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Abstract: Activation of the BRAF kinase is implicated in the oncogenesis of multiple human tumors, particularly
thyroid cancer, colorectal cancer and melanoma. BRAF mutations serve as pivotal modulators of the immuno-
modulatory landscape within tumors, critically shaping host immune responses and modulating efficacy to cancer
immunotherapy. Here, we reviewed the impact of BRAF mutations on the composition and function of tumor im-
mune microenvironment and summarized current therapeutic strategies targeting BRAF. Overall, BRAF mutations
significantly modulates cancer treatment outcomes through its effects on immune regulation. Targeting BRAF muta-
tions at different stages of tumor initiation and progression may provide valuable insights for the development of

innovative clinical interventions.
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Introduction

Cancer emergence and development occur
through the gradual accumulation of diverse
genetic and epigenetic alterations, including
activating and inactivating somatic mutations,
alterations in gene expression profiles, non-
coding RNA disruption, and abnormal gene
methylation. Among these alterations, somatic
mutations manifest early in the transformation
sequence and maintain essential significance
for cancer advancement. Neoplasia represent-
ed by colorectal cancer (CRC), thyroid cancer
(TC), and melanoma frequently harbors muta-
tions in critical genes through point mutations
or chromosomal rearrangements. Notably, in-
creasing evidence indicates that these two
separate mutational processes are linked to
particular etiologic factors participating in
carcinogenesis.

B-type Raf kinase (BRAF), a serine-threonine
kinase, translocates to the cellular membrane
following binding and activation by its upstream
RAS kinase. This activation triggers phosphory-
lation and stimulation of mitogen-activated pro-
tein kinase (MAPK) along with additional down-

stream targets, thereby participating in cellular
proliferation, differentiation, and programmed
cell death. BRAF activation occurs through
point mutations, small indels, or chromosomal
rearrangements. The most prevalent mecha-
nism is a point mutation at nucleotide position
1799 (T1799A), producing valine-to-glutamate
substitution at residue 600 (V6OOE).

Over the years, there has been increasing
acknowledgment that cancer represents an
evolutionary and ecological process, defined
by ongoing, dynamic, and bidirectional interac-
tions between malignant cells and the tumor
microenvironment (TME). The TME consists of
host-derived non-malignant components, en-
compassing fibroblasts, endothelial cells, neu-
rons, adipocytes, adaptive and innate immune
cells, along with non-cellular elements. These
include the extracellular matrix (ECM) and so-
luble factors such as chemokines, cytokines,
growth factors, and extracellular vesicles (EVs),
which are interconnected and engage with the
heterogeneous malignant cells. Considering
this complexity, numerous therapeutic app-
roaches targeting the TME have been estab-
lished, including the elimination of cancer-pro-
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moting microenvironmental cells or their repro-
gramming into phenotypes that exhibit immu-
nostimulatory and tumor-suppressive proper-
ties.

However, cancer cells have developed various
mechanisms, including deficiencies in antigen
presentation, enhanced expression of inhibi-
tory regulatory pathways, and mobilization of
immunosuppressive cellular populations, to
escape immune surveillance. This results in
compromised effector functions of immune
cells and reduced anti-tumor immune respons-
es. These downstream immunological conse-
quences are frequently governed by specific
driver mutations, among which oncogenic BRAF
alterations constitute key regulators.

Therefore, this review aims to reframe the cur-
rent understanding by deciphering the dynamic
reciprocity between oncogenic BRAF signaling
and the tumor immune microenvironment. It
consolidates evidence on BRAF-driven tumori-
genesis and therapy resistance, while con-
structing an integrated “signaling-microenvi-
ronment-therapy” framework that delineates
how mutant BRAF actively sculpts an immuno-
suppressive niche and how immune rewiring
subsequently modulates treatment efficacy.
Through this deliberately forward-looking syn-
thesis, we establish a conceptual nexus that
can inform novel combination strategies and
help overcome resistance in BRAF-driven ma-
lignancies.

BRAF function and regulation

The Rapidly accelerated fibrosarcoma (RAF)
protein kinase family, comprising serine/threo-
nine-specific protein kinases (ARAF, BRAF and
CRAF), relays signals through the downstream
MAPK pathway to control transcription of genes
that govern diverse cellular mechanisms [1].
Activation of this physiological pathway occurs
through various growth factors, hormones, and
cytokines acting via their corresponding cell
membrane receptors. Upon activation, RAF
kinases phosphorylate and stimulate the di-
rectly downstream mitogen-activated extracel-
lular signal-regulated kinase (MEK), which sub-
sequently phosphorylates and stimulates ex-
tracellular regulated protein kinase (ERK), the-
reby influencing gene expression, leading to
alterations in cellular bioactivity and functional
outcomes [2].

372

RAF family proteins possess three conserved
regions (CR): CR1, CR2 and CR3. CR1 encom-
passes the RAS-binding domain and the cyste-
ine-rich domain, which physically interact to
bind RAS [3]. CR2 harbors a Ser/Thr-rich
sequence, while CR3 consists of a putative
kinase domain featuring an N-terminal acidic
motif and a C-terminal regulatory tail [4]. RAF
isoforms demonstrate diverse kinase activities
in the sequence BRAF>CRAF>ARAF, presum-
ably due to distinctive N-terminal acidic motifs
that facilitate the dimerization-mediated trans-
activation of RAFs [5, 6].

The BRAF gene resides on chromosome 7q34
in humans and encodes a cytosolic serine-thre-
onine protein kinase found throughout multiple
human tissues, such as cerebral cortex, hippo-
campus, thyroid gland, colon and lung. BRAF
controls the MAPK/ERK signaling cascade, th-
us influencing cell division, differentiation, and
secretion. Disease-causing BRAF mutations re-
sult in RAF protein activation, which persistent-
ly transmits signals to downstream pathways
independent of external signal reception, con-
sequently leading to uncontrolled cell prolifera-
tion.

Oncogenic BRAF mutations are categorized
into three distinct classes that dictate their
responsiveness to inhibitors (Figure 1). Class |
BRAF mutations (V600OE/K/R/D/M) function
independently of RAS and demonstrate sensi-
tivity to RAF inhibitors. These genetic changes
appear in roughly 50% of melanoma cases,
40% of papillary thyroid carcinoma (PTC) cases,
and 10% of CRC cases [7]. Class || BRAF muta-
tions typically emerge in the kinase domain’s
active portion (including K601 E/N/T, L597V/
Q/R) or the P loop (including G464 V/E and
G469 A/V/R) and function autonomously from
RAS activity, acting as constitutive dimers while
showing vemurafenib resistance. These vari-
ants may respond to emerging RAF dimer inhib-
itors or MEK inhibitors. Class Ill BRAF altera-
tions primarily locate in the kinase domain’s P
loop (including G466 A/E/R/V), the catalytic
loop (including N5811/S/T), and the Asp-Phe-
Gly motif (including D594 A/E/G/H/N and
D596C/D/R), typically occurring in tumors with
enhanced receptor tyrosine kinase (RTK) activ-
ity alongside RAS activation or neurofibromato-
sis type 1 (NF1) function loss [8]. Although CRC
patients harboring Class lll mutations exhibit
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Figure 1. BRAF activation and mutations through MAPK signaling. After activation through binding with GTP, Ras
protein interacts with BRAF and activates it. Subsequently, activated MEK1/2 phosphorylate and activate the down-
stream ERK1 and ERK2, which further phosphorylate downstream proteins, ultimately leading to changes in the ex-
pression of various genes involved in cell proliferation, growth, survival, and tumorigenesis within the nucleus. Mul-
tiple angiogenesis kinases target RAS and regulate downstream signals. BRAF mutations are classified into three
categories based on signaling pathway mechanisms and kinase activity. Class | BRAF mutations (V6OOE/K/R/D/M)
are RAS-independent. Class Il BRAF mutations also typically do not rely on RAS activity and signal as constitutive
dimers. Class Ill BRAF mutations often occur in tumors with high receptor tyrosine kinase (RTK) activity and are fre-
quently accompanied by RAS activation or loss of NF1 function. BRAF inhibitors are categorized as specific or non-
specific, and they inhibit downstream signaling by binding to the ATP site of the BRAF mutant monomer, decreasing

cell proliferation and survival of cancer cells.

heightened epidermal growth factor receptor
(EGFR) inhibitor sensitivity and enhanced sur-
vival, those carrying Class | mutations display
poor EGFR inhibitor response and suboptimal
treatment outcomes [9].

The wild-type (wt) BRAF is activated at the plas-
ma membrane through a complex mechanism
involving RAS activity, phosphorylation pro-
cesses, and protein-lipid interactions. BRAF
kinase displays a characteristic bilobed archi-
tecture similar to all protein kinases [10]. Ex-
tracellular signals (mitogens, hormones, and
neurotransmitters) induce a tyrosine kinase
receptor, and trigger wt BRAF activation. On-
cogenic RAS mediates phosphorylation at two
conserved sites (T598 and S601), which both
sustains BRAF activity and initiates ERK1/2-
mediated cell transformation.
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As a pivotal regulator within the MAPK signal-
ing pathway, BRAF mutations result in sus-
tained pathway activation and are identifiable
across diverse tumor types (Table 1), demon-
strating extensive carcinogenic potential. Such
mutations frequently occur in solid malignan-
cies and correlate with cardiofaciocutaneous,
Noonan, and Costello syndromes, which dis-
play overlapping clinical phenotypes [11].

Clinical characteristics and prevalence of
BRAF mutations in diverse cancer types

Thyroid cancer
Transformation of thyroid follicular cells and
thyroid C cells leads to three broad histological

categories: Differentiated thyroid cancer (DTC),
medullary thyroid cancer and anaplastic thyroid
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Table 1. BRAF mutation frequencies, mutation classes and co-mutations in different cancer types

Cancer type

BRAF mutation frequencies BRAF mutation site

Co-mutations Ref.

Thyroid cancer 60% in PTC, 45% in ATC
Melanoma 36.40%

BRAF V60OE (70%)
BRAF VGOOE (80%); BRAF VB0OK (8%);  CDKN2A, TERT, PTEN  [19, 30]

TERT, TP53, PIK3CA  [14, 15]

BRAF VBOOR (1%); other codons (10%)

Colorectal cancer 6.5%-10.2% BRAF VE0OE (90%) APC [24, 31]
Astrocytoma 56% *BRAF V60OE; BRAF-KIAA1549 fusion ~CDKN2A/B, TP53, ATRX [32, 33]
NSCLC 3% BRAF VEOOE (70%) TP53, STK11 [34, 35]

*BRAF V60OE (66% in pleomorphic xanthoastrocytoma), BRAF-KIAA1549 fusion (80% in pilocytic astrocytoma).

cancer. Kimura et al. [12] initially documented
BRAF mutations in 35.8% (28/78) of differenti-
ated DTCs during 2003. Subsequent work by
Nikiforova et al. [13] demonstrated that BRAF
mutations were exclusively present in individu-
als with PTC or in cases of poorly differentiat-
ed or ATC evolving from existing PTC. Current
data indicate that most common gene variant
is BRAF V60OE, occurring in approximately 60%
of PTC patients [14] and 45% of ATC patients
[15], resulting in high frequency of cervical
lymph node metastases, locoregional recur-
rences, and are less responsive to radioactive
iodine [16]. PTCs driven by BRAF V60OE disrupt
the negative feedback from ERK to RAF, thus
resulting in enhanced MAPK signaling and re-
duction of iodine uptake and metabolism. Ba-
sed on the American Thyroid Association Risk
Stratification System and Initial Treatment Re-
commendations, multifocal micropapillary thy-
roid cancer with BRAF gene variant is catego-
rized into the Intermediate-risk group [17].

Melanoma

Melanoma cases are classified into four sub-
types per the pattern of the most prevalent
markedly mutated genes: mutant BRAF, mutant
RAS, mutant NF1, and Triple-wt. Early sun expo-
sure and susceptibility to nevi typically trigger
melanoma development through BRAF altera-
tions [18]. In Western populations, BRAF muta-
tions account for 50%-60% of melanoma pa-
tients, with Class | BRAF V60OOE mutations rep-
resenting over 90% of these alterations. While
East Asian populations exhibit lower BRAF mu-
tation frequencies (15%-25%), of which BRAF
V60O0E constitutes over 80% [19, 20]. Histopa-
thological analysis revealed that BRAF V60OE
mutant melanocytic proliferations are charac-
terized by enlarged cell sizes [21]. Additionally,
3-hydroxy-3-methylglutaryl-CoA lyase (HMGCL)
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expression demonstrates upregulation in BRAF
V600E mutant melanoma. Kang et al. demon-
strated that altered BRAF can increase HMGCL
transcription via Oct-1 and create a metabolic
restructuring mechanism involving cellular sig-
naling pathways through the Oct-1-HMGCL-
acetoacetate pathway, wherein acetoacetate
ultimately facilitates BRAF V60OOE and MEK1
binding, leading to enhanced MAPK stimulation
[22].

Colorectal cancer

Oncogenic BRAF mutations are present in
roughly 10% of CRCs [23], with BRAF V60OE
accounting for 90% of these cases [24]. BRAF
mutations in CRCs correlate with poorer differ-
entiation, mucinous histology, microsatellite in-
stability and larger primary tumors [25, 26],
leading to almost doubled mortality rates com-
pared to wt BRAF CRCs in metastatic settings
[27]. Previous studies have shown the resis-
tance of BRAF-mutant CRCs to BRAF targeting
monotherapy [23], despite the high efficacy of
similar strategies in melanoma. A recent study
demonstrated that BRAF V6OOE mutant CRC
organoids exhibit significant resistance to ra-
diotherapy, and the combination of radiothera-
py and chemotherapy achieved superior tumor
suppression on CRC [28]. Following clinical
trial evidence [29], the U.S. Food and Drug
Administration (FDA) sanctioned the encora-
fenib-cetuximab combination therapy for BRAF
V600E mutant metastatic CRC after progres-
sion through first-line therapy, marking a signifi-
cant therapeutic advance for these patients.

Landscape of tumor immune microenviron-
ment and its interaction with BRAF mutation

The TME represents a sophisticated and ever-
changing multicellular system where cancer ini-
tiation and progression take place. This envi-
ronment consists of diverse immune compo-
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nents, including T and B lymphocytes, tumor-
associated macrophages (TAMs), dendritic ce-
lIs (DCs), natural killer (NK) cells, neutrophils,
myeloid-derived suppressor cells (MDSCs), al-
ongside structural elements such as cancer-
associated fibroblasts (CAFs), pericytes, and
mesenchymal stromal cells. The ECM plus vari-
ous secreted substances, specifically growth
factors, cytokines, chemokines, and extracel-
lular vesicles (EVs), contribute to this setting.
Furthermore, the TME includes a network of
blood and lymphatic vessels that interconnect
and interact with the heterogeneous cancer
cells themselves [36]. Depending on cancer
progression phases and the specific organ of
tumor formation, these cellular components
and molecules within the TME exhibit context-
specific functions, either suppressing or pro-
moting tumor expansion.

Compared to wild-type PTC, BRAF-mutant PTC
exhibits globally elevated infiltration of stromal
cells and diverse immune cell populations,
including B cells, CD4* T cells, neutrophils, ma-
crophages, and dendritic cells. Concomitant
with these cellular compositional alterations is
the upregulated expression of multiple im-
mune-related genes. BRAF-mutant CRCs also
display heightened overall immune cell infiltra-
tion, with a notable enrichment of cytotoxic
CD8" T cells and helper Thl cells. However,
despite the prominent immune infiltration,
these patients generally have far poorer prog-
nosis than those with BRAF wild-type or KRAS
mutant CRCs. Studies indicate that in BRAF-
mutant CRC, in addition to effector T cells,
immunosuppressive neutrophils and M1-type
macrophages are concurrently increased,;
moreover, tumor cells highly express multiple
immune checkpoint molecules such as PD-L1,
CTLA-4, LAG-3, and TIM-3, collectively shaping
a functionally suppressed TME [37]. In BRAF-
mutant melanoma, the infiltration of cytotoxic
CD8* T cells and macrophages is relatively
reduced, whereas the proportions of B cells,
natural Killer (NK) cells, and certain CD4* T cell
subsets are elevated. In the early stages
of tumorigenesis, upregulation of the BRAF-
MAPK oncogenic signaling pathway leads to a
relatively active tumor microenvironment char-
acterized by a neoantigen-driven inflammatory
response. During disease progression, persis-
tent BRAF signaling drives the secretion of
specific chemokines and cytokines, promoting
angiogenesis and the recruitment of immuno-
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suppressive cell populations, while effector
T-cell functions become progressively exhaust-
ed. In advanced or metastatic disease, im-
mune checkpoint molecules are highly ex-
pressed on both tumor and immune cells,
resulting in a tumor microenvironment that is
highly immunosuppressive and dysfunctional.
This evolved state represents a significant
therapeutic challenge, underpinning primary
resistance to subsequent targeted therapies
and necessitating rational combination strate-
gies. In this review, we further explored how
BRAF mutations influence the tumor microenvi-
ronment, particularly their interactions with
classical immune cell subsets (Figure 2).

T cells

CD4* cells encompass distinct categories, in-
cluding T-helper cells (Th1, Th2, Th9, Th17) and
regulatory T cells (Tregs), which influence cyto-
toxic T-cell functionality and facilitate immuno-
suppression through cytokine production, such
as transforming growth factor B, IL-10, and
IL-35 [38]. CD8* T cells serve as essential ef-
fector components in tumor-specific immune
responses, although intra tumoral CD8* T cells
commonly exhibit exhausted or impaired phe-
notypic characteristics [39, 40].

BRAF mutations modulate T cell functionality
in immune-related pathologies and malignan-
cies. PTC specimens harboring BRAF muta-
tions demonstrated elevated expression levels
of immune checkpoint molecules CD274 (PD-
L1) and cytotoxic T-lymphocyte-associated pro-
tein 4 (CTLA-4), accompanied by increased
expression of tumor-infiltrating lymphocytes,
specifically CD4* T cells within the peri-tumoral
region rather than the intratumoral region [41].
Melanoma cases had demonstrated reduced
CD8* T cell infiltration, patients treated with
BRAF inhibitors showed that there was a pre-
dominance of CD8* T cells in comparison with
CD4* T cells [42]. BRAF-wt specimens reveal-
ed a tendency toward increased CD8" effector
memory T cells [43]. BRAF mutations increas-
ed IL-17-inducing genes expression, which is
positively linked to higher infiltration of TH17
cells, leading to downstream effect via MAPK
pathway activation [44]. Oncogenic BRAF
V60OE mutation is a key driver of early Treg
recruitment. Upon activation of the signaling
pathway, tumor cells express C-C motif chemo-
kine receptor 4 (CCR4) ligand chemokines
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Figure 2. BRAF-mutant tumor immune microenvironment. The tumor microenvironment (TME) consists of various
cell types and secretory factors, including cancer cells, immune cells such as T lymphocytes, B lymphocytes, tumor-
associated macrophages, dendritic cells, NK cells, myeloid-derived suppressor cells, neutrophils, and stromal cells
like cancer-associated fibroblasts. Each cell type can regulate tumor progression and treatment response in a
unique manner. In BRAF mutant TME, CD8* T cells often exhibit functional exhaustion, characterized by increased
expression of PD-1 and CTLA-4, and reduced infiltration. Tumor-infiltrating B lymphocytes (TIL-Bs) also show de-
creased enrichment. BRAF mutations suppress CD103 expression, leading to reduced antigen-presenting capacity
of dendritic cells. Downregulation of NKG2D ligands by BRAF mutations allows NK cells to escape recognition, re-
sulting in decreased cytotoxicity and infiltration. Additionally, BRAF mutations promote the release of anti-inflamma-
tory cytokines such as IL-10 and TGF-$ through continuous activation of the MAPK pathway, inducing macrophage
polarization towards the M2 phenotype characterized by low TNF-a secretion. CAFs are significantly activated and
transformed into an immunosuppressive and profibrotic phenotype, facilitating tumor progression and treatment
resistance through secreted factors, ECM remodeling, and paracrine signaling.

(CCL17, CCL2, CCL22). These factors bind to
the CCR4 receptor on the surface of Tregs,
guiding their migration toward the tumor site.
Tregs are extensively infiltrated during early
tumorigenesis and inhibit the activation and
proliferation of CD8* T cells, thereby hindering
their anti-tumor immune response and es-
tablishing immunosuppressive microenviron-
ments that evade cancer immunosurveillance
[45]. Moreover, BRAF signaling can activate
NF-kB, which is the core transcriptional regula-
tor for chemokines such as CCL2 and CXCLS,
as well as pro-inflammatory cytokines like IL-6
and TNF-a. Cytokines released by tumor cells
and infiltrating immune cells can activate
STAT3 via MAPK pathway, further recruiting
Tregs [46]. Based on the mechanisms dis-
cussed above, BRAF inhibition triggers tumor
cell death and tumor antigen release, thus pro-
viding a distinctive opportunity to augment T
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cell immune responses against existing tumor-
associated antigens.

B cells

B lymphocytes function as essential compo-
nents in humoral immune responses. Through-
out tumor development, B cells exhibit dual
roles: they display anti-tumor activities via anti-
body-mediated cell destruction and comple-
ment system stimulation, while also facilitating
tumor growth by enhancing inflammatory pro-
cesses and immune suppression through the
release of anti-inflammatory and pro-angiogen-
ic molecules. Regulatory B cells (Bregs), a spe-
cialized immunosuppressive subset, contribute
to immunological tolerance [47]. BRAF V60OE
mutation together with loss of Trp53 or pTEN
have been proved to drive the initiation of hairy
cell leukemia from B lymphocytes [48], while in
solid tumors, minimal established associations
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have been identified between B cells and BRAF
mutations. PTC may reveal progressive or indo-
lent feature. In BRAF-mutant PTC cases, mem-
ory B cells and naive B cells demonstrated
positive links to immune checkpoints [49], and
a single-cell sequencing analysis indicated a
potential link among PTC development, higher
incidence of BRAF mutation and less tumor-
infiltrating B cells [50]. These indolent PTC
cells engaged with tumor-infiltrating cells via
PTPRC-CD22 trans-binding interactions, poten-
tially contributing to the distinctive immune
microenvironment. Conversely, elevated B cell
presence was linked to a tendency toward
enhanced survival in BRAF-mutant melanoma
patients; however, the fundamental mecha-
nism through which BRAF mutations result in
increased B cell infiltration remains undefined
[35].

DCs

Dendritic cells (DCs) constitute a diverse group
of antigen-presenting cells that serve a crucial
function in triggering and regulating adaptive
immune responses. Through processing sig-
nals from the TME and transmitting them to
various immune cells, particularly T cells, DCs
exhibit the capacity to influence anti-tumor
immune reactions [51, 52]. The accumulation
and activation of intratumoral CD8" T effector
cells relies on intratumoral CD103+ DCs [53].
Although both CD103+ and CD11b+ DCs re-
present minor cellular populations within tu-
mors, their role is crucial. Studies have shown
that BRAF-mutant cells infiltrate both murine
and human melanoma lesions [54], which indi-
cates that BRAF mutation inhibits the infiltra-
tion of CD103+ DCs and thereby weakens
CD8* T cell-mediated immune surveillance.
Furthermore, BRAF-inhibition therapy in mela-
noma transiently mobilizes inflammatory mo-
nocytes and plasmacytoid dendritic cells (pDC)
into the TME and enhances activated migra-
tory conventional dendritic cell 1 (cDC) and
¢DC2 infiltration. This process promotes the
migration of activated DCs toward tumor-drain-
ing lymph nodes [55].

NK cells

Natural Kkiller (NK) cells are cytotoxic innate lym-
phoid cells marked by the surface markers
CD3- CD56+. These lymphocytes recognize
and eliminate stressed cells that lack MHC
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class | expression. NK cell populations, both in
circulation and within tumors, function as prog-
nostic markers for improved survival rates am-
ong cancer patients. Malignant cells possess
the capability to alter NK cell metabolic con-
ditions, evidenced by increased CD25 expres-
sion on NK cells post-tumor cell contact, subse-
quently sustaining anti-tumor metabolic activi-
ties through enhanced glycolysis and NK cell
persistence, mediated by mTORC1/cMYC path-
way activation. Contemporary studies indicate
that BRAF-mutant melanoma exhibits elevated
numbers of B cells, NK cells and NKT cells [35].
Vemurafenib and PLX4720 function as ATP-
competitive inhibitors targeting BRAF V60OE,
demonstrating inhibition of the MAPK pathway
and cellular proliferation in BRAF V6OOE mu-
tant melanoma [56]. Evidence shows that mel-
anoma cell resistance to BRAF and MEK inhibi-
tors correlates with enhanced immunogenicity
toward donor and metastatic patient NK cells,
as Vemurafenib resistance in BRAF V600E
SK28 and M14 cell lines associates with al-
tered NKG2D/NKG2DL interactions [57]. The
BRAF-ERK pathway modulates NKG2DLs ex-
pression on stressed cells, resulting in NKG2D
downregulation and impaired signaling, there-
by promoting NKG2D-mediated lysis by NK
cells [58]. Additionally, BRAF inhibitors enhan-
ce ERK1/2 phosphorylation, CD69 expression,
and multiplication of mouse NK cells in vitro
under anti-NKp30 and IL-2 stimulation condi-
tions [59].

TAMs

Tumor-associated macrophages (TAMs) consti-
tute a remarkably adaptable immune cell po-
pulation exhibiting both pro- and anti-tumori-
genic properties, wherein M1-polarized macro-
phages participate in antitumor activities whi-
le M2-polarized macrophages correlate with
tumor advancement, metastasis, chemoresis-
tance and unfavorable prognosis [60]. At both
primary and metastatic locations, TAMs dem-
onstrate suppressive effects on cytotoxic T cell
and natural killer cell activities [61, 62]. En-
hanced TAM expression was observed in PTC
tumors, particularly in BRAF-mutant cases,
when compared to thyroid goiter and follicular
adenoma [63]. Furthermore, M1-polarized mac-
rophages demonstrated elevated IL-12 expres-
sion, whereas M2-polarized macrophages are
distinguished by increased IL-10 production
levels [64]. Nevertheless, no significant corre-
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lation was observed between BRAF mutations
and clinicopathological characteristics such as
lymph node metastasis. In BRAF-mutant me-
lanomas treated with BRAF-inhibition therapy,
TAMs stimulate the MAPK pathway and en-
hance vascular endothelial growth factor pro-
duction, thereby substituting for this growth
promoter generated by melanoma cells to facil-
itate melanoma cell proliferation and survival
[65]. Macrophage-generated TNFa emerges as
a crucial melanoma growth mediator providing
resistance to MAPK pathway inhibitors through
the lineage factor microphthalmia transcrip-
tion factor (MITF). Notably, in BRAF-mutant
melanomas from patients and BRAF V600OE
melanoma allografts, MAPK pathway inhibitors
increased TAM numbers, alongside TNF-a and
MITF expression. Blocking TNFa signaling via
IKB kinase inhibitors directly affects melano-
ma cells while altering the tumor microenvi-
ronment through TAMs, markedly enhancing
MAPK pathway inhibitor efficacy [66]. These
released cytokines promote macrophage dif-
ferentiation toward the M2 phenotype, and
sustained MEK/ERK pathway activation may
enhance chemokine expression, further facili-
tating this transformation, thereby elucidating
the pivotal role of M2 phenotype TAMs in the
PTC microenvironment [54].

CAFs

Cancer-associated fibroblasts (CAFs) produce
ECM and control metabolic and immune mo-
difications within the TME, leading to therapeu-
tic resistance in cancer. CAFs also shape
immune cell populations and their activities in
TME by producing chemokines, such as C-X-C
motif chemokines CXCL12 and CXCL13, while
modifying the stromal environment through C-
C motif chemokine secretion of CCL2, CCL3
and CCL4, which draws myeloid cells, including
macrophages and MDSCs [67]. CAF-produc-
ed CXCL13 facilitates epithelial-mesenchymal
transition (EMT) in tumor cells, while plasmid
DNA codes for a CXCL13 trap that reduces
Bregs differentiation and stabilizes EMT, ulti-
mately decreasing PI3K-y production, thereby
suppressing tumor growth and improving pa-
tient survival in BRAF-mutant melanoma [68].
Earlier research by Zhang’s group revealed that
the B-catenin/YAP signaling axis functions as
an essential controller of melanoma-associat-
ed fibroblasts in enhancing ECM remodeling
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and cancer cell characteristics [69]. Their fol-
low-up study identified matricellular protein
periostin as a crucial downstream mediator of
b-catenin in CAFs, which restores ERK signal-
ing in BRAF-mutant melanoma cells to bypass
BRAFi and MEKi inhibition, contributing to
melanoma resistance [70]. In PTCs, the BRAF
V600OE mutation correlated with increased
CAFs but reduced ECs, which associated with
advancement of pathological N stage and path-
ological stage [40]. Additionally, the BRAF-like
subtype exhibited a notably higher proportion
of CAFs compared to the RAS-like subtype,
especially in BRAF-like-B tumors, which were
anticipated to possess the highest CAF levels
regardless of myoCAF or iCAF phenotypes [71].

Impact of co-mutations on the immune sys-
tem

Patients harboring BRAF alterations represent
a markedly heterogeneous group, attributable
to intricate signaling networks, tumor-immune
interactions within the TME, and diverse co-
occurring genetic alterations. For BRAF-mutant
CRCs, the occurrence of inactivating APC mu-
tations, a B-catenin degradation complex ele-
ment, shows substantial age-related decline,
falling from roughly 60% in 40-year-old diag-
nosed cases to under 10% in those identified
after age 90. The simultaneous presence of
BRAF and APC alterations in CRCs yields a par-
ticularly aggressive disease pattern, exhibiting
diminished survival rates (12% at 5 years) [31].
Compared with BRAF V60OE, class Il/Ill BRAF
variants and their coexistence with KRAS/
NRAS alterations exhibited higher frequency in
metastatic CRC, particularly in cases suggest-
ing previous anti-EGFR treatment [72]. Addi-
tionally, concurrent mutations in the TERT pro-
moter, TP53, PTEN, and PIK3CA are also com-
mon in BRAF-mutant (approximately 10%) ad-
vanced adult thyroid tumors [14]. TERT enhanc-
es BRAF mutation-mediated TC dedifferentia-
tion and advancement through ribosomal syn-
thesis regulation [73]. Like BRAF, NRAS also
activates the MAPK pathway. The co-mutation
of BRAF and NRAS inhibits CD8* T cell activity
by up-regulating immune checkpoint molecul-
es like PD-L1 and recruits Tregs and MDSCs to
further suppress anti-tumor immune respons-
es, which indicates a poorer prognosis [74].
Moreover, CDKN2A (encoding p16 and p14ARF
proteins) mutations were identified in 7% of pri-
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mary melanomas and 14% of metastases [75].
The combination of BRAF V60OE mutation and
loss of p16 expression disrupts cell-cycle con-
trol and alters cytokine profiles in the TME,
accelerating the growth rate of melanomas in
vivo [20].

Treatments for patients with BRAF mutations

BRAF mutations constitute crucial therapeutic
targets across multiple solid malignancies,
where targeted combination therapies, par-
ticularly BRAF inhibitors, have emerged as a
fundamental treatment strategy for various
BRAF-mutant solid tumors. The initial BRAF-
targeted monoclonal antibody approval in
2011 revolutionized melanoma treatment
approaches by markedly improving overall sur-
vival (0S). Currently, BRAF inhibitors are ca-
tegorized mainly into selective BRAF inhibitors
and non-selective BRAF inhibitors based on
their targeting mechanisms. Selective BRAF
inhibitors include dabrafenib, vemurafenib, and
encorafenib. Non-selective BRAF inhibitors
consist of sorafenib, regorafenib, pazopanib,
and donafenib. Regarding advanced thyroid
cancer, 9 drugs or medication combinations
have gained FDA approval, and dabrafenib/tra-
metinib received FDA approval in 2018 for
BRAF V600OE mutant anaplastic thyroid carci-
noma. A retrospective 2010-2016 observa-
tional study in the USA analyzing real-world
prescription patterns among advanced thyroid
cancer patients demonstrated that sorafenib
tosilate remained the primary therapy in first-
line and second-line treatment until 2015 -
when lenvatinib obtained FDA approval for
treating advanced differentiated TC and sub-
sequently became the dominant first-line op-
tion [76]. Nevertheless, these agents are not
curative, and their side effects restrict their
usage in certain patients [77]. The FDA grant-
ed accelerated approval for dabrafenib/tra-
metinib in 2022 for treating adult and pedia-
tric patients 6 years and older with unresect-
able or metastatic solid tumors containing a
BRAF V600E mutation who experienced dis-
ease progression after prior treatment and
lack adequate alternative treatment options.
BRAF inhibitors enhance T-cell infiltration, and
their combination with immune checkpoint
inhibitors (ICls), such as anti-PD-1/PD-L1 anti-
bodies, may increase therapeutic efficacy. The
combination of BRAFi/MEKi with immune
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checkpoint inhibitors is grounded in a syne-
rgistic remodeling of the tumor immune micro-
environment. Targeted therapy induces tumor
cell apoptosis, releasing neoantigens and alle-
viating MAPK-mediated suppression of MHC
class | expression, thereby enhancing antigen
presentation [78, 79]. Concurrently, BRAFi re-
duces intratumoral immunosuppressive cells
such as Tregs and reverses T-cell exhaustion,
leading to functional reinvigoration of effector
T cells. This creates an immunogenic milieu
characterized by increased antigen availability
and diminished suppression. ICls further po-
tentiate this response by blocking inhibitory
pathways such as PD-1/PD-L1, thereby
unleashing pre-activated T cells and driving a
robust, coordinated antitumor immune res-
ponse with improved clinical outcomes. The
combination of ICls with BRAFi and MEKi
appears logical but risky and might induce
severe adverse reactions [80], a combination
of a PD-Ll-antibody with Dabrafenib and
Trametinib in metastatic melanoma patients
carrying mutated BRAF V600E shows that
such combination remains viable [81], offer-
ing novel approaches for BRAFi resistance.
Furthermore, a recent case report revealed
that BRAF mutation positive PD-L1 overex-
pressed lung adenocarcinoma with metasta-
tic musculoskeletal lesions can respond posi-
tively to combined vemurafenib and pembroli-
zumab [82]. Patients carrying BRAF V600E
often respond to targeted therapy using
small molecule inhibitors of monomeric BRAF
V600OE combined with MEK inhibition. This
approach, however, may prove ineffective
due to feedback activation of the pathway
through induction of BRAF dimer formation
[83]. A phase lll, open-label trial (STARBOARD,
NCT04657991) enrolled 37 treatment-naive
adult patients with BRAF V600-mutant unre-
sectable or metastatic cutaneous melanoma in
its safety run-in cohort [84]. The triplet combi-
nation of encorafenib, binimetinib and pembro-
lizumab demonstrated promising preliminary
antitumor activity, with an objective response
rate (ORR) of 65.0% (24/37 patients; 95% ClI:
47.1-80.0).

The core mechanisms encompass reactiva-
tion of the MAPK pathway through BRAF splice
variants, RAS mutations, and upregulation of
receptor tyrosine kinases, leading to restor-
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ed ERK signaling. Compensatory activation of
alternative pathways, notably the PI3K-AKT-
mTOR axis, also supports cell survival and pro-
liferation [85].

The tumor microenvironment also significantly
impacts on the response to targeted therapies.
Hepatocyte growth factor (HGF) secreted by
CAFs can activate the HGF receptor MET, there-
by activating the MAPK and PI3K-AKT-mTOR
signaling cascades in BRAF inhibitor-resistant
melanoma cells [86]. CAF-derived Secreted
Phosphoprotein 1 enhances sorafenib and len-
vatinib combination resistance in hepatocellu-
lar carcinoma via bypass activation of oncogen-
ic pathways and EMT promotion [87].

Emerging strategies to overcome these resis-
tance pathways include ERK inhibitors to di-
rectly block terminal MAPK signaling, SHP2
inhibitors to disrupt RTK-RAS transduction [88,
89], combination with PIBK-AKT-mTOR pathway
inhibitors to suppress bypass activation, and
the integration of immune checkpoint inhibi-
tors to remodel the immunosuppressive tumor
microenvironment, thereby systematically over-
coming resistance and improving therapeutic
outcomes.

Building upon the paradigm of targeted thera-
py, the field has increasingly shifted towards
leveraging and enhancing the intrinsic power of
the immune system. This shift is exemplified by
the development of chimeric antigen receptor
(CAR) T-cell therapy, which represents a conver-
gence of cellular therapy and genetic engineer-
ing. The CAR-T therapy has emerged as a pro-
mising immunotherapeutic approach against
cancers, especially malignant hematologic dis-
eases including leukemias, myeloma, and non-
Hodgkin B-cell lymphomas. Studies indicate
that radiation increases melanoma cell vulner-
ability to CAR-T cell-mediated lysis through
enhancement of the targeted tumor antigen
and disruption between pro- and anti-apoptotic
molecules. At lower effector to target cell ra-
tios, CAR-T cells demonstrate improved in vitro
anti-tumor efficacy against irradiated BRAF in-
hibitor resistant melanoma cells [90]. Ve-
murafenib alone significantly inhibited these
CAR-T cells’ cytolytic function, while Dabra-
fenib plus Trametinib also decreased the cyto-
lytic capacity, though less extensively [91].
Furthermore, a Phase | clinical trial (NCT-
04420754) presented at the 2025 annual
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meeting of the American Association for Can-
cer Research confirmed that AIC100, a third-
generation CAR-T cell therapy targeting ICAM-1,
has an ORR of up to 50% in treating patients
with relapsed and refractory BRAF mutant ATC
[92]. Moreover, it was observed that some
patients achieved complete remission, which
brings new hope for the treatment of ATC
patients.

Conclusions and future directions

The critical role of BRAF mutations, particularly
the V60OOE variant, in carcinogenesis and its
impact on the TME have been identified. BRAF
mutations are prevalent in cancers such as
melanoma, thyroid cancer, and colorectal can-
cer, driving tumor progression through the
MAPK signaling pathway. These mutations not
only promote oncogenesis but also modulate
the TME, influencing immune cell infiltration
and function, encompassing T cells, B cells,
dendritic cells, and tumor-associated macro-
phages. Activation of BRAF mutations is associ-
ated with immune evasion mechanisms, such
as increased Treg recruitment and reduced
CD8* T cell activity, which contribute to resis-
tance against immune checkpoint therapies.

Present therapeutic approaches, particularly
BRAF and MEK inhibition strategies, demon-
strate effectiveness but face limitations due
to resistance pathways and MAPK cascade
reactivation. The integration of BRAF inhibition
with checkpoint immunotherapy represents an
encouraging strategy for strengthening anti-
cancer immune responses. However, challeng-
es remain, including managing toxicity and
overcoming resistance. Consequently, addi-
tional investigation into BRAF inhibitor combi-
nations with checkpoint immunotherapies or
alternative targeted agents merits consider-
ation to address resistance issues and enhan-
ce clinical outcomes. Developing strategies to
reprogram the TME, such as targeting tumor-
associated macrophages or cancer-associated
fibroblasts to enhance immune responses,
constitutes a critical area of focus. Investi-
gating the potential of CAR-T cell therapy and
other immunotherapeutic approaches in BRAF-
mutant cancers, especially in resistant cases
represents another meaningful direction.

In conclusion, understanding the interplay be-
tween BRAF mutations and the TME is crucial
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for developing more effective, personalized
cancer therapies. Subsequent research efforts
should address resistance mechanisms and
optimize immune-based tumor suppression,
while comprehensive clinical studies are need-
ed to determine optimal treatment sequences
and appropriate intervention durations.
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