most effec-
tive sequence and duration of ceritinib in ALK 
TKI-naive and previously treated patients.

Even with modern therapies, ALK-rearranged 
NSCLC often progresses in the CNS. Within 
1 year from diagnosis, the incidence of BM is 
23.8%, increasing to 45.5 and 58.4%, at 3 
and 5 years, respectively  [37]. In one retrospec-
tive pooled analysis of the PROFILE 1005 and 
1007 trials, 20% of patients on crizotinib devel-
oped BM at progression [69]. On the other hand, 
the subset of patients that were ALK TKI-naive 
attained initial CNS disease control rates of 
56% at 12 weeks on crizotinib, with a median 
intracranial time to progression of 7 months 
for those with untreated BM and 13.2 months 

in those with previously treated BM. The fail-
ure of crizotinib in ALK TKI-naive patients, as 
well as ALK TKI-pretreated patients seems to 
be explained in part by resistance and poor pen-
etration across the BBB [70]. Fortunately, newer 
generations of ALK TKIs have shown efficacy 
in resistant ALK-rearranged NSCLC, as well as 
better CNS activity [71,72]. Alectinib is one such 
next-generation ALK TKI that has demonstrated 
excellent CNS activity, with intracranial response 
rates as high as 75% and a median intracranial 
duration of response of 10–11 months [71,72]. The 
ASCEND-1 trial also retrospectively looked at 
94 patients with BM and found that 79% of 
ALK TKI-naive patients had an intracranial 
response to ceritinib, as well as 65% of ALK 
TKI-pretreated patients [68]. It is also clear from 
several studies that ALK TKIs add to OS in com-
bination with RT, although the toxicity of the 
combination has yet to be full investigated [73,74].

●● NSCLC: bevacizumab
Bevacizumab is a monoclonal antibody against 
the VEGFR and has shown to be beneficial in 
a variety of tumors. The Eastern Cooperative 
Oncology Group conducted a landmark ran-
domized trial of 878 patients with advanced 
NSCLC to explore its potential impact on 
OS  [75]. The study randomized these patients 
into two arms of standard chemotherapy 
(paclitaxel-carboplatin) and chemotherapy plus 
bevacizumab, and found that chemotherapy 
plus bevacizumab showed a greater OS (12.3 vs 
10.3 months; HR for death: 0.79; p = 0.003). 
Although this study shows a promising role for 
bevacizumab for advanced primary NSCLC, 
it was not able to comment specifically about 
BM, as patients with metastatic CNS lesions 
were excluded from the trial due to the concern 
for increased risk of intracranial hemorrhage. 
Other studies since then have postulated that 
bevacizumab may be safe in patients with BM, 
but there have not been any definitive prospec-
tive studies done to confirm its safety or effi-
cacy in BM  [76,77]. One retrospective study of 
776 patients with BM from NSCLC showed 
that standard chemotherapy plus bevacizumab 
was better overall than chemotherapy alone or 
TKIs alone  [78]. Furthermore, the authors also 
found that the median OS and PFS in those 
with EGFR-mutated NSCLC, EGFR TKIs were 
not superior to chemotherapy plus bevacizumab. 
In an analysis of three Phase III trials, another 
retrospective study also hypothesized that 



143

Immunotherapy & targeted therapy in brain metastases: emerging options in precision medicine  Review

future science group www.futuremedicine.com

pretreatment of bevacizumab may prevent BM 
in patients with lung adenocarcinomas, which 
was shown in mouse models [79].

Breast cancer
Breast cancer is the second most common cause 
of cancer-related death in women [80]. It is also 
the second most common cancer to metastasize 
to the brain [3]. Although the overall prognosis 
for nonmetastatic breast cancer is considered 
quite good, advanced disease is still somewhat 
poorly controlled, with the 26.3% 5-year sur-
vival for patients with distant metastases  [81]. 
The overall incidence of BM in breast cancer is 
approximately 2.5–3%, but seems to be increas-
ing as women live longer with modern thera-
pies [3,82]. Moreover, HER2-enriched breast can-
cers, triple-negative breast cancer (TNBC) and 
basal-like subtypes of breast cancer are associ-
ated with increased risk of developing BM at dis-
ease progression, and have represented uniquely 
challenging clinical complications [83].

HER2 overexpression is seen in roughly 20% 
of patients with breast cancer  [84]. Moreover, 
BM develop in 30–50% patients with HER2-
positive breast cancer  [82,85]. Although OS 
seems to be better in patients with BM that are 
HER2-positive than other breast cancer sub-
types since the development of HER2 recep-
tor inhibitors, such as trastuzumab, the risk of 
BM from HER2-postive disease is higher [83,86]. 
There is also evidence to suggest that BM occur 
in patients with HER2-postive breast cancer 
that is otherwise systemically well controlled 
with HER2-specific therapy [87]. Furthermore, 
HER2-positive status may increase resistance to 
endocrine therapies in hormone-sensitive breast 
cancers [88]. Therefore, it is especially important 
that new therapies be developed to prevent the 
progression of this disease.

TNBC is another especially challenging 
disease in which BM are relatively common. 
In one retrospective study of 679 women with 
nonmetastatic TNBC, the cumulative inci-
dence of BM was 5.6% in 2 years and 9.6% 
in 5 years, with the greatest risk of BM occur-
ring in those that presented with more advanced 
disease  [89]. Furthermore, the estimated OS of 
patients of TNBC who have developed BM is 
5 months [90,91]. To date, systemic treatment has 
been largely ineffective; however, there has been 
a growing pool of novel targets since the advent 
of gene sequencing in these cancers. Several 
pathways that have been under investigation 

involve the BRCA and PARP, which are com-
ponents of major DNA-repair pathways. In a 
landmark experiment by Farmer et al., it was 
found that BRCA1- and BRCA2-deficient cells 
were extremely sensitive to PARP [92]. In addi-
tion, histological studies have shown an overlap 
between the pathological and clinical features of 
TNBC and basal-like breast cancers and BRCA-
associated cancers, which have shown some 
promise in targeting these types of tumors [93].

Recent evidence suggests a genotypic and 
phenotypic divergence of BM compared with 
breast cancer primary tumors. One example is 
a study that showed a loss of hormone receptor 
expression in BM compared with their hormone-
sensitive primaries [94]. In addition, whole exome 
analysis of a large cohort of BM from breast can-
cer demonstrated branched evolution in every 
case, meaning that BM and their matched pri-
mary tumors shared a common ancestor, but 
there was continued genetic evolution in the BM, 
with new clinically actionable mutations in the 
BM. Furthermore, clinically actionable muta-
tions in the cyclin-dependent kinase and PI3K/
AKT/mTOR pathways were common in BM [23]. 
Therapies targeting mTOR and PI3K signaling 
have been investigated  [95,96]. Taken together, 
these findings suggest a role in the genomic pro-
filing of BM when there is tissue available as part 
of clinical care in guiding therapy options [23].

●● Breast cancer: HER2 antibodies
Trastuzumab, a monoclonal antibody targeting 
the extracellular domain of HER2, had revolu-
tionized the treatment of breast cancer, leading 
to significant improvements in PFS and OS in 
patients with HER2-positive breast cancer [97]. 
Unfortunately, recurrence often occurs, and 
BM can develop in up to 35% of women being 
treated with adjuvant trastuzumab [87,97–99]. One 
meta-analysis of 9000 women found a 2.56% 
increased risk of BM at first occurrence com-
pared with 1.94% in matched controls  [100]. 
The propensity of BM to occur during trastu-
zumab therapy has often been postulated to be 
due to inherent biological factors and the poor 
CNS penetration of trastuzumab, creating a 
CNS sanctuary effect  [85,98]. Similar increases 
in the incidence of BM are seen with the use 
of pertuzumab, a related HER2 dimerization 
inhibitor [101].

This issue of increased BM with HER2 inhib-
itors was also addressed in the CLEOPATRA 
trial, which suggested that the combination of 
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pertuzumab, trastuzumab and docetaxel delayed 
onset of new CNS disease (HR: 0.58; p = 0.0049) 
in HER2-positive patients, compared with pla-
cebo, trastuzumab and docetaxel; however, OS 
was not significantly different between the two 
groups [101]. Other supporting evidence for the 
use of pertuzumab-containing regimens in BM 
from HER2-postive breast cancer is offered in 
several recent case reports, but no prospective 
studies qualifying this evidence exist  [102,103]. 
There are also studies with the antibody-
cytotoxin conjugate, trastuzumab-emtasine 
(T-DM1) that have shown activity in non-CNS 
metastatic disease and retrospective studies show 
activity in the CNS  [104], but robust evidence 
for its efficacy in CNS disease is lacking [105,106].

●● Breast cancer: HER2 TKIs
Lapatinib is a dual HER2 and EGFR TKI that 
has shown modest CNS antitumor effects in 
adjuvant monotherapy, with a CNS ORR of 
6% [107]. The Phase II LANDSCAPE trial also 
explored lapatinib in combination with capecit-
abine and found a CNS ORR of 20%  [107]. 
Further investigation of lapatinib and capecit-
abine in patients with HER2-postiive breast can-
cer that had previously received chemotherapy 
and RT showed a CNS ORR ranging from 21 to 
38% [108,109]. Additionally, lapatinib and capecit-
abine have also yielded CNS ORR as high as 
65% in treatment-naive patients with HER2-
positive breast cancer [110]. Lastly, Lin et al. also 
studied lapatinib with topotecan and found that 
the combination was not active and associated 
with excess toxicity, suggesting some unique 
CNS activity of capecitabine [109].

Neratinib, an irreversible HER1, HER2 
and HER4 TKI, has also shown activity in 
patients with HER2-positive metastatic breast 
cancer  [111]. In one multicenter Phase II study, 
two cohorts of patients with metastatic HER2-
positive breast cancer with and without prior 
trastuzumab were given neratinib, resulting 
in ORRs of 24 and 56%, respectively  [111]. 
Another Phase II trial of neratinib versus pla-
cebo in patients with early-stage HER2-positive 
disease who completed at least 1 year of prior 
trastuzumab treatment showed a 2-year PFS 
rate of 93.9% for the neratinib group  [112]. 
Furthermore, in those patients that did have 
recurrence of disease, the incidence of BM was 
not significantly different between the neratinib 
and placebo arms. Indeed, the NEfERTT trial 
of patients with metastatic HER2-postive breast 

cancer given neratinib and paclitaxel showed sig-
nificantly lower rates of CNS progression than 
trastuzumab and paclitaxel, although the two 
groups had similar efficacy on OS [112,113].

●● Breast cancer: PARP inhibitors
PARP inhibitors theoretically function to select 
for normal cells by crippling DNA repair in 
BRCA or PARP-mutant cells [114]. Preliminary 
results have found that PARP inhibitors have 
activity in BRCA1/2-deficient breast can-
cers, which include a subset of TNBC  [115,116]. 
Olaparib has had modest effects on OS in 
advanced TNBC and failure has been attributed 
to the development of resistance and the fact that 
sporadic TNBC tumor cells may not all har-
bor BRCA mutations [115]. For these cases that 
are BRCA wild-type, one experimental model 
suggested that PI3K inhibitors may sensitize 
TNBC cells to PARP inhibitors  [96]. Further 
investigation of olaparib in combination with 
PI3K inhibitor, PI-103, has shown that the com-
bination can also serve as radiosensitizers and 
lead to significantly reduced tumor volume in 
radiation-treated xenograft models [117].

To date, not many studies have directly meas-
ured the effects of PARP on BM in TNBC. In 
mouse models, one recent experiment showed 
that carboplatin and PARP inhibitor ABT888 
penetrates the BBB and improves OS in BRCA-
mutant intracranial models but not in BRCA 
wild-type models, further confirming the issue 
of BRCA-proficient TNBC  [118]. On the other 
hand, one recent Phase I study of 25 breast cancer 
patients with BM has suggested that veliparib, a 
novel PARP inhibitor, may improve survival by its 
ability to cross the BBB and further act as a radio-
sensitizer when paired with WBRT [119]; but the 
specific subtypes of breast cancer for these patients 
were not delineated. Taken together, these studies 
suggest the need for some combination of CNS 
active PARP inhibitors with RT in prospective tri-
als. Ultimately, more studies are needed to inves-
tigate the efficacy of PARP inhibitors in BM and 
resistance of TNBC to PARP inhibitors [115].

Melanoma
Melanoma is the third most common primary 
tumor to metastasize to the brain [3]. Moreover, 
up to 75% of patients with metastatic mela-
noma will develop BM during the course of 
their disease, with CNS disease present in 20% 
of patients at diagnosis  [1]. Unfortunately, the 
prognosis of metastatic melanoma with CNS 
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involvement is still quite poor. Median OS 
after the diagnosis of BM has historically been 
around 4.7 months [120]; although, a recent ret-
rospective analysis suggests that median OS 
has reached about 7.7 months with the use of 
immunotherapies and BRAF inhibitors [121].

Approximately 50% of patients with meta-
static melanoma will have an activating mutation 
of the BRAF oncogene leading to downstream 
constitutive activation of the MAPK signaling 
pathway, of which 95% of cases are V600E 
mutations  [122]. BRAF inhibitors are FDA-
approved for metastatic melanoma, improving 
the prognosis in these patients. However, some 
studies suggest that BRAF-mutant melanoma 
carries a higher risk of developing BM.

Immune checkpoint inhibitors have also 
proven to play a significant role in treating meta-
static melanoma, which include anti-CTLA-4 
and anti-PD-1 receptor antibodies. These agents 
essentially function to activate the immune sys-
tem and augment the antitumor response [123–125]. 
Although their efficacy has been studied in a 
number of cancers, several of these agents have 
been FDA-approved for the treatment of advanced 
melanoma, and thus will be discussed here.

●● Melanoma: BRAF inhibitors
Overall BRAF inhibitors like vemurafenib 
and dabrafanib have markedly improved OS 
in patients with advanced melanoma  [126,127]. 
The evidence for their activity in BM, however, 
has been largely lacking, since many large trials 
excluded CNS disease  [128]. One retrospective 
study found that BRAF inhibitors were associ-
ated with a lower incidence of BM in patients 
with BRAF-mutant melanoma with no prior 
history of BM; however, BRAF inhibitors had 
no effect on PFS and OS in patients who had 
developed BM prior to treatment [129]. In a pro-
spective multicenter Phase II trial of 172 patients 
with BM due to BRAF-mutant melanoma, 
intracranial response rates of dabrafinib were 
recorded in 39.2% of treatment-naive patients, 
and 30.8% of previously treated patients (but 
without prior systemic treatment) [130]. In addi-
tion, the study corroborates the Phase I safety 
profile of dabrafinib [131]. Nonetheless, median 
PFS and OS in BRAF-mutant melanoma 
patients with BM have been approximately 4 
and 5 months, respectively [130–132].

To prevent resistance, BRAF inhibitors are 
commonly combined with MEK inhibitors 
like trametinib and cobimetinib, which inhibit 

MEK, a downstream kinase from BRAF in the 
MAPK pathway  [133,134]. However, evidence is 
scarce in support of its benefit in BM, again 
because of the lack of randomized clinical trials 
exploring the combination [135].

●● Melanoma: anti-CTLA-4 antibodies
Ipilimumab is an FDA-approved anti-CTLA-4 
antibody for metastatic melanoma. Overall, the 
systemic response rates in patients with mela-
noma have ranged from 11 to 21%, with higher 
response rates in patients with BRAF wild-
type melanoma with PD-L1 expression [136,137]. 
Moreover, OS in melanoma patients with BM 
on ipilimumab appears similar to those patients 
without CNS involvement  [138]. Furthermore, 
several studies have shown robust, long-term 
responses with ipilimumab use, on the order of 
years [138,139]. Other studies have suggested that 
ipilimumab also significantly increases OS in 
conjunction with SRS [140,141]. One retrospective 
analysis found that the 2-year survival rate of 
those receiving SRS plus ipilimumab was 47.2%, 
compared with 19.7% in patients that received 
SRS alone [141].

Exome sequencing of tumors from patients 
with melanoma who have received anti-CTLA-4 
therapies are currently being carried out  [125]. 
Snyder et al. characterized collections of somatic 
mutations in 64 melanoma exomes with the 
hypothesis that they may ultimately help predict 
response to anti-CTLA-4 therapy and were able 
to identify mutational profiles that were associ-
ated with better prognoses. More clinical data 
are needed to support this finding, especially in 
patients with BM.

●● Melanoma: anti-PD-1 antibodies
Nivolumab and pembrolizumab are recently 
FDA-approved PD-1 checkpoint inhibitors supe-
rior to ipilimumab in systemic response rates, 
with ORR ranging from 33 to 57%  [136,142]. 
Although direct evidence for PD-1 checkpoint 
inhibitors in BM is still lacking, there are studies 
to suggest improved OS when used with SRS. 
One trial of 26 patients with melanotic BM 
estimated an 85% sustained disease control at 
12 months [143]. In addition to clinical efficacy, 
the safety of PD-1 checkpoint inhibitors must 
also continue to be investigated, as there are sev-
eral early reports of nivolumab-induced organiz-
ing pneumonia and CNS demyelination [144,145]. 
Nonetheless, studies such as the NIBIT-M2 
trial are currently comparing PD-1 checkpoint 
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Table 1. Select studies of newer targeted therapies and immunotherapies in brain metastases.

Cancer 
type

Mutation 
status

Study (year) Intervention (dose in mg, 
p.o. unless otherwise 
specified)

PFS in months (95% CI) CNS response rate 
(partial or complete)

Ref.

NSCLC EGFR  Jänne et al. (2015) Osimertinib (20–240 mg q.d.) 9.6 (8.3 to not reached) in 
T790M-positive patients; 
2.8 months (2.1–4.3) in T790M-
negative patients

– [43]

    He (2015) Rociletinib (Free base 900 
mg b.i.d. or with hydrogen 
bromide salt)

13.1 (5.4–13.1) in T790M-positive 
tumors; 
5.6 (1.3–not reached) in T790M-
negative patients

– [42]

    Porta et al. (2011) Erlotinib (150 mg q.d.) 2.9 (2.3–3.5) 82.40% [52]

  ALK Shaw et al. (2014) Ceritinib (400 mg q.d.) 7.0 (5.6–9.5) – [65]

    Shaw et al. (2016) Alectinib (600 mg b.i.d.) 8.1 (6.2–12.6) 75% [72]

  Unspecified Sandler et al. 
(2006)

Bevacizumab (15 mg/kg iv.) + 
paclitaxel- carboplatin (200 
mg/m2 to 6 mg/ml/min iv.)

6.2 (0.57–0.77) – [75]

Breast HER2 Swain et al. (2014) Pertuzumab (840 mg) + 
trastuzumab (429 mg) + 
docetaxel (8 mg/kg)

15 (0.39–0.85) – [101]

    Lin et al. (2009) Lapatinib (1250 mg) 
+ capecitabine (2000 mg/m2)

– 20% [107]

    Burstein et al. 
(2010)

Neratinib (240 mg q.d.) 3.1 (not reported) – [111]

  TNBC Anders et al. (2010) Olaparib (400 mg b.i.d.) 5.7 (4.6–7.4) – [115]

Melanoma BRAF Long et al. (2012) Dabrafinib (150 mg b.i.d.) 16.6 (15.7–21.9) 39.2% (in treatment-
naive patients)

[130]

  PD-L1 
expression

Larkin et al. (2015) Ipilimumab (3 mg/kg every 3 
weeks per cycle) 
+ nivolumab (1 mg/kg every 
3 weeks per cycle)

11.5 (4.3–9.5) – [136]

  Unspecified Goldberg et al. 
(2016)

Pembrolizumab (10 mg/kg) – 22% [148]

PFS was focused in this analysis, since many of the trials mentioned did not have mature enough data to comment on overall survival.
ALK: Anaplastic lymphoma kinase; b.i.d.: Twice daily; HER2: Human epidermal growth factor receptor 2; iv.: Intravenously; NSCLC: Non-small-cell lung cancer; PD-L1: Programmed 
death-ligand 1; PFS: Progression-free survival; p.o.: By mouth; q.d.: Once daily; TNBC: Triple-negative breast cancer.

inhibitors to currently approved standards [146], 
while other ongoing trials are evaluating their 
activity and safety  [147]. Furthermore, an early 
analysis of pembrolizumab in BM from mela-
noma (n = 18) and NSCLC (n = 18) showed 
promising activity [148].

Conclusion
Immunotherapy and targeted therapy hold great 
promise in the treatment of BM (see Table 1 for 
a summary of the pertinent therapies discussed 
above). With each passing year, molecular 
genetic studies elucidate the roles of these agents 
in the contemporary approach, many of which 
have benefits in primary and intracranial sites of 
disease [23]. Furthermore, as molecular signatures 
associated with sensitivity to immunotherapies 

are developed, we will better be able to select 
patients who will most benefit from these thera-
pies. Finally, understanding the genetic evolution 
of BM from primary tumors should drive the 
development of rational clinical trials for this 
common and devastating complication of cancer.

Financial & competing interests disclosure
PK Brastianos has consulted for Angiochem and Genentech 
and has received honoraria from Merck and Genentech. 
The authors have no other relevant affiliations or financial 
involvement with any organization or entity with a finan-
cial interest in or financial conflict with the subject matter 
or materials discussed in the manuscript apart from those 
disclosed.

No writing assistance was utilized in the production of 
this manuscript.



147

Immunotherapy & targeted therapy in brain metastases: emerging options in precision medicine  Review

future science group www.futuremedicine.com

References
1	 Schouten LJ, Rutten J, Huveneers HAM, 

Twijnstra A. Incidence of brain metastases in 
a cohort of patients with carcinoma of the 
breast, colon, kidney, and lung and 
melanoma. Cancer 94(10), 2698–2705 
(2002).

2	 Clouston PD, DeAngelis LM, Posner JB. The 
spectrum of neurological disease in patients 
with systemic cancer. Ann. Neurol. 31(3), 
268–273 (1992).

3	 Barnholtz-Sloan JS, Sloan AE, Davis FG, 
Vigneau FD, Lai P, Sawaya RE. Incidence 
proportions of brain metastases in patients 
diagnosed (1973 to 2001) in the Metropolitan 
Detroit Cancer Surveillance System. J. Clin. 
Oncol. 22(14), 2865–2872 (2004).

4	 Posner JB, Chernik NL. Intracranial 
metastases from systemic cancer. Adv. 
Neurol. 19, 579–592 (1978).

5	 Soffietti R, Rudā R, Mutani R. Management 
of brain metastases. J. Neurol. 249(10), 
1357–1369 (2002).

6	 Johnson JD, Young B. Demographics of brain 
metastasis. Neurosurg. Clin. N. Am. 7(3), 
337–344 (1996).

7	 Arnold SM, Patchell RA. Diagnosis and 
management of brain metastases. Hematol. 
Oncol. Clin. North Am. 15(6), 1085–1107, vii 
(2001).

8	 Gaspar L, Scott C, Rotman M et al. Recursive 
partitioning analysis (RPA) of prognostic 
factors in three Radiation Therapy Oncology 
Group (RTOG) brain metastases trials. Int. J. 
Radiat. Oncol. Biol. Phys. 37(4), 745–751 
(1997).

9	 Sperduto PW, Kased N, Roberge D et al. 
Summary report on the graded prognostic 
assessment: an accurate and facile diagnosis-
specific tool to estimate survival for patients 
with brain metastases. J. Clin. Oncol. 30(4), 
419–425 (2012).

10	 Nieder C, Andratschke N, Grosu AL, Molls 
M. Recursive partitioning analysis (RPA) 
class does not predict survival in patients with 
four or more brain metastases. Strahlenther. 
Onkol. Organ Dtsch. Röntgenges. Al. 179(1), 
16–20 (2003).

11	 Patchell RA, Tibbs PA, Walsh JW et al. A 
randomized trial of surgery in the treatment 
of single metastases to the brain. N. Engl. J. 
Med. 322(8), 494–500 (1990).

12	 Vecht CJ, Haaxma-Reiche H, Noordijk EM 
et al. Treatment of single brain metastasis: 
radiotherapy alone or combined with 
neurosurgery? Ann. Neurol. 33(6), 583–590 
(1993).

13	 Noordijk EM, Vecht CJ, Haaxma-Reiche H 
et al. The choice of treatment of single brain 
metastasis should be based on extracranial 
tumor activity and age. Int. J. Radiat. Oncol. 
Biol. Phys. 29(4), 711–717 (1994).

14	 Vermeulen SS. Whole brain radiotherapy in 
the treatment of metastatic brain tumors. 
Semin. Surg. Oncol. 14(1), 64–69 (1998).

15	 Habets EJJ, Dirven L, Wiggenraad RG et al. 
Neurocognitive functioning and health-
related quality of life in patients treated with 
stereotactic radiotherapy for brain metastases: 
a prospective study. Neuro-Oncol. 18(3), 
435–444 (2015).

16	 Gaspar LE, Scott C, Murray K, Curran W. 
Validation of the RTOG recursive 
partitioning analysis (RPA) classification for 
brain metastases. Int. J. Radiat. Oncol. Biol. 
Phys. 47(4), 1001–1006 (2000).

17	 Beyer J, Albers P, Altena R et al. Maintaining 
success, reducing treatment burden, focusing 
on survivorship: highlights from the third 
European consensus conference on diagnosis 
and treatment of germ-cell cancer. Ann. 
Oncol. 24(4), 878–888 (2013).

18	 Lee DH, Han J-Y, Kim HT et al. Primary 
chemotherapy for newly diagnosed non-small 
cell lung cancer patients with synchronous 
brain metastases compared with whole-brain 
radiotherapy administered first: result of a 
randomized pilot study. Cancer 113(1), 
143–149 (2008).

19	 Rosell R, Carcereny E, Gervais R et al. 
Erlotinib versus standard chemotherapy as 
first-line treatment for European patients with 
advanced EGFR mutation-positive non-small-
cell lung cancer (EURTAC): a multicentre, 
open-label, randomised Phase III trial. Lancet 
Oncol. 13(3), 239–246 (2012).

20	 Antonadou D, Paraskevaidis M, Sarris G et al. 
Phase II randomized trial of temozolomide 
and concurrent radiotherapy in patients with 
brain metastases. J. Clin. Oncol. 20(17), 
3644–3650 (2002).

21	 Ushio Y, Arita N, Hayakawa T et al. 
Chemotherapy of brain metastases from lung 
carcinoma: a controlled randomized study. 
Neurosurgery 28(2), 201–205 (1991).

22	 Komarnicky LT, Phillips TL, Martz K, 
Asbell S, Isaacson S, Urtasun R. 
A randomized Phase III protocol for the 
evaluation of misonidazole combined with 
radiation in the treatment of patients with 
brain metastases (RTOG-7916). Int. J. 
Radiat. Oncol. Biol. Phys. 20(1), 53–58 
(1991).

23	 Brastianos PK, Carter SL, Santagata S et al. 
Genomic characterization of brain metastases 
reveals branched evolution and potential 

therapeutic targets. Cancer Discov. 5(11), 
1164–1177 (2015). 

•	 Underlines the importance of genetic 
profiling to determine potential 
susceptibilities of brain metastases (BM) to 
targeted therapies in the modern age of 
personalized medicine.

24	 Jemal A, Bray F, Center MM, Ferlay J, Ward 
E, Forman D. Global cancer statistics. CA. 
Cancer J. Clin. 61(2), 69–90 (2011).

25	 Nayak L, Lee EQ, Wen PY. Epidemiology of 
brain metastases. Curr. Oncol. Rep. 14(1), 
48–54 (2012).

26	 Mamon HJ, Yeap BY, Jänne PA et al. High 
risk of brain metastases in surgically staged 
IIIA non-small-cell lung cancer patients 
treated with surgery, chemotherapy, and 
radiation. J. Clin. Oncol. 23(7), 1530–1537 
(2005).

27	 Subramanian A, Tamayo P, Mootha VK et al. 
Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide 
expression profiles. Proc. Natl Acad. Sci. 
USA 102(43), 15545–15550 (2005).

28	 Wu C, Li L-Y, Wang M-Z et al. Gefitinib in 
the treatment of advanced non-small cell lung 
cancer with brain metastasis. Zhonghua Zhong 
Liu Za Zhi 29(12), 943–945 (2007).

29	 Chen AM, Jahan TM, Jablons DM, Garcia J, 
Larson DA. Risk of cerebral metastases and 
neurological death after pathological complete 
response to neoadjuvant therapy for locally 
advanced nonsmall-cell lung cancer: clinical 
implications for the subsequent management 
of the brain. Cancer 109(8), 1668–1675 
(2007).

30	 Fournier C, Greillier L, Fina F et al. 
Oncogenic drivers in daily practice improve 
overall survival in patients with lung 
adenocarcinoma. Rev. Mal. Respir. 33(9), 
751–756 (2016).

31	 Tan C-S, Cho B-C, Soo RA. Next-generation 
epidermal growth factor receptor tyrosine 
kinase inhibitors in epidermal growth factor 
receptor -mutant non-small cell lung cancer. 
Lung Cancer 93, 59–68 (2016).

32	 Iuchi T, Shingyoji M, Itakura M et al. 
Frequency of brain metastases in non-small-
cell lung cancer, and their association with 
epidermal growth factor receptor mutations. 
Int. J. Clin. Oncol. 20(4), 674–679 (2015).

33	 Lee CK, Brown C, Gralla RJ et al. Impact of 
EGFR inhibitor in non-small cell lung cancer 
on progression-free and overall survival: a 
meta-analysis. J. Natl. Cancer Inst. 105(9), 
595–605 (2013).

34	 Guérin A, Sasane M, Zhang J et al. Brain 
metastases in patients with ALK+ non-small 



CNS Oncol. (2017) 6(2)148

Review  Lazaro & Brastianos

future science group

cell lung cancer: clinical symptoms, treatment 
patterns and economic burden. J. Med. 
Econ. 18(4), 312–322 (2015).

35	 Doebele RC, Lu X, Sumey C et al. Oncogene 
status predicts patterns of metastatic spread in 
treatment-naive nonsmall cell lung cancer. 
Cancer 118(18), 4502–4511 (2012).

36	 Mak KS, Gainor JF, Niemierko A et al. 
Significance of targeted therapy and genetic 
alterations in EGFR, ALK, or KRAS on 
survival in patients with non-small cell lung 
cancer treated with radiotherapy for brain 
metastases. Neuro-Oncol. 17(2), 296–302 
(2015).

37	 Rangachari D, Yamaguchi N, VanderLaan PA 
et al. Brain metastases in patients with 
EGFR-mutated or ALK-rearranged 
non-small-cell lung cancers. Lung Cancer 
88(1), 108–111 (2015).

38	 Mok TS, Wu Y-L, Thongprasert S et al. 
Gefitinib or carboplatin-paclitaxel in 
pulmonary adenocarcinoma. N. Engl. J. Med. 
361(10), 947–957 (2009).

39	 Sequist LV, Yang JC-H, Yamamoto N et al. 
Phase III study of afatinib or cisplatin plus 
pemetrexed in patients with metastatic lung 
adenocarcinoma with EGFR mutations. 
J. Clin. Oncol. 31(27), 3327–3334 (2013).

40	 Sequist LV, Waltman BA, Dias-Santagata D 
et al. Genotypic and histological evolution of 
lung cancers acquiring resistance to EGFR 
inhibitors. Sci. Transl. Med. 3(75), 75ra26 
(2011).

41	 Yu HA, Arcila ME, Rekhtman N et al. 
Analysis of tumor specimens at the time of 
acquired resistance to EGFR-TKI therapy in 
155 patients with EGFR-mutant lung cancers. 
Clin. Cancer Res. 19(8), 2240–2247 (2013).

42	 He Y. Rociletinib in EGFR-mutated 
non-small-cell lung cancer. N. Engl. J. 
Med. 373(6), 578 (2015).

43	 Jänne PA, Yang JC-H, Kim D-W et al. 
AZD9291 in EGFR inhibitor-resistant 
non-small-cell lung cancer. N. Engl. J. 
Med. 372(18), 1689–1699 (2015).

44	 Yang J, Ramalingam SS, Jänne PA, Cantarini 
M, Mitsudomi T. LBA2_PR: osimertinib 
(AZD9291) in pre-treated pts with T790M-
positive advanced NSCLC: updated Phase I 
(P1) and pooled Phase II (P2) results. 
J. Thorac. Oncol. Off. Publ. Int. Assoc. Study 
Lung Cancer. 11(4 Suppl.), S152–S153 (2016).

45	 Park K, Tan E-H, O’Byrne K et al. Afatinib 
versus gefitinib as first-line treatment of 
patients with EGFR mutation-positive 
non-small-cell lung cancer (LUX-Lung 7): a 
Phase IIB, open-label, randomised controlled 
trial. Lancet Oncol. 17(5), 577–589 (2016). 

••	 Lux-Lung 7 trial revealed a greater overall 
survival and better safety profile of afatinib 
over gefitinib in the treatment of EGFR-
mutant lung cancer. Taken together with 
Hoffnecht et al., afatinib is a potential 
therapy for EGFR-positive non-small-cell 
lung cancer BM.

46	 Boehringer Ingelheim. LUX-Lung 7: a 
Phase IIb Trial of Afatinib(BIBW2992) 
Versus Gefitinib for the Treatment of 1st Line 
EGFR Mutation Positive Adenocarcinoma of 
the Lung.  
https://clinicaltrials.gov/ct2/

47	 Sun Yat-sen University. A Randomized, 
open-label Phase II trial of Erlotinib 100mg 
daily versus Gefitinib 250mg daily in patients 
with advanced non-small cell lung cancer who 
harbor EGFR mutations.  
https://clinicaltrials.gov/ct2/

48	 SFJ Pharmaceuticals, Inc.; Pfizer. ARCHER 
1050: a randomized, open label Phase 3 
efficacy and safety study of Dacomitinib 
(PF-00299804) vs. Gefitinib for the first-line 
treatment of locally advanced or metastatic 
NSCLC in subjects with EGFR activating 
mutations.  
https://clinicaltrials.gov/ct2/show/1

49	 AstraZeneca; Parexel. A Phase III, double-
blind, randomised study to assess the safety 
and efficacy of AZD9291 versus a standard of 
care epidermal growth factor receptor tyrosine 
kinase inhibitor as first line treatment in 
patients with epidermal growth factor 
receptor mutation positive, locally advanced 
or metastatic non small cell lung cancer.  
https://clinicaltrials.gov/ct2/show/

50	 Astellas Pharma Global Development, Inc. 
An open-label, randomized Phase 3 efficacy 
study of ASP8273 vs Erlotinib or Gefitinib in 
first-line treatment of patients with Stage 
IIIB/IV non-small cell lung cancer tumors 
with EGFR activating mutations.  
https://clinicaltrials.gov/ct2/show/

51	 Park SJ, Kim HT, Lee DH et al. Efficacy of 
epidermal growth factor receptor tyrosine 
kinase inhibitors for brain metastasis in 
non-small cell lung cancer patients harboring 
either exon 19 or 21 mutation. Lung 
Cancer 77(3), 556–560 (2012).

52	 Porta R, Sánchez-Torres JM, Paz-Ares L et al. 
Brain metastases from lung cancer responding 
to erlotinib: the importance of EGFR mutation. 
Eur. Respir. J. 37(3), 624–631 (2011).

53	 Heon S, Yeap BY, Lindeman NI et al. The 
impact of initial gefitinib or erlotinib versus 
chemotherapy on central nervous system 
progression in advanced non-small cell lung 
cancer with EGFR mutations. Clin. Cancer 
Res. 18(16), 4406–4414 (2012).

54	 Togashi Y, Masago K, Fukudo M et al. 
Cerebrospinal fluid concentration of erlotinib 
and its active metabolite OSI-420 in patients 
with central nervous system metastases of 
non-small cell lung cancer. J. Thorac. 
Oncol. 5(7), 950–955 (2010).

55	 Grommes C, Oxnard GR, Kris MG et al. 
“Pulsatile” high-dose weekly erlotinib for 
CNS metastases from EGFR mutant 
non-small cell lung cancer. Neuro-
Oncol. 13(12), 1364–1369 (2011).

56	 Jackman DM, Mach SL, Heng JC et al. 
Pulsed dosing of erlotinib for central nervous 
system (CNS) progression in EGFR-mutant 
non-small-cell lung cancer (NSCLC). J. Clin. 
Oncol. 31(May 20 Suppl.), 8116 (2013).

57	 Hoffknecht P, Tufman A, Wehler T et al. 
Efficacy of the irreversible ErbB family 
blocker afatinib in epidermal growth factor 
receptor (EGFR) tyrosine kinase inhibitor 
(TKI)-pretreated non-small-cell lung cancer 
patients with brain metastases or 
leptomeningeal disease. J. Thorac. Oncol. 
10(1), 156–163 (2015).

58	 Magnuson WJ, Yeung JT, Guillod PD, 
Gettinger SN, Yu JB, Chiang VL. Impact of 
deferring radiation therapy in patients with 
epidermal growth factor receptor-mutant 
non-small-cell lung cancer who develop brain 
metastases. Int. J. Radiat. Oncol. Biol. Phys. 
95(2), 673–679 (2016).

••	 Deferring stereotactic radiosurgery for 
upfront EGFR tyrosine kinase inhibitor may 
compromise overall survival.

59	 Wu Jieping Medical Foundation; Fudan 
University. Erlotinib with concurrent brain 
radiotherapy and secondary brain 
radiotherapy after recurrence with Erlotinib 
in NSCLC non-increased-intracranial-
pressure symptomatic brain metastases: a 
prospective multicenter trial (TRACTS).  
https://clinicaltrials.gov/ct2/show/

60	 Liu S, Qiu B, Chen L et al. Radiotherapy for 
asymptomatic brain metastasis in epidermal 
growth factor receptor mutant non-small cell 
lung cancer without prior tyrosine kinase 
inhibitors treatment: a retrospective clinical 
study. Radiat. Oncol. 10, 118 (2015).

61	 Soon YY, Leong CN, Koh WY, Tham IWK. 
EGFR tyrosine kinase inhibitors versus cranial 
radiation therapy for EGFR mutant non-small 
cell lung cancer with brain metastases: a 
systematic review and meta-analysis. 
Radiother. Oncol. 114(2), 167–172 (2015).

62	 Jiang T, Su C, Li X et al. EGFR TKIs plus 
WBRT demonstrated no survival benefit than 
TKIs alone in NSCLC patients with EGFR 
mutation and brain metastases. J. Thorac. 
Oncol. 11(10), 1718–1728 (2016).

https://clinicaltrials.gov/ct2/show/NCT01466660 NLM Identifier: NCT01466660
https://clinicaltrials.gov/ct2/show/NCT01955421 NLM Identifier: NCT01955421
https://clinicaltrials.gov/ct2/show/NCT01774721
https://clinicaltrials.gov/ct2/show/NCT02296125
https://clinicaltrials.gov/ct2/show/NCT02588261
https://clinicaltrials.gov/ct2/show/NCT01763385


149future science group www.futuremedicine.com

Immunotherapy & targeted therapy in brain metastases: emerging options in precision medicine  Review

63	 Solomon BJ, Mok T, Kim D-W et al. 
First-line crizotinib versus chemotherapy in 
ALK-positive lung cancer. N. Engl. J. 
Med. 371(23), 2167–2177 (2014).

64	 Shaw AT, Kim D-W, Nakagawa K et al. 
Crizotinib versus chemotherapy in advanced 
ALK-positive lung cancer. N. Engl. J. 
Med. 368(25), 2385–2394 (2013).

65	 Shaw AT, Kim D-W, Mehra R et al. Ceritinib 
in ALK-rearranged non-small-cell lung 
cancer. N. Engl. J. Med. 370(13), 1189–1197 
(2014).

66	 Nishio M, Murakami H, Horiike A et al. 
Phase I study of ceritinib (LDK378) in 
Japanese patients with advanced, anaplastic 
lymphoma kinase-rearranged non-small-cell 
lung cancer or other tumors. J. Thorac. 
Oncol. 10(7), 1058–1066 (2015).

67	 Gainor JF, Tan DSW, De Pas T et al. 
Progression-free and overall survival in 
ALK-positive NSCLC patients treated with 
sequential crizotinib and ceritinib. Clin. 
Cancer Res. 21(12), 2745–2752 (2015).

68	 Kim DW, Mehra R, Tan DSW et al. Activity 
and safety of ceritinib in patients with 
ALK-rearranged non-small-cell lung cancer 
(ASCEND-1): updated results from the 
multicentre, open-label, Phase I trial. Lancet 
Oncol. 17(4), 452–463 (2016).

69	 Costa DB, Shaw AT, Ou S-HI et al. Clinical 
experience with crizotinib in patients with 
advanced ALK-rearranged non-small-cell 
lung cancer and brain metastases. J. Clin. 
Oncol. 33(17), 1881–1888 (2015).

70	 Costa DB, Kobayashi S, Pandya SS et al. CSF 
concentration of the anaplastic lymphoma 
kinase inhibitor crizotinib. J. Clin. 
Oncol. 29(15), e443–e445 (2011).

71	 Ou SH, Ahn JS, De Petris L et al. Alectinib in 
crizotinib-refractory ALK-rearranged 
non-small-cell lung cancer: a Phase II global 
study. J. Clin. Oncol. 34(7), 661–668 (2015).

72	 Shaw AT, Gandhi L, Gadgeel S et al. 
Alectinib in ALK-positive, crizotinib-
resistant, non-small-cell lung cancer: a 
single-group, multicentre, Phase II trial. 
Lancet Oncol. 17(2), 234–242 (2016).

73	 Johung KL, Yeh N, Desai NB et al. Extended 
survival and prognostic factors for patients 
with ALK-rearranged non-small-cell lung 
cancer and brain metastasis. J. Clin. 
Oncol. 34(2), 123–129 (2016).

74	 Hendriks LEL, Schoenmaekers J, Zindler JD 
et al. Safety of cranial radiotherapy 
concurrent with tyrosine kinase inhibitors in 
non-small cell lung cancer patients: a 
systematic review. Cancer Treat. Rev. 41(7), 
634–645 (2015).

75	 Sandler A, Gray R, Perry MC et al. 
Paclitaxel–carboplatin alone or with 
bevacizumab for non–small-cell lung cancer. 
N. Engl. J. Med. 355(24), 2542–2550 (2006).

76	 Socinski MA, Langer CJ, Huang JE et al. 
Safety of bevacizumab in patients with 
non-small-cell lung cancer and brain 
metastases. J. Clin. Oncol. 27(31), 5255–5261 
(2009).

77	 Besse B, Lasserre SF, Compton P, Huang J, 
Augustus S, Rohr U-P. Bevacizumab safety in 
patients with central nervous system metastases. 
Clin. Cancer Res. 16(1), 269–278 (2010).

78	 Tang N, Guo J, Zhang Q, Wang Y, Wang Z. 
Greater efficacy of chemotherapy plus 
bevacizumab compared to chemo- and 
targeted therapy alone on non-small cell lung 
cancer patients with brain metastasis. 
Oncotarget 7(3), 3635–3644 (2016).

79	 Ilhan-Mutlu A, Osswald M, Liao Y et al. 
Bevacizumab prevents brain metastases 
formation in lung adenocarcinoma. Mol. 
Cancer Ther. 15(4), 702–710 (2016).

80	 Siegel RL, Miller KD, Jemal A. Cancer 
statistics, 2016. CA. Cancer J. Clin. 66(1), 
7–30 (2016).

81	 Howlander N, Noone AM, Krapcho M et al. 
SEER Cancer Statistics Review, 1975–2012. 
National Cancer Institute, Bethesda, MD, 
USA.  
http://seer.cancer.gov/csr/1975_2012/ 

82	 Arvold ND, Oh KS, Niemierko A et al. Brain 
metastases after breast-conserving therapy 
and systemic therapy: incidence and 
characteristics by biologic subtype. Breast 
Cancer Res. Treat. 136(1), 153–160 (2012).

83	 Shen Q, Sahin AA, Hess KR et al. Breast 
cancer with brain metastases: 
clinicopathologic features, survival, and 
paired biomarker analysis. Oncologist 20(5), 
466–473 (2015).

84	 Lin NU, Winer EP. Brain metastases: the 
HER2 paradigm. Clin. Cancer Res. 13(6), 
1648–1655 (2007).

85	 Kennecke H, Yerushalmi R, Woods R et al. 
Metastatic behavior of breast cancer subtypes. 
J. Clin. Oncol. 28(20), 3271–3277 (2010).

86	 De Ieso PB, Schick U, Rosenfelder N, 
Mohammed K, Ross GM. Breast cancer brain 
metastases: a 12 year review of treatment 
outcomes. Breast Edinb. Scotl. 24(4), 
426–433 (2015).

87	 Clayton AJ, Danson S, Jolly S et al. Incidence 
of cerebral metastases in patients treated with 
trastuzumab for metastatic breast cancer. 
Br. J. Cancer. 91(4), 639–643 (2004).

88	 Dowsett M, Allred C, Knox J et al. 
Relationship between quantitative estrogen 

and progesterone receptor expression and 
human epidermal growth factor receptor 2 
(HER-2) status with recurrence in the 
arimidex, tamoxifen, alone or in combination 
trial. J. Clin. Oncol. 26(7), 1059–1065 
(2008).

89	 Dawood S, Lei X, Litton JK, Buchholz TA, 
Hortobagyi GN, Gonzalez-Angulo AM. 
Incidence of brain metastases as a first site of 
recurrence among women with triple receptor-
negative breast cancer. Cancer 118(19), 
4652–4659 (2012).

90	 Dawood S, Broglio K, Esteva FJ et al. 
Survival among women with triple receptor-
negative breast cancer and brain metastases. 
Ann. Oncol. 20(4), 621–627 (2009).

91	 Niikura N, Hayashi N, Masuda N et al. 
Treatment outcomes and prognostic factors 
for patients with brain metastases from breast 
cancer of each subtype: a multicenter 
retrospective analysis. Breast Cancer Res. 
Treat. 147(1), 103–112 (2014).

92	 Farmer H, McCabe N, Lord CJ et al. 
Targeting the DNA repair defect in BRCA 
mutant cells as a therapeutic strategy. 
Nature 434(7035), 917–921 (2005).

93	 Cleator S, Heller W, Coombes RC. 
Triple-negative breast cancer: therapeutic 
options. Lancet Oncol. 8(3), 235–244 
(2007).

94	 Bachmann C, Grischke EM, Fehm T, 
Staebler A, Schittenhelm J, Wallwiener D. 
CNS metastases of breast cancer show 
discordant immunohistochemical phenotype 
compared to primary. J. Cancer Res. Clin. 
Oncol. 139(4), 551–556 (2013).

95	 Rakha EA, Chan S. Metastatic triple-negative 
breast cancer. Clin. Oncol. (R. Coll. Radiol.) 
23(9), 587–600 (2011).

96	 Ibrahim YH, García-García C, Serra V et al. 
PI3K inhibition impairs BRCA1/2 expression 
and sensitizes BRCA-proficient triple-negative 
breast cancer to PARP inhibition. Cancer 
Discov. 2(11), 1036–1047 (2012).

•	 PI3K inhibition plus PARP inhibitor 
combination therapy has potential for 
wild-type triple-negative breast cancer BM, 
although prospective clinical data still needs 
to be collected.

97	 Slamon D, Eiermann W, Robert N et al. 
Adjuvant trastuzumab in HER2-positive 
breast cancer. N. Engl. J. Med. 365(14), 
1273–1283 (2011).

98	 Bendell JC, Domchek SM, Burstein HJ et al. 
Central nervous system metastases in women 
who receive trastuzumab-based therapy for 
metastatic breast carcinoma. Cancer 97(12), 
2972–2977 (2003).

http://seer.cancer.gov/csr/1975_2012/


CNS Oncol. (2017) 6(2)150

Review  Lazaro & Brastianos

future science group

99	 Yau T, Swanton C, Chua S et al. Incidence, 
pattern and timing of brain metastases among 
patients with advanced breast cancer treated 
with trastuzumab. Acta Oncol. 45(2), 
196–201 (2006).

100	 Olson EM, Abdel-Rasoul M, Maly J, Wu CS, 
Lin NU, Shapiro CL. Incidence and risk of 
central nervous system metastases as site of 
first recurrence in patients with HER2-
positive breast cancer treated with adjuvant 
trastuzumab. Ann. Oncol. 24(6), 1526–1533 
(2013).

101	 Swain SM, Baselga J, Miles D et al. Incidence 
of central nervous system metastases in 
patients with HER2-positive metastatic breast 
cancer treated with pertuzumab, 
trastuzumab, and docetaxel: results from the 
randomized Phase III study CLEOPATRA. 
Ann. Oncol. 25(6), 1116–1121 (2014).

102	 Senda N, Yamaguchi A, Nishimura H, 
Shiozaki T, Tsuyuki S. Pertuzumab, 
trastuzumab and docetaxel reduced the 
recurrence of brain metastasis from breast 
cancer: a case report. Breast Cancer Tokyo 
Jpn. 23(2), 323–328 (2016).

103	 Koumarianou A, Kontopoulou C, Kouloulias 
V, Tsionou C. Durable clinical benefit of 
pertuzumab in a young patient with BRCA2 
mutation and HER2-overexpressing breast 
cancer involving the brain. Case Rep. Oncol. 
Med. 2016, 5718104 (2016).

104	 Bartsch R, Berghoff AS, Vogl U et al. Activity 
of T-DM1 in HER2-positive breast cancer 
brain metastases. Clin. Exp. Metastasis 32(7), 
729–737 (2015).

105	 Bartsch R, Berghoff AS, Preusser M. Breast 
cancer brain metastases responding to 
primary systemic therapy with T-DM1. 
J. Neurooncol. 116(1), 205–206 (2014).

106	 Torres S, Maralani P, Verma S. Activity of 
T-DM1 in HER-2 positive central nervous 
system breast cancer metastases. BMJ Case 
Rep. 2014, pii: bcr2014205680 (2014).

107	 Lin NU, Diéras V, Paul D et al. Multicenter 
Phase II study of lapatinib in patients with 
brain metastases from HER2-positive breast 
cancer. Clin. Cancer Res. 15(4), 1452–1459 
(2009).

108	 Sutherland S, Ashley S, Miles D et al. 
Treatment of HER2-positive metastatic breast 
cancer with lapatinib and capecitabine in the 
lapatinib expanded access programme, 
including efficacy in brain metastases – the 
UK experience. Br. J. Cancer. 102(6), 
995–1002 (2010).

109	 Lin NU, Eierman W, Greil R et al. 
Randomized Phase II study of lapatinib plus 
capecitabine or lapatinib plus topotecan for 
patients with HER2-positive breast cancer 

brain metastases. J. Neurooncol. 105(3), 
613–620 (2011).

110	 Bachelot T, Romieu G, Campone M et al. 
Lapatinib plus capecitabine in patients with 
previously untreated brain metastases from 
HER2-positive metastatic breast cancer 
(LANDSCAPE): a single-group Phase II 
study. Lancet Oncol. 14(1), 64–71 (2013).

111	 Burstein HJ, Sun Y, Dirix LY et al. Neratinib, 
an irreversible ErbB receptor tyrosine kinase 
inhibitor, in patients with advanced 
ErbB2-positive breast cancer. J. Clin. 
Oncol. 28(8), 1301–1307 (2010).

112	 Chan A, Delaloge S, Holmes FA et al. 
Neratinib after trastuzumab-based adjuvant 
therapy in patients with HER2-positive breast 
cancer (ExteNET): a multicentre, 
randomised, double-blind, placebo-
controlled, Phase III trial. Lancet Oncol. 
17(3), 367–377 (2016).

113	 Awada A, Colomer R, Inoue K et al. 
Neratinib plus paclitaxel vs trastuzumab plus 
paclitaxel in previously untreated metastatic 
ERBB2-positive breast cancer: the NEfERT-T 
randomized clinical trial. JAMA Oncol. 2(12), 
1557–1564 (2016).

114	 Comen EA, Robson M. Inhibition of 
poly(ADP)-ribose polymerase as a therapeutic 
strategy for breast cancer. Oncol. Williston 
Park N. 24(1), 55–62 (2010).

115	 Anders CK, Winer EP, Ford JM et al. 
Poly(ADP-Ribose) polymerase inhibition: 
“targeted” therapy for triple-negative breast 
cancer. Clin. Cancer Res. 16(19), 4702–4710 
(2010).

116	 Silver DP, Richardson AL, Eklund AC et al. 
Efficacy of neoadjuvant cisplatin in 
triple-negative breast cancer. J. Clin. Oncol. 
28(7), 1145–1153 (2010).

117	 Jang NY, Kim DH, Cho BJ et al. 
Radiosensitization with combined use of 
olaparib and PI-103 in triple-negative breast 
cancer. BMC Cancer 15, 89 (2015).

118	 Karginova O, Siegel MB, Van Swearingen 
AED et al. Efficacy of carboplatin alone and 
in combination with ABT888 in intracranial 
murine models of BRCA-mutated and 
BRCA-wild-type triple-negative breast cancer. 
Mol. Cancer Ther. 14(4), 920–930 (2015).

119	 Mehta MP, Wang D, Wang F et al. Veliparib 
in combination with whole brain radiation 
therapy in patients with brain metastases: 
results of a Phase I study. J. Neurooncol. 
122(2), 409–417 (2015).

120	 Davies MA, Liu P, McIntyre S et al. 
Prognostic factors for survival in melanoma 
patients with brain metastases. Cancer 117(8), 
1687–1696 (2011).

121	 Spagnolo F, Picasso V, Lambertini M, 
Ottaviano V, Dozin B, Queirolo P. Survival 
of patients with metastatic melanoma and 
brain metastases in the era of MAP-kinase 
inhibitors and immunologic checkpoint 
blockade antibodies: a systematic review. 
Cancer Treat. Rev. 45, 38–45 (2016).

122	 Long GV, Menzies AM, Nagrial AM et al. 
Prognostic and clinicopathologic associations 
of oncogenic BRAF in metastatic melanoma. 
J. Clin. Oncol. 29(10), 1239–1246 (2011).

123	 Topalian SL, Hodi FS, Brahmer JR et al. 
Safety, activity, and immune correlates of 
anti-PD-1 antibody in cancer. N. Engl. J. 
Med. 366(26), 2443–2454 (2012).

124	 Brahmer JR, Tykodi SS, Chow LQM et al. 
Safety and activity of anti-PD-L1 antibody in 
patients with advanced cancer. N. Engl. J. 
Med. 366(26), 2455–2465 (2012).

125	 Snyder A, Makarov V, Merghoub T et al. 
Genetic basis for clinical response to CTLA-4 
blockade in melanoma. N. Engl. J. 
Med. 371(23), 2189–2199 (2014).

126	 Chapman PB, Hauschild A, Robert C et al. 
Improved survival with vemurafenib in 
melanoma with BRAF V600E mutation. 
N. Engl. J. Med. 364(26), 2507–2516 (2011).

127	 Sosman JA, Kim KB, Schuchter L et al. 
Survival in BRAF V600-mutant advanced 
melanoma treated with vemurafenib. N. Engl. 
J. Med. 366(8), 707–714 (2012).

128	 Renfrow JJ, Lesser GJ. Molecular subtyping 
of brain metastases and implications for 
therapy. Curr. Treat. Options Oncol. 14(4), 
514–527 (2013).

129	 Gummadi T, Zhang BY, Valpione S et al. 
Impact of BRAF mutation and BRAF 
inhibition on melanoma brain metastases. 
Melanoma Res. 25(1), 75–79 (2015).

130	 Long GV, Trefzer U, Davies MA et al. 
Dabrafenib in patients with Val600Glu or 
Val600Lys BRAF-mutant melanoma 
metastatic to the brain (BREAK-MB): a 
multicentre, open-label, Phase II trial. Lancet 
Oncol. 13(11), 1087–1095 (2012).

•	 Dabrafenib has activity in patients with 
BRAF-mutant melanoma BM.

131	 Falchook GS, Long GV, Kurzrock R et al. 
Dabrafenib in patients with melanoma, 
untreated brain metastases, and other solid 
tumours: a Phase I dose-escalation trial. Lancet 
Lond. Engl. 379(9829), 1893–1901 (2012).

132	 Dummer R, Goldinger SM, Turtschi CP et al. 
Vemurafenib in patients with BRAF(V600) 
mutation-positive melanoma with 
symptomatic brain metastases: final results of 
an open-label pilot study. Eur. J. Cancer 
50(3), 611–621 (2014).



151future science group www.futuremedicine.com

Immunotherapy & targeted therapy in brain metastases: emerging options in precision medicine  Review

133	 Long GV, Fung C, Menzies AM et al. Increased 
MAPK reactivation in early resistance to 
dabrafenib/trametinib combination therapy of 
BRAF-mutant metastatic melanoma. Nat. 
Commun. 5, 5694 (2014).

134	 Robert C, Karaszewska B, Schachter J et al. 
Improved overall survival in melanoma with 
combined dabrafenib and trametinib. 
N. Engl. J. Med. 372(1), 30–39 (2015).

135	 Vaidhyanathan S, Mittapalli RK, Sarkaria 
JN, Elmquist WF. Factors influencing the 
CNS distribution of a novel MEK-1/2 
inhibitor: implications for combination 
therapy for melanoma brain metastases. Drug 
Metab. Dispos. 42(8), 1292–1300 (2014).

136	 Larkin J, Chiarion-Sileni V, Gonzalez R et al. 
Combined nivolumab and ipilimumab or 
monotherapy in untreated melanoma. 
N. Engl. J. Med. 373(1), 23–34 (2015).

137	 Postow MA, Chesney J, Pavlick AC et al. 
Nivolumab and ipilimumab versus 
ipilimumab in untreated melanoma. N. Engl. 
J. Med. 372(21), 2006–2017 (2015).

138	 Tazi K, Hathaway A, Chiuzan C, Shirai K. 
Survival of melanoma patients with brain 
metastases treated with ipilimumab and 
stereotactic radiosurgery. Cancer Med. 4(1), 
1–6 (2015).

139	 Margolin K, Ernstoff MS, Hamid O et al. 
Ipilimumab in patients with melanoma and 
brain metastases: an open-label, Phase II trial. 
Lancet Oncol. 13(5), 459–465 (2012).

140	 Silk AW, Bassetti MF, West BT, Tsien CI, Lao 
CD. Ipilimumab and radiation therapy for 
melanoma brain metastases. Cancer Med. 
2(6), 899–906 (2013).

141	 Knisely JPS, Yu JB, Flanigan J, Sznol M, 
Kluger HM, Chiang VLS. Radiosurgery for 
melanoma brain metastases in the 
ipilimumab era and the possibility of longer 
survival. J. Neurosurg. 117(2), 227–233 
(2012).

142	 Robert C, Schachter J, Long GV et al. 
Pembrolizumab versus ipilimumab in 
advanced melanoma. N. Engl. J. Med. 
372(26), 2521–2532 (2015).

143	 Ahmed KA, Stallworth DG, Kim Y et al. 
Clinical outcomes of melanoma brain 
metastases treated with stereotactic radiation 
and anti-PD-1 therapy. Ann. Oncol. 27(3), 
434–441 (2016).

144	 Sano T, Uhara H, Mikoshiba Y et al. 
Nivolumab-induced organizing pneumonia in 
a melanoma patient. Jpn J. Clin. Oncol. 46(3), 
270–272 (2016).

145	 Maurice C, Schneider R, Kiehl T-R et al. 
Subacute CNS demyelination after treatment 
with nivolumab for melanoma. Cancer 
Immunol. Res. 3(12), 1299–1302 (2015).

146	 Italian Network for Tumor Biotherapy 
Foundation; Bristol-Myers Squibb. A 
randomized, Phase III study of Fotemustine 
versus the combination of Fotemustine and 
Ipilimumab or the combination of 
Ipilimumab and Nivolumab in patients with 
metastatic melanoma with brain metastasis.  
https://clinicaltrials.gov/ct2/show/

147	 Yale University. A Phase 2 study of MK-3475 
in patients with metastatic melanoma and 
non-small cell lung cancer with untreated 
brain metastases.  
https://clinicaltrials.gov/ct2/show/

148	 Goldberg SB, Gettinger SN, Mahajan A et al. 
Pembrolizumab for patients with melanoma 
or non-small-cell lung cancer and untreated 
brain metastases: early analysis of a 
non-randomised, open-label, Phase II trial. 
Lancet Oncol. 17(7), 976–983 (2016).

•	 Pembrolizumab has a modest CNS response 
rate in patients with BRAF wild-type 
melanoma and non-small-cell lung cancer.

https://clinicaltrials.gov/ct2/show/NCT02460068
https://clinicaltrials.gov/ct2/show/NCT02085070

