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Abstract 
Brain metastases (BrM) develop in 20–40% of patients with advanced cancer. They mainly originate from lung cancer, melanoma, breast cancer, 
and renal cell carcinoma, and are associated with a poor prognosis. While patients with BrM traditionally lack effective treatment options, im-
munotherapy is increasingly gaining in importance in this group of patients, with clinical trials in the past decade demonstrating the efficacy and 
safety of immune checkpoint blockade in BrM originating from specific tumor types, foremost melanoma. The brain is an immune-specialized 
environment with several unique molecular, cellular, and anatomical features that affect immune responses, including those against tumors. In 
this review we discuss the potential role that some of these unique characteristics may play in the efficacy of immunotherapy, mainly focusing 
on the lymphatic drainage in the brain and the role of systemic anti-tumor immunity that develops due to the presence of concurrent extracranial 
disease in addition to BrM.
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Introduction
Brain metastases (BrM) have the highest frequency among 
intracranial tumors. They originate from different primary 
tumor types, with the highest incidence being observed in lung 
cancer, melanoma, breast cancer, and renal cell carcinoma [1]. 
Patients with BrM have a poor prognosis, although overall 
survival strongly depends on cancer type and molecular pro-
file. Treatment options for BrM are limited and include local 
therapies such as surgery, radiotherapy, and radiosurgery, as 
well as systemic therapies, including immunotherapy [2, 3]. 
The latter will be the focus of this review. While the brain 
has been previously thought to be immune-privileged, it is 
now well accepted as an immune-specialized environment 
with several immunologically distinct compartments. This 
includes the ventricles, where efficient immune responses 
against foreign grafts (i.e. normal or cancerous foreign tissue) 
are initiated, and the brain parenchyma, where foreign grafts 
escape the immune surveillance [4–6]. After providing a brief 
overview of the status of immunotherapy for BrM in the clinic, 
we will focus on the concepts and features that are unique to 
BrM and were revealed mainly through preclinical studies. 
We will focus on tumors within the immune-specialized brain 
parenchyma.

Immunotherapy for brain metastases in the 
clinic
Immuno-oncology (IO) has revolutionized the treatment of 
many different cancer types, bringing the potential for long-
term, durable responses. IO drug development has become a 
large and fast-growing field with a 91% increase in number 
of drugs in development between 2017 and 2019 [7]. These 
drugs are now licensed as treatments for many different 
tumor types, and this is increasing every year. Along with dif-
ferent tumor types their scope is steadily increasing from the 
original trials in late-stage, unresectable melanoma, through 
to first-line treatment in metastatic disease and even into the 
adjuvant/neo-adjuvant setting. Indications of FDA-approved 
ICI with the level of evidence were recently reviewed by 
Vaddepally et al. [8].

Historically, the use of IO was withheld from BrM patients 
through fears of severe neurological complications, due to the 
immune-specialized environment of the brain and many orig-
inal trials excluded this critical population entirely. Recently, 
with growing preclinical evidence, these patients have been 
increasingly recognized as having huge potential to benefit 
from this revolution. Recently efforts have been made to im-
prove trial enrollment of this underserviced population with 
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many trials seeking to include patients with BrM if these are 
asymptomatic [9, 10]. Issues remain about the paucity of BrM-
exclusive clinical trials and inclusion of BrM-specific outcome 
measures in larger trials. BrM management is also complicated 
by consideration of concomitant extracranial disease control.

Immune checkpoint inhibition
Immune checkpoints are immune inhibitory receptors 
expressed on immune cells, most notably T cells, that re-
strain the immune system. Clinically most relevant immune 
checkpoints are programmed cell death protein 1 (PD-1) and 
cytotoxic T lymphocyte-associated protein 4 (CTLA-4). Other 
T-cell immune checkpoints that are being actively explored 
as therapeutic targets include lymphocyte-activation gene 
3 (LAG-3) and T-cell immunoglobulin and mucin domain-
containing protein 3 (TIM-3), as well as immune checkpoints 
expressed on natural killer (NK) cells, such as NKG2A and 
TIGIT. Characteristics and mechanisms of action of indi-
vidual immune checkpoints have been extensively reviewed 
elsewhere [11]. Blocking these receptors with targeted mono-
clonal antibodies can unleash the body’s immune system and 
lead to long-term tumor control. However, a high proportion 
of patients fail to respond [12], limiting the impact of these 
life-changing therapies.

In intracranial disease, early trials investigating single-
agent immune checkpoint inhibition (ICI) with ipilimumab 
(anti-CTLA-4) in melanoma BrM showed some efficacy with 
18–24% intracranial response rate [13, 14]. PD-1 blockade 
with pembrolizumab or nivolumab showed a slightly higher 
response rate in BrM in melanoma patients [15, 16]. Of note, 
a better response rate is demonstrated in those patients who 
are asymptomatic from their intracranial disease, particularly 
when a more specific revised definition of symptomatic central 
nervous system (CNS) metastases is retrospectively applied 
[17]. Following successful trials at extracranial sites, increased 
efficacy has been demonstrated in the brain from combined ICI 
with PD-1/CTLA-4 blockade with response rates approaching 
50% in these selective cohorts of patients with melanoma 
BrM, with some patients achieving a complete response [18, 
19]. There is increasing evidence for the benefit of combining 
these therapies with radiotherapy, with a recent meta-analysis 
of 44 studies showing improvement in survival outcomes and 
acceptable safety profile in melanoma BrM [20].

Several trials have been done in metastatic non-small 
cell lung cancer with a recent meta-analysis of 10 phase-
three trials showing that regimens containing ICI improved 
progression-free survival (HR 0.53, 95% CI 0.40–0.69, P < 
0.01) versus chemotherapy alone [21].

In breast cancer, despite an absence of BrM-specific clinical 
trials, the inclusion of small numbers of patients with asymp-
tomatic, previously treated BrM into the larger landmark 
trials of immune checkpoint blockade in advanced disease 
have suggested safety despite inclusion of patients with BrM 
[22, 23].

Cellular immunotherapies for BrM
In adoptive cell therapies, the immune cells isolated from 
patients or healthy donors are expanded ex vivo and infused 
back into cancer patients. Adoptive cell therapies are focusing 
mainly on T cells, NK cells, and dendritic cells (DCs). These 
cells can be also genetically modified prior to their reinfusion. 

The most prominent example is the expression of chimeric 
antigen receptors (CARs) in T cells. CARs recognize a defined 
antigen expressed on cancer cells, directing the cytotoxic ac-
tivity of T cells toward the latter. CAR T cells have shown 
huge promise in hematological malignancies and are cur-
rently being trialed in some solid tumor types [24]. No late-
phase studies have been done on patients with BrM, however, 
a phase I trial study is currently recruiting to investigate the 
side effects and best dose of HER2-CAR T cells injected intra-
ventricularly in treating patients with brain or leptomeningeal 
metastases from HER2+ breast cancer (https://clinicaltrials.
gov/ct2/show/NCT03696030).

Another example of cellular immunotherapies are DC 
vaccines. Cancer vaccines employ the principle that injecting 
cancer antigens or cells alongside an immune adjunct can 
boost the immune system to recognize and respond to cancer. 
There is currently a completed trial with results awaited 
from PERCELLVAC3 study, where patients with BrM receive 
vaccines consisting of mRNA tumor antigen-pulsed DCs [25]. 
Also in recruitment is a phase IIa study of DC vaccines against 
HER2/HER3 and pembrolizumab in patients with asympto-
matic brain metastasis from triple negative breast cancer or 
HER2+ breast cancer (https://classic.clinicaltrials.gov/ct2/
show/NCT04348747). Substantial evidence for the safety of 
CAR T-cell therapies and DC vaccines in the CNS also comes 
from glioma [26, 27].

Insights from preclinical studies
Central nervous system immunology
One of the initial pieces of evidence suggesting that the 
brain is immunologically distinct was provided over 100 
years ago by Shirai et al. [28], who observed that mouse 
sarcoma tumors grew successfully in rat brains, while 
being recognized as a foreign tissue and were rejected when 
growing under the skin. This led to an assumption that 
the brain is immune-privileged and separated from the im-
mune system. New discoveries over the past decades, how-
ever, revealed several distinct compartments involved in 
the interactions between the CNS and the immune system. 
These compartments harbor a variety of immune cell types 
and are located primarily along the CNS borders, including 
the meninges, choroid plexus, and perivascular spaces 
(reviewed in [29]). Briefly, the choroid plexus is located 
within the ventricles, it consists of specialized cells and 
one of its main functions is to produce cerebrospinal fluid 
(CSF). Perivascular spaces are CSF-filled compartments sur-
rounding small blood vessels within the brain. Lastly, me-
ninges are membranous structures that surround the brain 
and consist of three layers: the pia matter adjacent to the 
brain parenchyma, the middle layer called arachnoid matter, 
and dura matter which is the closest to the skull. Arachnoid 
and pia matter enclose the subarachnoid space, which is 
filled with CSF. Dura contains venous sinuses, which serve 
as regional immune cell hubs [30]. Dural sinuses lay in 
parallel to the recently rediscovered meningeal lymphatic 
vessels (MLVs) (see Fig. 1A for a detailed illustration of 
some of these compartments).

Despite occasional literature reports of lymphatic vessels 
at the dura [31], until recently there was a dogma in the field 
that CNS lacks lymphatic vessels. However, in 2015, two im-
portant studies unequivocally demonstrated the existence of 
MLVs in mice [32, 33], followed by a study demonstrating the 
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presence of MLVs in humans [34]. The rediscovery of MLVs 
was very important because lymphatic vessels play an essen-
tial role in mounting of immune responses against antigens, 
including tumor antigens. Cancer-immunity cycle consists of 
several steps that need to be executed before anti-cancer im-
mune response is initiated (reviewed in [35, 36]). Briefly, tumor 
antigens are released within tumors and captured by DCs, 
which are professional antigen-presenting cells. DCs then mi-
grate along lymphatic vessels to the regional tumor-draining 

lymph nodes (TDLNs), where they present the captured 
antigens on MHCI and MHCII molecules to T cells, resulting 
in priming and activation of T cells. Subsequently, the acti-
vated T cells are home to tumors, where they can potentially 
recognize and eliminate cancer cells. Recent evidence from 
extracranial tumors suggests that following their initial ac-
tivation in TDLNs, CD8+ T-cell differentiation into effectors 
occurs within tumors in a second step that also requires an 
involvement of DCs [37].

Figure 1: the role of different central nervous system (CNS) compartments, the lymphatic system and systemic immunity in immunobiology and 
response to immunotherapy in brain metastases. (A) CNS compartments relevant to the tumor immunology in the brain are illustrated. Arrows 
indicate drainage of cerebrospinal fluid (CSF) from the subarachnoid space into the meningeal lymphatic vessels (MLVs; solid line) and a potential 
route for dendritic cell (DC) migration from within the brain parenchyma to the subarachnoid space and further into MLVs (dotted line). (B and C) 
Tumor microenvironment in the brain in the context of immune checkpoint blockade is depicted in the absence (B) and presence (C) of extracranial 
tumor, illustrating different abundance in T cells and dendritic cells (DCs) within intracranial tumors in the presence versus absence of extracranial 
disease. Possible recruitment of T cells to BrM from extracranial-TDLNs and cLNs is indicated. Association between the perivascular spaces within 
brain parenchyma and meningeal lymphatic vessels is shown. A potential route of DC migration from BrM to the cLNs is indicated with dotted arrows. 
Irradiation and VEGF-C-enhanced lymphangiogenesis are highlighted as examples of stimuli known to enhance T-cell abundance in brain metastases in (C).
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MLVs are present at the dorsal and basal part of the skull 
and have been shown to contribute to antigen drainage from 
the CSF to the cervical lymph nodes (cLNs) (Fig. 1A, B). In 
contrast, brain parenchyma lacks classical lymphatic vessels. 
Instead, distinct subsets of spaces along the brain blood vessels 
have been proposed to serve as pseudolymphatics, used for re-
moval of metabolic waste products through efflux of intersti-
tial fluid from the brain parenchyma to the CSF, as well as for 
the delivery of fresh CSF to the brain interstitium. The exact 
identity of these spaces is still a matter of debate (reviewed 
in [38]), with the glymphatic system model considered to be 
most likely at present. This model proposes that CSF enters 
brain parenchyma through the arterial perivascular spaces, 
and interstitial fluid leaves the parenchyma through the ve-
nous perivascular spaces [39] (Fig. 1A). The latter are most 
likely also the route of drainage for soluble antigens, which 
then enter MLVs together with the CSF, while it remains un-
clear whether the same route is used for the migration of DCs 
to the MLVs and further to the cLNs (Fig. 1A and B).

The skull bone marrow (BM) represents a further, recently 
discovered, immunological compartment that functions as 
an interface between the CNS and the immune system [40]. 
Under homeostasis, different types of myeloid cells in the me-
ninges, including the Ly6C+ monocytes, neutrophils, and DCs, 
are mostly derived locally from the skull BM rather than from 
the blood, and can migrate from the skull BM directly into 
meninges via ossified vascular channels [40, 41] (Fig. 1A). The 
latter also permit influx of CSF into the skull BM, providing 
means for CNS antigens contained in the CSF to imprint the 
BM immune cells. Interestingly, a less pro-inflammatory mo-
lecular profile was observed in the skull-derived as compared 
to the blood-derived myeloid cells in the context of experi-
mental autoimmune encephalomyelitis, suggesting that mo-
lecular characteristics of myeloid cells may contribute to the 
immune-specialized properties of the brain [40]. However, the 
contribution and characteristics of the skull BM-derived mye-
loid cells in brain metastases remain to be elucidated.

In summary, while the existence of diverse interactions 
between the CNS and the immune system is now well ac-
cepted, it remains that the immune responses in the brain are 
regulated differently than outside the CNS. This immune-
specialized status is thought to be due to a combination of 
factors, including characteristics of the cellular microen-
vironment, such as myeloid cells, and characteristics of the 
lymphatic system and the CNS-draining lymph nodes, which 
will be further discussed in the context of brain metastases 
below. Of note, in contrast to primary brain cancer and 
non-cancerous CNS disorders, BrM develops in the pres-
ence of immune responses against extracranial disease. This 
co-existence of immune responses directed against tumors 
within an immune-specialized brain microenvironment and 
“immune-competent” extracranial environment represents a 
unique situation that requires additional considerations.

The role of extracranial disease and systemic 
immunity in immunotherapy in BrM
As mentioned earlier, in contrast to the foreign grafts 
implanted under the skin, the foreign grafts implanted into 
the brain escape immune surveillance. However, when foreign 
tissue implanted under the skin was spontaneously rejected, 
this led to the rejection of this same tissue implanted into the 

brain of the same animal [5, 42], suggesting that the immu-
nity spreads from the extracranial to the intracranial location. 
Unlike foreign tissue, intracranial and extracranial tumors in 
metastatic melanoma are immunologically compatible with 
their host and tumors evade anti-tumor immune responses as 
one of the hallmarks of cancer via a variety of mechanisms 
(reviewed in [43]). Growth of melanoma BrM in experi-
mental models seems to be unaffected by the presence of sub-
cutaneous tumors of the same origin [44, 45]. However, this 
changes in the context of immunotherapy, where the growth 
of BrM is impacted by the extracranial tumor. Our preclinical 
study demonstrated that combined PD-1/CTLA-4 blockade 
fails to reduce intracranial melanoma growth when mice are 
bearing tumors only in the brain. In contrast, a significant 
reduction in intracranial melanoma growth upon treatment 
was observed when mice were bearing subcutaneous tumors 
in addition to tumors in the brain [45], with response rates 
in line with the clinically observed intracranial efficacy of 
this combination therapy in melanoma patients [18, 19]. The 
requirement of extracranial tumor for the efficacy of ICI in 
melanoma BrM was also observed in a subsequent preclin-
ical study by Song et al. [46]. Thus, the efficacy of combined 
anti-PD-1/anti-CTLA-4 therapy in BrM seems to rely upon 
the presence of the extracranial disease, and therefore it is im-
portant to mimic this in pre-clinical models for the purpose of 
studying the disease and therapies. There is a scope to further 
modify this model, by resecting the extracranial tumor prior 
to inducing BrM, to mimic primary tumor removal performed 
in melanoma and breast cancer patients in the clinic. However, 
patients with BrM commonly harbor extracranial metastases 
even after the primary tumor has been removed, and there-
fore a model without extracranial tumor resection may better 
mimic the clinical situation.

Mechanistically, extracranial tumor is required for the 
therapy-induced systemic increase in CD44+CD62L− effector 
CD8+ T cells and therapy-induced infiltration of CD8+ T cells 
into intracranial melanoma tumors, accompanied by increase 
in IFNγ expression and upregulation of vascular T-cell entry 
receptors ICAM1 and VCAM1 in tumors [45] (Fig. 1C). 
These observations suggest that systemic immunotherapy 
generates an immune response directed against extracranial 
lesions, which subsequently spreads to the intracranial tumor. 
Further evidence for this comes from studies demonstrating 
that local induction of immune responses against extracranial 
tumors leads to immune responses directed against tumors 
in the brain. For example, local therapy of orthotopic AT-3 
triple-negative breast tumors with radiation, Flt3 and TLR3/
CD40 stimulation resulted in a reduced BrM burden fol-
lowing a systemic cancer cell seeding, and this local therapy 
synergized with systemic PD-L1 blockade [47].

Patients that initially present early with primary tumors 
such as melanoma and breast cancer will mostly undergo 
surgical resection of their tumors, but remain at risk of de-
veloping metastases, including in the brain. The question in 
this context is whether a potential immune memory response 
induced by immunotherapy before clinically detectable 
metastases develop is sufficient to drive anti-tumor immune 
responses against BrM that occur later. There is some ex-
perimental evidence suggesting this may be the case. When 
subcutaneous B78 melanoma tumors were rejected following 
treatment with a combination of radiation, anti-CTLA-4 
and intra-tumoral injection of an immunocytokine (IL-2 
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fused to an antibody targeting disialoganglioside GD2), this 
led to rejection of intracranial tumors implanted 120 days 
post-rejection of extracranial tumors and was accompanied 
by enhanced infiltration of CD4+ and CD8+ T cells [48]. 
Another study has shown that a rejection of subcutaneous 
melanoma tumors following intra-tumoral injection of IFNβ-
expressing insect cells inhibits subsequent colonization of the 
brain by the same melanoma cell line, and depletion of CD4+ 
and CD8+ T cells abrogated this effect [44]. Furthermore, a 
rejection of orthotopic EMT6 breast tumors following a local 
CpG therapy prevented intracranial growth of the same cell 
line [49]. These observations suggest that treatment-induced 
T-cell-dependent immune memory against extracranial 
tumors may have a potential to reduce metastatic recurrence 
in the brain. Notably, adjuvant pembrolizumab therapy in 
patients with complete resection of cutaneous melanoma met-
astatic to lymph node increased distant metastases-free sur-
vival at a 3.5-year median follow-up from 49.4% to 65.3% 
[50]. Furthermore, adjuvant pembrolizumab in this study 
reduced the proportion of patients with recurrence specifi-
cally in the brain from 7% to 5%, providing some evidence 
for a potential benefit of adjuvant immunotherapy in patients 
at risk of developing BrM.

Overall, experimental evidence demonstrates that while im-
mune responses against intracranial tumors are limited when 
the only tumor site is intracranial, an effective immune at-
tack on BrM can be unleashed through the development of 
systemic immunity against extracranial tumors with shared 
tumor antigens.

The role of meningeal lymphatic vessels in 
immune responses and immunotherapy in 
BrM
The rediscovery of MLVs prompted studies into their role 
in immune responses to tumors in the brain. It has been 
observed that intracranial melanoma growth enhances 
lymphangiogenesis of dorsal MLVs in mice simultaneously 
bearing intracranial and subcutaneous tumors, while only a 
mild remodeling of basal MLVs occurred [51]. Chemical ab-
lation of dorsal MLVs in this model significantly reduced the 
size of deep cLNs and to a lesser extent superficial cLNs. It 
further reduced drainage of intra-tumoraly injected dextran 
and the abundance of antigen-presenting (CD11c+MHCII+) 
DCs that have taken up intra-tumoraly injected FITC-labeled 
beads to the deep cLNs. This indicates that MLVs are re-
quired for efficient drainage and DC migration from intra-
cranial tumors to the cLNs. However, the exact route of DC 
migration, and whether this occurs via MLVs, remains to be 
elucidated (Fig. 1A and, B). In line with the above, ablation 
of MLVs reduced the efficacy of combined PD-1/CTLA-4 
blockade in mice simultaneously bearing intracranial and 
extracranial melanoma tumors [51].

As an alternative approach to studying the role of MLVs, 
Song et al. [46] administered a vector expressing VEGF-C 
mRNA into cisterna magna to experimentally potentiate 
lymphangiogenesis in the meninges. This study focused pri-
marily on glioma, showing that VEGF-C-induced angiogen-
esis enhances T-cell abundance in tumors and efficacy of ICI, 
and these findings could be reproduced in a brain metastases 
model. Interestingly, in the context of ICI, VEGF-C-induced 
expansion of MLVs was able to compensate for the lack of 

the extracranial disease in a melanoma BrM model, resulting 
in intracranial efficacy of combined PD-1/CTLA-4 blockade 
in the absence of extracranial tumors [46], while no further 
enhancement of intracranial ICI efficacy through VEGF-C 
was observed in mice bearing subcutaneous tumors in ad-
dition to intracranial tumors. Further analysis suggested 
that VEGF-C-mediated expansion of MLVs enhances T-cell 
priming in the cLNs. Thus, MLVs seem to mediate increase in 
intra-tumoral T cells as well as an increase in DC abundance 
and T-cell priming in TDLNs. Further studies into MLVs and 
DC migration in the context of BrM, especially their route 
from tumors within the brain parenchyma to the CSF in suba-
rachnoid space, from where they could enter MLVs (Fig. 1A), 
are required to fully understand to what extent the specifics of 
the lymphatic drainage system in the brain contribute to the 
immune-specialized status of this organ.

In summary, the preclinical data suggest that intracranial 
efficacy of ICI relies on the enhancement of T-cell priming/
infiltration, or enhancement in tumor antigen drainage. This 
can be caused by the presence of the extracranial disease, 
which is a natural occurrence in most melanoma patients, or 
be induced through stimuli such as VEGF-C [46] or irradia-
tion (reviewed in [52]) (Fig. 1C).

Characteristics of cervical lymph nodes
Like cancer-unrelated CNS antigens, antigens originating 
from brain tumors are also predominantly found in the cLNs. 
T-cell proliferation following intracranial tumor growth is 
also induced mainly in cLNs [6, 53, 54], demonstrating that 
cLNs are the TDLNs for intracranial tumors. Experimental 
evidence suggests that not all LNs have the same charac-
teristics, and this is likely to influence anti-tumor immune 
responses. For example, LNs at different anatomical locations 
have been shown to support the upregulation of distinct 
T-cell surface receptors in a site-specific manner. Intracranial 
growth of M57 fibrosarcoma, which induces a spontaneous 
tumor rejection, induced a different pattern of T-cell surface 
receptor expression in cLNs as compared to the pattern in-
duced by subcutaneous and intraperitoneal tumor growth in 
inguinal and mesenteric LNs. Furthermore, T cells that were 
primed within cLNs homed more efficiently to tumors in the 
brain than T cells that were primed in inguinal LNs. The main 
receptors upregulated on T cells in cLNs were VLA-4, P- and 
E-selectin, and T-cell homing to intracranial tumors required 
the VLA4 subunit integrin α4. Thus, T cells primed in TDLNs 
at different locations seem to be equipped with distinct site-
specific homing phenotypes [54].

There is also evidence that cLNs support the development 
of tumor tolerance. When cancer cells were injected under the 
skin, into the brain ventricles or into the brain parenchyma, 
the latter resulted in the strongest accumulation of tumor-
derived antigens in parotid and deep cLNs. Interestingly, 
this correlated with increased numbers of myeloid-derived 
suppressor cells and decreased numbers of CD8+ T cells 
in intracranial tumors, suggesting the development of 
immunotolerance instead of an effective anti-tumor immune 
response [6]. In line with this, it has been shown that cLNs 
dictate the development of delayed-type hypersensitivity to 
injected peptides, leading to tolerance towards peptides that 
are being delivered via the nasal route [55]. Consequently, it 
has been suggested that cLNs may be more prone to induce 
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tumor tolerance as compared to the LNs at other locations 
[6, 55, 56]. In this context, the requirement of extracranial 
tumor for the intracranial ICI efficacy may be explained by 
the ability of effective anti-tumor immune responses that are 
generated at extracranial locations, to overcome tumor toler-
ance induced in the cLNs.

Conclusions
In patients with BrM, brain tumor is located within the 
immune-specialized environment, while, in general, simul-
taneously cancer lesions with shared tumor antigens are 
present at “immune-competent” extracranial locations. 
These circumstances differ to the primary brain cancer 
such as glioma, where tumors are present exclusively in the 
immune-specialized intracranial environment, as well as to 
the extracranial tumors (primary and metastatic) residing 
solely in “immune-competent” environments, and thus rep-
resent a unique situation found only in BrM. This review 
mainly discusses how these BrM-specific circumstances 
lead to unique interactions between anti-tumor responses 
generated against the extracranial disease and BrM, and how 
this is impacted by the characteristics of the brain-associated 
lymphatic system. There are other important factors that 
need to be considered in the context of the therapeutic re-
sponse to immunotherapies in the brain that have not been 
discussed in this review, such as lower abundance of DCs and 
CD8+ T cells in BrM as compared to extracranial tumors 
[57, 58], differences in molecular profiles between BrM and 
extracranial disease [59], which may impact on anti-tumor 
immune responses, the presence of the blood-tumor barrier 
that originates from the specialized blood-brain barrier [60], 
and brain-resident stroma including microglia and astrocytes 
[2]. Currently explored immunotherapies could overcome 
some of these factors. For example, a low abundance of 
CD8+ T cells in BrM could be potentially overcome through 
intrathecally administered adoptive T cell or CAR-T-cell 
therapy. CAR-T-cell therapy against BrM-specific antigens 
could be further employed to overcome limitations poten-
tially imposed by differences in molecular profiles between 
BrM and extracranial tumors, considering that extracranial 
tumors may be more “visible” to the immune system than 
tumors in the brain, and consequently the systemic anti-tumor 
responses may “overlook” key BrM-specific tumor antigens. 
DC vaccines could enhance T-cell priming in cervical LNs, 
which may be an important step as suggested by the data 
from preclinical studies discussed in this review. While one 
could speculate that the lack of classical lymphatic drainage 
in the brain parenchyma limits DC migration from tumors 
in the brain to the cLNs, our understanding of this process 
is currently incomplete, and a better understanding is needed 
before appropriate strategies addressing this can be explored. 
Overall, understanding how features that are unique to BrM 
affect the efficacy of immunotherapies in the brain is key to 
revealing opportunities for interventions that can enhance 
therapeutic outcomes in this much needed area.

Acknowledgements
The Editor-in-Chief, Simon Milling, and handling editor, Seth 
Coffelt, would like to thank the following reviewers, Eileen 
Parkes and an anonymous reviewer, for their contribution to 
the publication of this article.

Ethical Approval
N/A

Conflict of Interest
The authors declare no conflict of interest.

Funding
ML was supported by the Medical Research Council Research 
Grant MRS002057/1. FJ was supported by the Medical 
Research Council Clinical Research Training Fellowship MR/
V029843/1.

Data Availability
N/A

Author Contributions
M.L. and F.J. both wrote the manuscript.

Permission to Reproduce
N/A

Clinical Trial Registration
N/A

References
1.	 Berghoff AS, Schur S, Füreder LM, Gatterbauer B, Dieckmann K, 

Widhalm G, et al. Descriptive statistical analysis of a real life co-
hort of 2419 patients with brain metastases of solid cancers. ESMO 
Open 2016, 1, e000024. doi:10.1136/esmoopen-2015-000024

2.	 Valiente M, Ahluwalia MS, Boire A, Brastianos PK, Goldberg SB, 
Lee EQ, et al. The evolving landscape of brain metastasis. Trends 
Cancer 2018, 4, 176–96. doi:10.1016/J.TRECAN.2018.01.003

3.	 Brenner AW, Patel AJ. Review of current principles of the diag-
nosis and management of brain metastases. Front Oncol 2022, 12, 
857622. doi:10.3389/fonc.2022.857622

4.	 Murphy JB, Sturm E. Condsitions determining the transplantability 
of tissues in the brain. J Exp Med 1923, 38, 183–97. doi:10.1084/
jem.38.2.183

5.	 Medawar PB. Immunity to homologous grafted skin; the fate of 
skin homografts transplanted to the brain, to subcutaneous tissue, 
and to the anterior chamber of the eye. Br J Exp Pathol 1984, 29, 
58–69.

6.	 Thomas DL, Kranz DM, Roy EJ. Experimental manipulations of 
afferent immune responses influence efferent immune responses to 
brain tumors. Cancer Immunol Immunother 2008, 57, 1323–33. 
doi:10.1007/s00262-008-0467-8

7.	 Xin Yu J, Hubbard-Lucey VM, Tang J. Immuno-oncology drug de-
velopment goes global. Nat Rev Drug Discov 2019, 18, 899–900. 
doi:10.1038/d41573-019-00167-9

8.	 Vaddepally RK, Kharel P, Pandey R, Garje R, Chandra AB. Review 
of indications of FDA-approved immune checkpoint inhibitors per 
NCCN guidelines with the level of evidence. Cancers (Basel) 2020, 
12, 738. doi:10.3390/cancers12030738

9.	 Lee EQ, Camidge DR, Mehta G. Extending our reach: expanding 
enrollment in brain metastases and primary brain tumor clin-
ical trials. Ame Soc Clin Oncol Educat Book 2022, 42, 166–74. 
doi:10.1200/edbk_349155

10.	Kluger HM, Chiang V, Mahajan A, Zito CR, Sznol M, Tran T, et 
al. Long-term survival of patients with melanoma with active brain 

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/2/1/kyad023/7424576 by guest on 09 D

ecem
ber 2024

https://doi.org/10.1136/esmoopen-2015-000024
https://doi.org/10.1016/J.TRECAN.2018.01.003
https://doi.org/10.3389/fonc.2022.857622
https://doi.org/10.1084/jem.38.2.183
https://doi.org/10.1084/jem.38.2.183
https://doi.org/10.1007/s00262-008-0467-8
https://doi.org/10.1038/d41573-019-00167-9
https://doi.org/10.3390/cancers12030738
https://doi.org/10.1200/edbk_349155


7Immune privilege and therapy in brain metastases, 2023, Vol. 2, No. 1

metastases treated with pembrolizumab on a phase II trial. J Clin 
Oncol 2019, 37, 52–60. doi:10.1200/jco.18.00204

11.	Edwards SC, Hoevenaar WHM, Coffelt SB. Emerging 
immunotherapies for metastasis. Br J Cancer 2021, 124, 37–48. 
doi:10.1038/s41416-020-01160-5

12.	Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao 
CD, et al. Combined nivolumab and ipilimumab or monotherapy 
in untreated melanoma. N Engl J Med 2015, 373, 23–34. 
doi:10.1056/NEJMoa1504030

13.	Margolin K, Ernstoff MS, Hamid O, Lawrence D, McDermott D, 
Puzanov I, et al. Ipilimumab in patients with melanoma and brain 
metastases: an open-label, phase 2 trial. Lancet Oncol 2012, 13, 
459–65. doi:10.1016/S1470-2045(12)70090-6

14.	Williams NL, Wuthrick EJ, Kim H, Palmer JD, Garg S, Eldredge-
Hindy H, et al. Phase 1 study of ipilimumab combined with whole 
brain radiation therapy or radiosurgery for melanoma patients 
with brain metastases. Int J Radiat Oncol Biol Phys 2017, 99, 22–
30. doi:10.1016/j.ijrobp.2017.05.028

15.	Goldberg SB, Gettinger SN, Mahajan A, Chiang AC, Herbst RS, 
Sznol M, et al. Pembrolizumab for patients with melanoma or non-
small-cell lung cancer and untreated brain metastases: early anal-
ysis of a non-randomised, open-label, phase 2 trial. Lancet Oncol 
2016, 17, 976–83. doi:10.1016/S1470-2045(16)30053-5

16.	González-Cao M, Arance A, Piulats JM, Marquez-Rodas I, 
Manzano JL, Berrocal A, et al.; Spanish Melanoma Group. 
Pembrolizumab for advanced melanoma: experience from the 
Spanish Expanded Access Program. Clin Transl Oncol 2017, 19, 
761–8. doi:10.1007/s12094-016-1602-1

17.	Dummer R, Tawbi H. Retraction and republication—TRICOTEL: 
defining symptomatic brain metastases in clinical trials. Lancet 
Oncol 2023, 24, e327. doi:10.1016/s1470-2045(23)00292-9

18.	Long GV, Atkinson V, Lo S, Sandhu S, Guminski AD, Brown MP, 
et al. Combination nivolumab and ipilimumab or nivolumab alone 
in melanoma brain metastases: a multicentre randomised phase 
2 study. Lancet Oncol 2018, 19, 672–81. doi:10.1016/S1470-
2045(18)30139-6

19.	Tawbi HA, Forsyth PA, Algazi A, Hamid O, Hodi FS, Moschos SJ, 
et al. Combined nivolumab and ipilimumab in melanoma meta-
static to the brain. N Engl J Med 2018, 379, 722–30. doi:10.1056/
NEJMoa1805453

20.	Anvari A, Sasanpour P, Rajabzadeh Kheradmardi M. Radio-
therapy and immunotherapy in melanoma brain metastases. 
Hematol/Oncol Stem Cell Ther 2021, 16, 1–20. doi:10.1016/j.
hemonc.2021.11.001

21.	Yu S, Zhang S, Xu H, Yang G, Xu F, Yang L, et al. Organ-specific 
immune checkpoint inhibitor treatment in lung cancer: a system-
atic review and meta-analysis. BMJ Open 2023, 13, e059457. 
doi:10.1136/bmjopen-2021-059457

22.	Miles D, Gligorov J, André F, Cameron D, Schneeweiss A, Barrios C, 
et al. Primary results from IMpassion131, a double-blind, placebo-
controlled, randomised phase III trial of first-line paclitaxel with or 
without atezolizumab for unresectable locally advanced/metastatic 
triple-negative breast cancer. Ann Oncol 2021, 32, 994–1004. 
doi:10.1016/j.annonc.2021.05.801

23.	Cortes J, Cescon DW, Rugo HS, Nowecki Z, Im SA, Yusof MM, 
et al.; KEYNOTE-355 Investigators. Pembrolizumab plus chemo-
therapy versus placebo plus chemotherapy for previously untreated 
locally recurrent inoperable or metastatic triple-negative breast 
cancer (KEYNOTE-355): a randomised, placebo-controlled, dou-
ble-blind, phase 3 clinical trial. Lancet (London, England) 2020, 
396, 1817–28. doi:10.1016/S0140-6736(20)32531-9

24.	Alnefaie A, Albogami S, Asiri Y, Ahmad T, Alotaibi SS, Al-Sanea 
MM, et al. Chimeric antigen receptor T-cells: an overview of 
concepts, applications, limitations, and proposed solutions. Front 
Bioeng Biotechnol 2022, 10, 1–32. doi:10.3389/fbioe.2022.797440

25.	Gu YZ, Zhao X, Song XR. Ex vivo pulsed dendritic cell vacci-
nation against cancer. Acta Pharmacol Sin 2020, 41, 959–969. 
doi:10.1038/s41401-020-0415-5

26.	Brown CE, Alizadeh D, Starr R, Weng L, Wagner JR, Naranjo A, 
et al. Regression of glioblastoma after chimeric antigen receptor 
T-cell therapy. N Engl J Med 2016, 375, 2561–9. doi:10.1056/
NEJMoa1610497

27.	Liau LM, Ashkan K, Tran DD, Campian JL, Trusheim JE, Cobbs 
CS, et al. First results on survival from a large phase 3 clinical trial 
of an autologous dendritic cell vaccine in newly diagnosed glioblas-
toma. J Transl Med 2018, 16, 179. doi:10.1186/s12967-018-1552-
1

28.	Shirai Y. On the transplantation of the rat sarcoma in adult heter-
ogenous animals. Jap Med World 1921, 1, 14–5.

29.	Castellani G, Croese T, Peralta Ramos JM, Schwartz M. 
Transforming the understanding of brain immunity. Science (1979) 
2023, 380, eabo7649. doi:10.1126/science.abo7649

30.	Rustenhoven J, Drieu A, Mamuladze T, de Lima KA, Dykstra T, 
Wall M, et al. Functional characterization of the dural sinuses 
as a neuroimmune interface. Cell 2021, 184, 1000–1016.e27. 
doi:10.1016/j.cell.2020.12.040

31.	Sandrone S, Moreno-Zambrano D, Kipnis J, van Gijn J. A (delayed) 
history of the brain lymphatic system. Nat Med 2019, 25, 538–40. 
doi:10.1038/s41591-019-0417-3

32.	Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman S, Detmar 
M, et al. A dural lymphatic vascular system that drains brain in-
terstitial fluid and macromolecules. J Exp Med 2015, 212, 991–9. 
doi:10.1084/jem.20142290

33.	Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, 
et al. Structural and functional features of central nervous system 
lymphatic vessels. Nature 2015, 523, 337–41. doi:10.1038/na-
ture14432

34.	Absinta M, Ha S-K, Nair G, Sati P, Luciano NJ, Palisoc M, et al. 
Human and nonhuman primate meninges harbor lymphatic vessels 
that can be visualized noninvasively by MRI. Elife 2017, 6, e29738. 
doi:10.7554/eLife.29738

35.	Mellman I, Chen DS. Oncology meets immunology: the cancer-
immunity cycle. Immunity 2013, 39, 1–10.

36.	Pio R, Ajona D, Ortiz-Espinosa S, Mantovani A, Lambris JD. 
Complementing the cancer-immunity cycle. Front Immunol 2019, 
10, 774. doi:10.3389/fimmu.2019.00774

37.	Prokhnevska N, Cardenas MA, Valanparambil RM, Sobierajska 
E, Barwick BG, Jansen C, et al. CD8+ T cell activation in cancer 
comprises an initial activation phase in lymph nodes followed by 
effector differentiation within the tumor. Immunity 2023, 56, 107–
124.e5. doi:10.1016/j.immuni.2022.12.002

38.	Bohr T, Hjorth PG, Holst SC, Hrabětová S, Kiviniemi V, Lilius T, 
et al. The glymphatic system: current understanding and modeling. 
iScience 2022, 25, 104987. doi:10.1016/j.isci.2022.104987

39.	Louveau A, Plog BA, Antila S, Alitalo K, Nedergaard M, Kipnis J. 
Understanding the functions and relationships of the glymphatic 
system and meningeal lymphatics. J Clin Invest 2017, 127, 3210–9. 
doi:10.1172/JCI90603

40.	Cugurra A, Mamuladze T, Rustenhoven J, Dykstra T, Beroshvili G, 
Greenberg ZJ, et al. Skull and vertebral bone marrow are mye-
loid cell reservoirs for the meninges and CNS parenchyma. Science 
(1979) 2021, 373, eabf7844. doi:10.1126/science.abf7844

41.	Herisson F, Frodermann V, Courties G, Rohde D, Sun Y, Vandoorne 
K, et al. Direct vascular channels connect skull bone marrow and 
the brain surface enabling myeloid cell migration. Nat Neurosci 
2018, 21, 1209–17. doi:10.1038/s41593-018-0213-2

42.	Volovitz I, Marmor Y, Azulay M, Machlenkin A, Goldberger O, 
Mor F, et al. Split immunity: immune inhibition of rat gliomas by 
subcutaneous exposure to unmodified live tumor cells. J Immunol 
2011, 187, 5452–62. doi:10.4049/jimmunol.1003946

43.	Kim SK, Cho SW. The evasion mechanisms of cancer immunity 
and drug intervention in the tumor microenvironment. Front 
Pharmacol 2022, 13, 1–16. doi:10.3389/fphar.2022.868695

44.	Lu W, Su J, Kim LS, Bucana CD, Donawho C, He J, et al. Active spe-
cific immunotherapy against occult brain metastasis. Cancer Res 
2003, 63, 1345–50.

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/2/1/kyad023/7424576 by guest on 09 D

ecem
ber 2024

https://doi.org/10.1200/jco.18.00204
https://doi.org/10.1038/s41416-020-01160-5
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1016/S1470-2045(12)70090-6
https://doi.org/10.1016/j.ijrobp.2017.05.028
https://doi.org/10.1016/S1470-2045(16)30053-5
https://doi.org/10.1007/s12094-016-1602-1
https://doi.org/10.1016/s1470-2045(23)00292-9
https://doi.org/10.1016/S1470-2045(18)30139-6
https://doi.org/10.1016/S1470-2045(18)30139-6
https://doi.org/10.1056/NEJMoa1805453
https://doi.org/10.1056/NEJMoa1805453
https://doi.org/10.1016/j.hemonc.2021.11.001
https://doi.org/10.1016/j.hemonc.2021.11.001
https://doi.org/10.1136/bmjopen-2021-059457
https://doi.org/10.1016/j.annonc.2021.05.801
https://doi.org/10.1016/S0140-6736(20)32531-9
https://doi.org/10.3389/fbioe.2022.797440
https://doi.org/10.1038/s41401-020-0415-5
https://doi.org/10.1056/NEJMoa1610497
https://doi.org/10.1056/NEJMoa1610497
https://doi.org/10.1186/s12967-018-1552-1
https://doi.org/10.1186/s12967-018-1552-1
https://doi.org/10.1126/science.abo7649
https://doi.org/10.1016/j.cell.2020.12.040
https://doi.org/10.1038/s41591-019-0417-3
https://doi.org/10.1084/jem.20142290
https://doi.org/10.1038/nature14432
https://doi.org/10.1038/nature14432
https://doi.org/10.7554/eLife.29738
https://doi.org/10.3389/fimmu.2019.00774
https://doi.org/10.1016/j.immuni.2022.12.002
https://doi.org/10.1016/j.isci.2022.104987
https://doi.org/10.1172/JCI90603
https://doi.org/10.1126/science.abf7844
https://doi.org/10.1038/s41593-018-0213-2
https://doi.org/10.4049/jimmunol.1003946
https://doi.org/10.3389/fphar.2022.868695


8 James and Lorger

45.	Taggart D, Andreou T, Scott KJ, Williams J, Rippaus N, Brownlie 
RJ, et al. Anti–PD-1/anti–CTLA-4 efficacy in melanoma brain 
metastases depends on extracranial disease and augmentation 
of CD8+ T cell trafficking. Proc Natl Acad Sci USA 2018, 115, 
E1540–9. doi:10.1073/PNAS.1714089115

46.	Song E, Mao T, Dong H, Boisserand LSB, Antila S, Bosenberg M, et 
al. VEGF-C-driven lymphatic drainage enables immunosurveillance 
of brain tumours. Nature 2020, 577, 689–94. doi:10.1038/s41586-
019-1912-x

47.	Yokoi T, Oba T, Kajihara R, Abrams SI, Ito F. Local, multimodal 
intralesional therapy renders distant brain metastases susceptible 
to PD-L1 blockade in a preclinical model of triple-negative breast 
cancer. Sci Rep 2021, 11. doi:10.1038/s41598-021-01455-4

48.	Clark PA, Sriramaneni RN, Jin WJ, Jagodinsky JC, Bates AM, 
Jaquish AA, et al. In situ vaccination at a peripheral tumor 
site augments response against melanoma brain metastases. J 
ImmunoTher Cancer 2020, 8, e000809. doi:10.1136/jitc-2020-
000809

49.	Xiong Z, Gharagozlou S, Vengco I, Chen W, Qhlfest JR. Effective 
CpG immunotherapy of breast carcinoma prevents but fails to 
eradicate established brain metastasis. Clin Cancer Res 2008, 14, 
5484–93. doi:10.1158/1078-0432.CCR-07-4139

50.	Eggermont AMM, Blank CU, Mandalà M, Long GV, Atkinson VG, 
Dalle S, et al. Adjuvant pembrolizumab versus placebo in resected 
stage III melanoma (EORTC 1325-MG/KEYNOTE-054): distant 
metastasis-free survival results from a double-blind, randomised, 
controlled, phase 3 trial. Lancet Oncol 2021, 22, 643–54. 
doi:10.1016/S1470-2045(21)00065-6

51.	Hu X, Deng Q, Ma L, Li Q, Chen Y, Liao Y, et al. Meningeal lym-
phatic vessels regulate brain tumor drainage and immunity. Cell 
Res 2020, 30, 229–43. doi:10.1038/s41422-020-0287-8

52.	Matsui JK, Perlow HK, Raj RK, Nalin AP, Lehrer EJ, Kotecha R, 
et al. Treatment of brain metastases: the synergy of radiotherapy 
and immune checkpoint inhibitors. Biomedicines 2022, 10, 2211. 
doi:10.3390/biomedicines10092211

53.	Bowman-Kirigin JA, Desai R, Saunders BT, Wang AZ, Schaettler 
MO, Liu CJ, et al. The conventional dendritic cell 1 subset primes 

CD8+ T cells and traffics tumor antigen to drive antitumor im-
munity in the brain. Cancer Immunol Res 2023, 11, 20–37. 
doi:10.1158/2326-6066.cir-22-0098

54.	Calzascia T, Masson F, Di Berardino-Besson W, Contassot E, 
Wilmotte R, Aurrand-Lions M, et al. Homing phenotypes of 
tumor-specific CD8 T cells are predetermined at the tumor site by 
crosspresenting APCs. Immunity 2005, 22, 175–84. doi:10.1016/j.
immuni.2004.12.008

55.	Wolvers DAW, Coenen-de Roo CJJ, Mebius RE, van der 
Cammen MJF, Tirion F, Miltenburg AMM, et al. Intranasally 
induced immunological tolerance is determined by characteris-
tics of the draining lymph nodes: studies with OVA and human 
cartilage gp-39. J Immunol 1999, 162, 1994–8. doi:10.4049/
jimmunol.162.4.1994

56.	Harling-Berg CJ, Park JT, Knopf PM. Role of the cervical 
lymphatics in the Th2-type hierarchy of CNS immune regula-
tion. J Neuroimmunol 1999, 101, 111–27. doi:10.1016/s0165-
5728(99)00130-7

57.	Okada H, Tsugawa T, Sato H, Kuwashima N, Gambotto A, Okada 
K, et al. Delivery of interferon-transfected dendritic cells into cen-
tral nervous system tumors enhances the antitumor efficacy of 
peripheral peptide-based vaccines. Cancer Research  2004, 64, 
5830–8. https://cancerres.aacrjournals.org/content/64/16/5830.
short

58.	Lorger M, Andreou T, Fife C, James F. Immune checkpoint blockade 
– how does it work in brain metastases? Front Mol Neurosci 2019, 
12, 282. doi:10.3389/fnmol.2019.00282

59.	Brastianos PK, Carter SL, Santagata S, Cahill DP, Taylor-Weiner 
A, Jones RT, et al. Genomic characterization of brain metastases 
reveals branched evolution and potential therapeutic targets. 
Cancer Discov 2015, 5, 1164–77. doi:10.1158/2159-8290.CD-15-
0369

60.	Lockman PR, Mittapalli RK, Taskar KS, Rudraraju V, Gril B, 
Bohn KA, et al. Heterogeneous blood-tumor barrier permeability 
determines drug efficacy in experimental brain metastases of breast 
cancer. Clin Cancer Res 2010, 16, 5664–78. doi:10.1158/1078-
0432.CCR-10-1564

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/2/1/kyad023/7424576 by guest on 09 D

ecem
ber 2024

https://doi.org/10.1073/PNAS.1714089115
https://doi.org/10.1038/s41586-019-1912-x
https://doi.org/10.1038/s41586-019-1912-x
https://doi.org/10.1038/s41598-021-01455-4
https://doi.org/10.1136/jitc-2020-000809
https://doi.org/10.1136/jitc-2020-000809
https://doi.org/10.1158/1078-0432.CCR-07-4139
https://doi.org/10.1016/S1470-2045(21)00065-6
https://doi.org/10.1038/s41422-020-0287-8
https://doi.org/10.3390/biomedicines10092211
https://doi.org/10.1158/2326-6066.cir-22-0098
https://doi.org/10.1016/j.immuni.2004.12.008
https://doi.org/10.1016/j.immuni.2004.12.008
https://doi.org/10.4049/jimmunol.162.4.1994
https://doi.org/10.4049/jimmunol.162.4.1994
https://doi.org/10.1016/s0165-5728(99)00130-7
https://doi.org/10.1016/s0165-5728(99)00130-7
https://cancerres.aacrjournals.org/content/64/16/5830.short
https://cancerres.aacrjournals.org/content/64/16/5830.short
https://doi.org/10.3389/fnmol.2019.00282
https://doi.org/10.1158/2159-8290.CD-15-0369
https://doi.org/10.1158/2159-8290.CD-15-0369
https://doi.org/10.1158/1078-0432.CCR-10-1564
https://doi.org/10.1158/1078-0432.CCR-10-1564

