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The evolution of the tumor microenvironment (TME) is a cancer-dependent and dynamic
process. The TME is often a complex ecosystem with immunosuppressive and tumor-
promoting functions. Conventional chemotherapy and radiotherapy, primarily focus on
inducing tumor apoptosis and hijacking tumor growth, whereas the tumor-protective
microenvironment cannot be altered or destructed. Thus, tumor cells can quickly escape
from extraneous attack and develop therapeutic resistance, eventually leading to
treatment fai lure. As an Epstein Barr virus (EBV)-associated malignancy,
nasopharyngeal carcinoma (NPC) is frequently infiltrated with varied stromal cells,
making its microenvironment a highly heterogeneous and suppressive harbor
protecting tumor cells from drug penetration, immune attack, and facilitating tumor
development. In the last decade, targeted therapy and immunotherapy have emerged
as promising options to treat advanced, metastatic, recurrent, and resistant NPC, but lack
of understanding of the TME had hindered the therapeutic development and optimization.
Single-cell sequencing of NPC-infiltrating cells has recently deciphered stromal
composition and functional dynamics in the TME and non-malignant counterpart. In this
review, we aim to depict the stromal landscape of NPC in detail based on recent
advances, and propose various microenvironment-based approaches for
precision therapy.
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INTRODUCTION

NPC is a unique type of cancer in terms of its geographical
distribution, differentiation grade and microenvironmental
landscape. According to the global cancer statistics in 2020, more
than 75% of NPC cases were diagnosed in East and Southeast Asia,
especially in southern China (1) (Figures 1A, B). People who have
ancestors who originally resided in southern China possess a
higher possibility of NPC incidences, indicating that NPC
pathogenesis might be closely related to epidemiological patterns
and genetic susceptibility in certain ethical groups (2). In addition,
undifferentiated NPC (The World Health Organization type III
histology) is the predominant disease type that constitutes more
than 90% of total incidences, in which tumor cells exhibit many
stem-cell-like signatures, including CD133, CD44 and ALDH1 (3–
6). The NPC microenvironment might provide a supportive niche
for such a high portion of undifferentiated cells. Compared with
many solid tumors, NPC has the most severe stromal infiltration,
possibly because NPC is originated from the nasopharynx that
contains secondary/tertiary lymphoid structures (TLSs) and closely
associated with EBV infection (7). Even EBV-negative NPC tumors
and non-malignant nasopharyngeal tissues are also intensively
infiltrated with varied stromal cells, caused by the locoregional
lymphoid structures and tumor-mediated mechanism (8, 9).
However, the differentiated NPC is significantly less infiltrated
with stromal cells, suggesting that pathological status might
alter cellular composition in the NPC microenvironment.
During the past decades, the tumor heterogeneity and stromal
landscape in the NPC microenvironment remain largely
unexplored. Only few studies have reported that T cell and
myeloid-derived cells are the predominant stromal subtypes in
the NPC microenvironment based on hematoxylin and eosin
(H&E) staining, immunohistological (IHC) staining and flow
cytometry (10–12). Other stromal cells, such as fibroblasts and B
cells, have not been comprehensively characterized in the NPC
microenvironment yet, but might be associated with stemness,
therapeutic resistance, and immune regulation (13, 14). However,
these techniques using few gene signatures remain far from
sufficient to identify the finer stromal subpopulations and
characterize the functional dynamics of those tumor-infiltrating
cells on immune suppression and tumor progression.

The lack of understanding of the stromal landscape in NPC
significantly hinders the development of precision medicine.
Conventional chemotherapy (cisplatin, gemcitabine and
Abbreviations: TME, Tumor microenvironment; EBV, Epstein Barr virus; NPC,
Nasopharyngeal carcinoma; TLS, Tertiary lymphoid structure; H&E staining,
Hematoxylin and eosin staining; IHC staining, Immunohistological staining;
NK cell, Natural killer cell; Treg cell, Regulatory T cell; IFN, Interferon; EBNA1,
Epstein-Barr nuclear antigen 1; LMP1, Latent membrane protein 1; LMP2, Latent
membrane protein 2; EBER, Epstein-Barr encoding region; MDSCs, Myeloid-
derived suppressor cells; TCR, T-cell receptor; HNSCC, Head and neck squamous
cell carcinoma; HPV, Human papillomavirus; GZM, Granzyme; DC, Dendritic
cell; HCC, Hepatocellular carcinoma; NSCLC, Non-small-cell-lung cancer; ESCC,
Esophageal squamous cell carcinoma; ECM, Extracellular matrix; FGF2,
Fibroblast growth factor 2; FAP, Fibroblast activation protein-a; CAFs, Cancer-
associated fibroblasts; FFPE tissue sample, Formalin-fixed paraffin-embedded
tissue sample.
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fluorouracil) and radiotherapy have been facing obstacles in
optimizing the efficacy in locoregional advanced NPC,
overcoming acquired resistance, and suffering from long-term
toxicities (15–17). Recently, immunotherapy has emerged as a
new strategy to treat recurrent, metastatic, and chemo/radio-
resistant NPC patients using PD-1 inhibitors, including
camrelizumab, pembrolizumab and nivolumab (18–20).
Although the PD-1-based therapeutics has been shown
effective in phase I/II clinical trials, it has also suffered from
patient-specific responsiveness and adaptive resistance after
long-term dosage. Resistance to immunotherapy is
multifaceted since the functional state of infiltrating stromal
cells is dynamic. Thus, in order to optimize precision medicine
in NPC patients, it remains essential to comprehensively
decipher the stromal landscape in NPC, and to identify
patient-specific targets and signatures associated with
prognosis and treatment responsiveness (Figure 1C).

Single-cell sequencing has provided a powerful platform to
analyze the heterogeneous ecosystem in cancer. As yet, research
enthusiasm for single-cell sequencing has remained high, and the
TME-infiltrating cells in many cancers have been revealed.
Single-cell analysis has provided bench-to-bedside guidelines to
clinical practice, especially by revealing TME-based targets that
can re-activate immune response or inhibit tumor-facilitating
effects. However, the single-cell sequencing of NPC only started
after 2019, largely due to its low global incidence. So far,
single-cell data of NPC have participated in the public
repository and contributed to the establishment of large-scale
and multi-central cohorts for downstream analysis (21). In this
review, we aim to address the stromal landscape in NPC based on
recent advances, and subsequently propose a variety of
approaches to enhance therapeutic response and patient
prognosis via specifically targeting the immunosuppressive and
tumor-promoting microenvironment.
THE HETEROGENOUS NPC
MICROENVIRONMENT SHAPED
BY LOCOREGIONAL LYMPHOID
INFILTRATION, EBV INFECTION AND
TUMOR-MEDIATED RECRUITMENT

NPC is categorized as an inflamed tumor based on its spatial
localization of stromal cells with respect to tumor compartments
(22). Stromal cells are in close proximity to and in contact with NPC
cells, instead of being embedded in the surrounding regions away
from the tumor core. Hence, cytokine secretion and ligand-receptor
interactions are both involved in the bilateral tumor-stroma
interplay. It is also noteworthy that the nasopharynx is one of the
first defensive organs against viral and bacterial entry and infection,
whichmakes its underlyingmicroenvironment highly heterogenous
and immunogenic prior to malignant transformation.

There exist two major cell lineages in the nasopharyngeal
microenvironment, CD45+ immune cells, including T cells, B
cells, natural killer cells (NK cells), and myeloid-derived cells, as
September 2021 | Volume 11 | Article 744889
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well as CD45- non-immune stromal cells, including fibroblasts
and endothelial cells. Recent single-cell analysis has revealed that
normal nasopharyngeal tissues also have high immune
infiltration, especially for T and B lymphocytes (23, 24).
Fibroblasts and myeloid-derived cells are hardly seen from
normal nasopharyngeal tissues, even those with reactive
hyperplasia caused by allergy and inflammation (23, 24). The
major stromal landscape between normal nasopharyngeal tissues
and malignant nasopharyngeal carcinoma is distinctive. For
instance, B cells are highly enriched in the normal
nasopharyngeal tissues upon inflammation, whereas T cells,
NK cells, myeloid-derived cells and fibroblasts, are more likely
to infiltrate the NPC microenvironment (23). Germinal centers
are commonly seen in the normal nasopharyngeal tissues, where
CD3+/CCR7+ naïve T cells and CD19+/CD27- naïve B cells
accumulate and proliferate, causing lamps in the nasopharynx
(23, 25). Under non-malignant inflammation, a large portion of
those naïve lymphocytes does not differentiate into cytotoxic,
memory and regulatory phenotypes. However, the chronic EBV
infection and tumor progression result in an increasing number
of naïve cells transitioned into an activated state, and eventually
become exhausted (26). Retrospective cohort studies have found
Frontiers in Oncology | www.frontiersin.org 3
that 90% of NPC incidences are accompanied by EBV infection,
but there still are EBV- cases where the stromal composition is
distinctive from EBV+ counterparts (27). The abundance of
major cell lineages in EBV- NPC patients, does not
significantly differ from the abundance in the EBV+

microenvironment, but the exhausted and immunoregulatory
subtypes, such as HAVCR2+/PD-1+ T cells, CD25+/FOXP3+/
CTLA4+ regulatory T cells (Tregs) and CD68+ myeloid-derived
cells are found more enriched in the EBV+ microenvironment
(11, 28). Besides, the functional state of infiltrating immune cells
has been greatly influenced by the hyper-activation of interferon
(IFN) secretion induced by EBV infection. In the NPC
microenvironment, type I and type II IFNs, namely IFN-a and
IFN-g, are activated to combat viral entry and incorporation.
Thus, the IFN-a and IFN-g signaling pathways are activated in
almost all the infiltrating immune cells, mainly reflecting in
up-regulation of IFN-induced genes, including ISG15, IFI6,
IFI44L, IFIT3 and IFITM1 (23). On the contrary, NF-kB
signaling is up-regulated in nasopharyngeal tissues upon non-
malignant inflammation, but it is also closely associated with
inflammation caused by EBV-encoded genes (23). Although
IFNs play a vital role in anti-tumor cytotoxicity, previous
A B

C

FIGURE 1 | (A) The 5-year prevalence of NPC incidences around the globe from 2015-2020. (B) The geographical distribution of NPC incidences in Asia, 2020.
(C) The summary of the NPC microenvironment and focuses of the review.
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studies have reported that chronic IFN activation in the TME
hijacks helper T cell response and leads to progressive exhaustion
of T cells and persistent infection (29–31). Nevertheless, the
molecular mechanism of chronic IFN activation on immune cells
needs to be further investigated, including its effect on antigen
presentation, T cell differentiation, activation and exhaustion.

EBV infection in NPC is classified as type II latency and
contributes to TME remodeling. Type II latency is characterized
by the expression of a set of latent genes in NPC, including
Epstein-Barr nuclear antigen 1 (EBNA1), latent membrane
protein 1 (LMP1), LMP2 and Epstein-Barr encoding region
(EBER) RNAs (32, 33). LMP1 and EBNA1 expressed by NPC
cells are able to induce PD-L1 up-regulation via STAT3 and NF-
kB signaling, Treg recruitment via CXCL12-CXCR4 chemotaxis,
as well as expansion of myeloid-derived suppressor cells
(MDSCs) (31, 34, 35). EBV can also infect B cells, however,
the infiltrating B cells in the NPC microenvironment are
uninfected, indicating that EBV infection on nasopharyngeal
epithelial cells may occur prior to B-cell recruitment and
accumulation (36). Tumor-mediated recruitment is another
mechanism to alter the microenvironmental landscape. NPC
cells specifically express cytokine-encoding genes, including
CX3CL1, CXCL10, CCL2, CSF1, IL-10 and TGF-b1 that are
critical for the recruitment of immune cells from peripheral
blood and immune suppression (37, 38). T-cell receptor (TCR)
profiling has revealed that CX3CR1+ T cells are migrated from
the peripheral blood into the NPC microenvironment via
CX3CL1-CX3CR1 chemotaxis. Differentiated NPC has higher
macrophage infiltration, lower B cell infiltration and worse
prognosis compared with undifferentiated NPC (39, 40).
Although Longitudinal analysis has suggested that the
peripheral myeloid-to-lymphocyte ratio negatively correlated
with overall survival in NPC patients, little is known whether
the prognosis is directly influenced by the abundance of
macrophages and B cells in the TME (41).

Other head and neck squamous cell carcinoma (HNSCC)
developed from the oral cavity, oropharynx, hypopharynx, and
larynx, also displays an inflamed microenvironmental landscape
due to NF-kB activation and immune evasion (42, 43). Human
papillomavirus (HPV), instead of EBV, plays a vital role in the
immune modulation of HNSCC. HPV+ HNSCC is infiltrated
with a higher number of Tregs, CD20+ B cells, and NK cells, but a
lower number of T helper cells than its HPV- counterpart and
non-malignant inflamed tonsil (42, 44). HPV infection also
causes T cell dysfunction, possibly via the overreaction of IFN-
associated signalings and HPV integration into the host genome
(42, 45). B cell infiltration in HPV-associated HNSCC is as high
as in NPC and similarly correlates to a better prognosis (44).
Germinal centers and TLSs are frequently seen in HPV+ tumors,
associated with better patient survival and responsiveness to ICB
therapies (44, 46). PD-1/PD-L1 blockades combined with
chemotherapeutic drugs such as platinum and fluorouracil
have prolonged the overall survival by three months in patients
with advanced and metastatic HNSCC (47). However, the
objective response rates of nivolumab and pembrolizumab in
HNSCC patients are only 15%, significantly lower than in NPC
Frontiers in Oncology | www.frontiersin.org 4
patients (48, 49). The paradigm-shifting therapeutics in NPC,
including alleviating viral infection, inactivating Treg-mediated
suppression and expanding TLS-associated B cells within the
TME, might also be feasible in HPV+ HNSCC to synergistically
promote PD-1/PD-L1 efficacy.

The severe stromal infiltration in the NPC microenvironment
is not solely shaped by one factor, but a combination of factors
that lead to the phenomenon we have seen in clinical practice.
Amidst the complexity of the NPC microenvironment, many
therapeutic targets remain effective to modulate the tumor-
stroma interplay, which imparts strong influences on tumor
progression and therapeutic resistance and responsiveness. For
instance, while exhausted and regulatory T and myeloid-derived
cells exhibit immunosuppressive function in response to
cytokine stimulation and antigen presentation in NPC, they
can also be reprogrammed to reinvigorate tumor-specific
cytotoxicity via pharmacological administration. The plasticity
of the NPC microenvironment has offered an approach to
specifically re-activate dysfunctional subtypes and in-activate
suppressive subtypes to achieve optimal anti-tumor effects,
which requires an in-depth understanding of the stromal
phenotyping and functional dynamics.
TARGETING T CELLS AND NK CELLS TO
REINVIGORATE TUMOR-SPECIFIC
IMMUNITY

Tumor survival from the host immune system is one of the
critical steps during malignant progression, which can be
achieved via inhibition of cytotoxic cells and activation of
immunosuppressive cells. Naïve T cells are intrinsically
enriched around the germinal centers in the nasopharynx. As a
consequence of tumor progression, the normal T-cell
differentiation and activation processes can be hijacked by
NPC cells and eventually result in the dominance of
dysfunctional and suppressive T cel ls in the NPC
microenvironment. The inhibitory signatures on CD8+ T cells,
including PD-1, HAVCR2 and LAG3 have been found up-
regulated by EpCAM+HLA-DRHigh NPC cells via ligand-
receptor interaction (50). TCR profiling on NPC-derived T
cells has validated the presence of activation-to-exhaustion
transition, where a portion of activated effector T cells
gradually loses its cytotoxic function (23). Indeed, the
exhaustion program is dynamic instead of terminally static.
Most of the exhausted T cells can still secrete cytotoxic
cytokines, particularly IFN-g and granzymes (GZMs), but at a
lower level than fully activated effector cells. Therefore, a high
abundance of exhausted and activated T cells usually correlated
to better prognosis and higher immunotherapeutic
responsiveness in NPC patients (23, 24).

Targeting CD8+ T cells primarily focuses on how to inhibit
and reverse the activation-to-exhaustion transition. Targeting
inhibitory checkpoint molecules has been shown effective in the
context of anti-tumor immunity, in which PD-1 is currently the
September 2021 | Volume 11 | Article 744889
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only therapeutic target for CD8+ T cells in NPC clinical trials (20,
51). The clinical response rate for PD-1 monotherapy using
camrelizumab, nivolumab and pembrolizumab ranges from
20.5% to 34% in phase I/II clinical trials (18–20, 52). Although
the response rate for pembrolizumab in NPC (phase I, 25.9%) is
significantly higher than in non-small-cell lung cancer (phase I,
19.4%), hepatocellular carcinoma (phase III, 18.4%) and
gastroesophageal cancer (phase II, 11.6%), synergistically
targeting more highly expressed receptors in NPC-infiltrating
exhausted T cells might enhance the anti-tumor immunity of
PD-1 monotherapy (53–55). HAVCR2High exhausted T cells had
a unique exhaustion program but identical TCR clonotypes with
PD-1High counterparts, indicating that the exhaustion transition
is not independent where exhausted T cells are maintained as a
homogenous population with fixed molecular signatures (23).
Conversely, T cells on an early, intermediate or late exhaustion
stage, exhibited phase-specific inhibitory signatures and can be
continually transformed from one stage to another upon
st imulat ion . S ingle-ce l l sequencing and mul t ip lex
immunofluorescence has corroborated that HAVCR2, instead
of PD-1, is the predominant inhibitory molecule in the NPC
microenvironment (23, 24, 56). BGB-A425, as a humanized anti-
Tim-3 (encoded by HAVCR2) antibody, is currently in progress
of phase I/II clinical trials treating solid tumors in combination
with tislelizumab, which has been shown to augments T-cell
response via enhancing IFN-g production and NK-mediated
cytotoxicity (57). Galectin-9 (encoded by LGALS9), as the
most studied ligand for HAVCR2, is specifically expressed by
NPC cells, as an immunosuppressive molecule induced by high
intratumoral IFN-b and IFN-g (58, 59). Inhibition of LGALS9
selectively expands and activates infiltrating exhausted T cells by
intervening in the crosstalk between PD-1 and HAVCR2 (59).
Targeting IFN-induced LGALS9 up-regulation and secretion in
NPC cells might be an alternative approach to overcome the
primary and adaptive resistance to the PD-1/PD-L1 therapy.

LAG3 is another predominant inhibitory signature on
infiltrating exhausted T cells in the NPC microenvironment
(23, 24, 56). Unlike HAVCR2, LAG3 has been found
specifically expressed on exhausted ZNF683+ tissue-resident
T cells (23). The average abundance of tissue-resident memory
T cells in the NPC microenvironment is approximately 10%,
two-fold lower than the cytotoxic and exhausted T cells (23). It
might be that a substantial amount of infiltrating cytotoxic
T cells does not originally reside in the nasopharynx, but is
recruited from peripheral blood. As previously stated,
CD8+/CX3CR1+ T cells with minimal cytotoxicity and
proliferative capacity are migrated from blood and quickly
become exhausted via an EBV+ NPC-secreted cytokine,
CX3CL1, constituting the major source of infiltrating CD8+ T
cells in the TME (56). In phase I/II clinical trials, the efficacy of
LAG3-targeted antibodies, such as MK-4280, TSR-033 and
IMP321, are often evaluated in combination with anti-PD-1
and anti-HAVCR2 treatment to promote responsiveness (60,
61). Although therapeutic targeting to HAVCR2 and LAG3 is
currently not as mature as to PD-1, we must pay attention that
the NPC microenvironment is unique and complicated, which
Frontiers in Oncology | www.frontiersin.org 5
means that we cannot directly adapt a developed therapeutics
from other malignancies into NPC treatment. In the future, the
combo-therapy synergistically targets PD-1/HAVCR2 or PD-1/
LAG3 might become a more effective therapeutic option for
NPC patients.

Inactivation of Tregs is also an approach to retrieve
immunosurveillance against NPC, which indirectly enhances
anti-tumor T cell response. Similar to the exhausted subtypes
in the NPC microenvironment, there exist two subtypes of Tregs,
resting Tregs and suppressive Tregs, which both have high
expression of Treg signatures, including CD25, FOXP3 and
IKZF2 (23, 24, 56). The two immunoregulatory subtypes are
functionally different since suppressive Tregs possess a higher
expression of immune checkpoint CTLA4 and co-stimulatory
molecules CD27, TNFRSF4, TNFRSF9 and ICOS (23, 24, 56).
Anti-CTLA4 therapy using ipilimumab, has shown effective to
improve overall survival in patients with melanoma and
hepatocellular carcinoma, but is often used in combination
with PD-1 inhibitors (62–65). The efficacy and safety of
ipi l imumab+nivolumab in NPC is current ly under
investigation in a phase II clinical trial (NCT03097939). Based
on the preliminary data up to February 2020, the partial response
rate was 35% with a median duration of response of 5.9 months,
which is significantly higher than the responsiveness of PD-1-
based monotherapy. The average abundance of CTLA4+ Tregs is
approximately 20%, which might explain why NPC is responsive
to anti-CTLA4 drugs that relieve Treg-mediated suppression and
expedite proliferation of effector T cells (23). In addition, Treg-
mediated suppression is largely dependent on CD27-CD70
interaction, which provides co-stimulatory signals critical for
naïve-to-Treg differentiation, Treg proliferation and activation.
Cusatuzumab (ARGX-110) is a CD70-targeting drug currently
under clinical evaluation. Previous in vitro studies have
demonstrated that blocking CD70+ leukemia and B cell
lymphoma cell lines using ARGX-110 can inhibit the
activation of Treg and facilitate the anti-tumor immunity
exerted by CD8+ effector T cells (66). Most of the solid tumors
lack CD70 expression, whereas only hematologic cancers have a
high frequency of CD70+ cancer cells. Thus, cusatuzumab is
mainly being evaluated in acute myeloid leukemia in phase II
clinical trial (67). In the NPC microenvironment, CD70 is highly
and specifically expressed on tumor cells rather than T cells and
dendritic cells (DCs). The pathological examination has
confirmed that more than 80% of NPC cases are CD70
positive (68). Therefore, direct targeting of CD70+ tumor cells
might further inhibit Treg accumulation and activation in NPC.
However, recent studies have suggested that CD70 deficiency in
EBV-infected patients might exacerbate chronic EBV infection
and predispose them to lymphoma and immune disorders (69,
70). As CD70 is also expressed on CD8+ effector T cells and
activated B cells, lack of functional CD70 might hinder T and B
cell-mediated immunity to combat EBV infection and further
promote tumor progression. Thus, the safety of anti-CD70
therapy should be carefully examined in humanized animal
models prior to clinical translation, for its potential to
damage immunocompetence.
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Accumulating evidence has suggested that the enrichment of
Tregs in the NPC microenvironment is also caused by tumor-
mediated recruitment, where CCR4+ and CCR6+ resting Treg
are migrated from peripheral blood and activated into a
suppressive phenotype via tumor-secreted CXCL10, CXCL16,
CCL20, and CD70 binding (50, 71, 72). Targeting these Treg-
attractive chemokines produced by NPC cells might also
alleviate the infiltration of Tregs in the TME and sustain
CD8+ cytotoxicity. Additionally, excessive production of IFNs
might also contribute to Treg accumulation by hijacking
the CD4+ naïve T cell differentiation, since CD4+ IFN-
induced T cells in the NPC microenvironment co-express
naïve signatures.

LGALS1 has been found highly expressed in suppressive
Tregs in the NPC microenvironment and plays a vital role in
Treg activation (23). Extracellular galectin-1 (encoded by
LGALS1) has been implicated in promoting the suppressive
capability of Treg and inducing apoptosis of CD8+ T cell (73).
LGALS1-deficient mice showed impeded Treg activity. In T cell
subpopulations, LGALS1 is correlated to CD25 expression,
indicating it might play a vital role in Treg activation. Blocking
and CRISPR-silencing of LGALS1 leads to decreased
proliferation and IFN production in T cells (74). LGALS1 has
long been considered as one of the key regulators in T-cell
homeostasis and inflammation. However, its function in Treg
has not been explicitly elucidated. LGALS1 up-regulation in Treg
promotes growth arrest and apoptosis and inhibits the secretion
of pro-inflammatory cytokines of activated T cells. Thus, it might
serve as an immune checkpoint to revert the Treg-mediated
suppression via partial activation. In HPV+ and HPV- head and
neck squamous cell carcinoma, LGALS1 blockade has resulted in
elevated infiltration of T cells in tumor cores and further enhance
response to PD-1 therapy (75). In clear cell renal carcinoma,
patients who are responsive to PD-1 therapy possess a higher
expression of LGALS1 (76). Thus, inhibition of LGALS1 might
synergize with ICB-based monotherapy. TNF-alpha signaling
and calcium channel might be regulated by LGALS1 to exert its
effect on T cell survival and activation. LGALS1 has also been
found expressed on NPC cells, further confirming that NPC cells
are actively involved in immune regulation of the TME.
Currently, there are no clinically available therapeutic agents
that specifically target LGALS1, but targeting LGALS1 in NPC
patients remains a feasible approach that worth to be developed
in the future.

NK cells are commonly characterized by the high expression
of GNLY, and they also express chemokines CCL5, XCL1 and
XCL2 responsible for the recruitment of pro-inflammation
CCR5+/XCR1+ DCs (77). Compared with cytotoxic T cell
infiltration, NK cells constitute a relatively minor subpopulation
(~2% of the total stromal infiltrates) (23). Previous studies have
suggested the presence of dysfunctional NK cells with NKG2A,
PD-1 and HAVCR2 up-regulation in the TME (78). In the NPC
microenvironment, NK cells do not express these exhaustion
signatures, instead, NK cells highly express cytotoxic signatures,
indicating that NK cells might not be severely influenced by
tumor cells and chronic infection (23). It offers a new perspective
Frontiers in Oncology | www.frontiersin.org 6
for anti-tumor immunity which we can expand or recruit
immune-activated NK cells to counter the loss-of-function in
exhausted T cells. Nevertheless, it remains necessary to evaluate
the prognostic value of NK-specific signatures and investigate the
mechanism so that we can have a better understanding of the role
of NK cells in the NPC microenvironment that might facilitate
therapeutic development in the future.
TARGETING B CELLS TO ENHANCE
RESPONSE TO IMMUNOTHERAPY

Compared with T cells, significantly fewer B cells are often found
in the TME (79). However, single-cell analysis in NPC has shown
that B cells are more enriched and diverse than previously
reported, and the infiltration and functionality of B cells have
emerged as a vital prognostic factor and therapeutic target (23,
24, 56). Increased B cell density in the TME facilitates the
establishment of TLSs and promotes responsiveness to PD-1/
CTLA4 immunotherapy in melanoma (80, 81). The spatial
localization and cell-cell communication have been observed in
tumor-associated TLSs, where T cells and B cells can undergo
cooperative maturation, activation and clonal expansion. In
addition, a higher expression of B cell-associated signatures,
including CD79A, CD20, CD27, IGHD, CXCR5 and FCLR4,
are associated with increased progression-free survival in NPC
patients (23). Enrichment of B cells might be caused via
CXCL13-CXCR5 chemotaxis from surrounding lymph nodes
and per iphera l b lood into the TME. In the NPC
microenvironment, CXCL13 is mainly produced by CD4+

helper T cells and PD-1+ exhausted T cells, suggesting that
exhausted T cells might remain beneficial to the immune
modulation via the recruitment of CXCR5+ B cells (only
plasma B cells are CXCR5-) and TLS development (23). In
non-small-cell lung cancer patients who received PD-1
blockade, increased CXCL13 production also has been found
in PD-1+ exhausted T cells with impaired cytotoxicity (82).
Considering the positive prognostic value of tumor-infiltrating
B cells, it might be an effective adjuvant therapy to increase
intratumoral B cells via CXCL13-dependent recruitment in NPC
patients with low TLS density. Consequently, TLSs provide a
harbor for lymphocyte maturation and immune activation.
Meanwhile, the molecular function and mechanism of
infiltrating B cells and tumor-associated TLSs remain
undiscovered owing to relatively few B infiltrates in most
malignancies. Thus, NPC can serve as an applicable model to
investigate the interplay within T cells, B cells and tumor cells.

A higher abundance of intratumoral B cells is frequently
associated with better prognosis in NPC patients, but there
exist B subtypes that contribute to worse prognosis (23, 24).
Single-cell sequencing of NPC patients and non-malignant
counterparts has identified the presence of double-negative
B cells (IGHD-/CD27-) in the TME. Double-negative B cells are
commonly found in the peripheral blood of patients with
autoimmune diseases, such as rheumatoid arthritis and systemic
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lupus erythematosus (83–85). Although double-negative B cells
represent a rare subpopulation in the normal microenvironment,
they have been found expanded in the NPC microenvironment
and constituted 12.6% of the total CD79A+ B cells, and correlated
to worse prognosis (23). Increased double-negative B cells have
also been found in non-small cell lung cancer and negatively
correlated to the abundance of pro-inflammation B cells (86).
Higher frequencies of double-negative B cells are associated with
lymph node and distant metastasis in cancer patients, which
might be alleviated or overcome by cisplatin-based
chemotherapy (87). Nonetheless, little is known about the
function nor the mechanism of double-negative B cell
enrichment in the NPC microenvironment because they have
not been previously detected in tumor tissues. One recent study
has exhibited that double-negative B cells might regulate
inflammatory activation and undergo clonal expansion upon
antigenic stimulation via an extra-follicular maturation pathway
(88). Pseudotime trajectory analysis has shown that double-
negative B cells are the precursors of matured effector B cells,
which can be further differentiated into plasma B cells and
memory B cells (23). However, it seems that in the NPC
microenvironment, the differentiation of double-negative B
cells is hijacked by tumor- or TME-mediated mechanism
so that a substantial portion of double-negative B cells are
forced to maintain in an intermediately differentiated and
ineffective phenotype. Hence, inhibiting the expansion or
inducing the differentiation of double-negative B cells in the
NPC microenvironment might enhance inflammatory
activation. Furthermore, quantifying the intratumoral or
peripheral abundance of double-negative B cells in NPC
patients might be feasible for patient stratification and
prognosis, as well as serve as a biomarker for treatment selection.

Antibody-secreting plasma B cells and FCLR4+ memory B
cells represent two terminally differentiated pro-inflammation
subtypes in the NPC microenvironment. They are commonly
more infiltrated in the TME and correlated to better clinical
outcomes, exhibiting their functions in immune survilliance (89).
Nevertheless, their abundance is highly patient-specific due to
EBV status, since plasma B cells and memory B cells showed
increased enrichment and activity in EBV+ tumors than in EBV-

ones (23). The differentiation and activation of these two
subtypes are influenced by chronic IFN-a and IFN-g
production and chemotaxis in the NPC microenvironment
(23). In the treatment of autoimmune and infectious diseases,
rituximab is used to deplete excessive enrichment of CD20+ B
cells (90), whereas, in NPC treatment, we should focus on in vivo
or ex vivo expanding pro-inflammatory B cells, especially in the
NPC patients with fewer B infiltrates (91). Previous studies have
illustrated that B cell proliferation and maturation can be re-
directed via CD38-mediated inhibition of mTOR and PI3K
signaling (92–94). However, the function of B cells and their
associated antibody repositories in NPC is hardly identified and
characterized so far. Thus, prior to clinical translation, it remains
necessary to understand the crosstalk between plasma B cells/
memory B cells and T cell subpopulations so that humoral
immune responses stimulated by tumor-infiltrating B cells can
Frontiers in Oncology | www.frontiersin.org 7
facilitate the development of effective anti-tumor immunity
within the TME.
TARGETING MYELOID-DERIVED CELLS
TO INTERVENE THE TUMOR-STROMA
COMMUNICATIONS

Intratumoral myeloid-derived cells are commonly developed
from immature monocytes recruited from peripheral blood
during tumor progression and viral infection (95, 96).
Immature macrophages and monocytes express pan-monocyte
markers CD14 and CD68, but they lack functional and polarized
signatures such as IL-10. Enrichment of these immature myeloid
cells indicates an earlier or less progressive disease status,
therefore its abundance is associated with better prognosis in
undifferentiated NPC patients (97). Prevalent cell-cell
communications have been identified between macrophage and
lymphocytes, indicating the strong potential to recruit, activate
and suppress innate and adaptive immunity. In the NPC
microenvironment, the maturation and polarization of
macrophages do not follow the classic M1/M2 model. Instead,
the infiltrating macrophages exhibit an M1/M2 coupled pattern,
expressing both M1 and M2-polarized signatures, including
FCGR2A, FCGR3A, TREM2 and APOC1 (23). The
multilateral cell-cell communications between macrophages
and lymphocytes are ambiguous due to dynamic functional
alterations. For example, CD163+ M2-polarized macrophages
in the NPC microenvironment are considered to associate
with worse prognosis and facilitate the development
of a pre-metastasis niche by secreting pro-angiogenesis
cytokines, including VEGF, MMP9, TGFB1 and PLA2G7
(97–99). Hypoxia and IFN signaling are two mechanisms that
induce accumulation, maturation and M2 polarization of
macrophages, and further induce therapeutic resistance
and disease progression in the NPC microenvironment
(100). Targeting molecules that are associated with hypoxia
and IFN signaling represents a potential therapeutic strategy to
minimize the suppressive function of M2 macrophages or
enhance the accumulation of monocytes and M1-macrophages
in the TME.

DCs are one of the differentiated myeloid subtypes
accumulated both in nasopharyngeal hyperplasia and NPC, and
responsible for antigen processing and presentation so that T and
B cells can be activated (101, 102). For instance, FCER1A+

Langerhans cells and LGALS2+ DCs are tissue-resident DCs
located in the epithelium and lymph nodes of the nasopharynx,
to capture and recognize the antigens on malignant-transforming
nasopharyngeal epithelial cells. Although DCs are a pro-
inflammation subtype and significantly correlated to better
prognosis in NPC patients, some DCs have been found
capable of impairing T-cell and B-cell immunity driven by
chronic inflammation and hypoxia (103). In the NPC
microenvironment, LAMP3+ DCs with high maturation,
immune-regulatory and migration potentials, produce multiple
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cytokines, including CCL17, CCL19 and CCL22, to recruit
CCR4+ Tregs and CCR7+ naïve T cells (56). LAMP3+ DCs also
exhibit reduced immune activation status and elevated
suppression status, characterized by high expression of PD-L1,
PD-L2, IDO1 and TGFB1. Meanwhile, the immunosuppressive
function of LAMP3+ DCs has been validated in hepatocellular
carcinoma (HCC) and non-small-cell-lung cancer (NSCLC)
where LAMP3+ DCs showed strong interaction with exhausted
T cells, Tregs and proliferating T cells via CD28/B7 binding and
IL-15 signaling (104, 105). Up-regulation of LAMP3 in tumor
tissues has been found correlated to worse prognosis in patients
with esophageal squamous cell carcinoma (ESCC) (106).
Developmental trajectory has revealed that LAMP3+ DCs might
be differentiated from immature monocytes during tumor
initiation so that NPC cells can escape from initial antigen
recognition and immune attack (56). Thus, therapeutic
targeting of LAMP3+ DCs might be only feasible in the early
stage of NPC development so that effector lymphocytes can more
effectively recognize the tumor antigens subsequently induce
tumor depletion. However, the function of LAMP3 remains
ambiguous since immunosuppressive DCs in metastatic lung
adenocarcinoma have shown loss of LAMP3 activation marker
expression (107). Although LAMP3+ DCs are common
malignancy-associated infiltrates with the ability to restrain T
cell function, further in vivo and in vitro functional assays need to
be conducted to validate its regulatory potential.

MDSCs are another type of differentiated monocytes
infiltrating in the TME (108). Unlike DCs which are infiltrated
both in the malignant and non-malignant nasopharyngeal
microenvironment, MDSCs are highly enriched in the NPC
microenvironment, indicating the presence of NPC-associated
recruitment and differentiation in MDSCs. Previous studies have
considered that MDSCs are a dynamically changing myeloid
subtype that cannot be accurately characterized via genetic
profiling (103). Single-cell sequencing has demonstrated that
infiltrating MDSCs are lack macrophage and DC-specific
signatures, such as CD14 and CD68, but highly express S100A
family genes, including FCN1, VCAN, S100A8 and S100A9 (105,
109). Accumulating evidence has suggested that S100A8/S100A9
are pro-inflammation molecules that are elevated in patients
with a variety of inflammatory diseases and cancer (110, 111).
The expression of S100A8/A9 is closely related to tumor stage,
lymph node metastasis and poor prognosis in NPC patients
(112). In tumor-bearing mice treated with mAbGB3.1 (10 ug/gm
body weight), S100A8/A9 binding and signaling has been
blocked and the accumulation of MDSCs in the peripheral
blood and secondary lymphoid organs has been reduced (113).
S100A8/A9+ MDSCs exert immunosuppressive effects via
hijacking the differentiation from monocytes into antigen-
presenting DCs and pro-inflammation macrophages via
STAT3 signaling (114). Thus, limiting the accumulation and
retention of MDSCs can facilitate the activation of anti-tumor
immunity via communications with T and B cells, and might
further retard NPC progression. Targeting S100A8 and S100A9
via siRNA has shown to reduce invasive capability of NPC cells,
whereas the silencing effects on TME remodeling remain under-
investigated (115).
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TARGETING FIBROBLASTS TO
MANIPULATE THE TUMOR-PROMOTING
EXTRACELLULAR MATRIX
In the NPC microenvironment, CD45+ immune cells usually
outnumber tumor cells and CD45- non-immune stromal cells.
Indeed, fibroblasts represent a relatively minor but critical
subpopulation that constructs a complex extracellular matrix
(ECM). Fibroblasts are rarely infiltrated in non-malignant
nasopharyngeal tissues, and hardly recruited in response to
acute inflammation. Whereas in the TME, fibroblasts constitute
approximately 2% of the total stromal infiltrates in the NPC
microenvironment. The abundance of fibroblasts has also been
validated via multiplex immunohistochemistry. A high density of
a-SMA+

fibroblasts is found in 41.2% of primary NPC biopsies
and 83.3% of metastatic NPC tissues. In two independent NPC
cohorts, a higher density of a-SMA+

fibroblasts has been found
correlated with shorter overall survival and lower 5-year survival
rates in NPC patients, suggesting their utility as an independent
prognostic factor (116, 117). Recruitment and accumulation of
fibroblasts is a malignancy-dependent process found in varied
cancers, since they can develop a tumor-promoting ECM and
secrete varied cytokines that facilitate survival and metastasis. The
function of ECM is primarily involved with the activation of focal
adhesion-related pathways, including FAK/SRC, PI3K/AKT and
RhoA/ROCK signaling. The predominant ECM components in
the NPC microenvironment are collagen (especially type I
collagen), lumican, and fibronectin, which all have a positive
impact on angiogenesis and anti-apoptosis (50, 118, 119). Other
collagens are also synthesized by intratumoral fibroblasts, such as
type III and type IV collagens, but they exhibit patient-specific
distribution. Recent advances have suggested that the tumor-
parenchyma barrier manipulated by fibroblasts is the first
protective shield of tumor cells to attenuate infiltration of T cells
and penetration of anti-PD-1 drugs in patients with lung cancer
and esophageal cancer (120). Hence, ECM is one of the critical
mediators of immune suppression in the NPCmicroenvironment.

Besides, fibroblasts in the NPC microenvironment can secrete
varied growth factors, including EGF, FGF, IGF1, CSF and TGF-b,
which can either facilitate tumor progression or immune
suppression (121). For example, CSF-1 is a vital factor inducing
M0-to-M2 polarization, TGF-b induces differentiation and
activation of Tregs, and IGF-1 is positively correlated to tumor
sizes in NPC patients (122, 123). Fibroblast growth factor 2
(FGF2) is the upstream molecule of the PI3K/AKT signal
pathway and activates proliferation and metastasis of NPC cells
so that FGF2/FGFR2 has become a crucial target in the treatment
of NPC as well (124). Targeting fibroblasts in the NPC
microenvironment might provide significant benefits to chemo
and immunotherapy. These fibroblasts can also secrete varied
chemokines, such as CXCL9, CXCL10 and CXCL12 which can
promote tumor growth and has chemoattractant properties that
stimulate the migration of CXCR3+/CXCR4+ suppressive Tregs
and cytotoxic T cells into the NPC microenvironment (24, 56).
However, the fibroblasts can quickly inhibit the cytotoxic function
of these recruited T cells via PD-L2-PD-1 interaction. Some
fibroblasts also secret immunosuppressive factor IDO1, which
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further regulate T-cell immunity in the NPC microenvironment
(24, 56). Targeting fibroblasts with high expression of fibroblast
activation protein-a (FAP) in tumor-bearing mice have induced
tumor necrosis mediated by IFN-g and TNF-a, demonstrating
that anti-tumor immunity has been reverted upon depletion of
these cells (125). Significantly, up-regulated genes in tumor-
derived fibroblasts were enriched in IFN response-related
pathways (23). Meanwhile, fibroblasts are also considered as one
of the vital factors maintaining the differentiation status of NPC
cells because they are frequently associated with the epithelial-to-
mesenchymal transition (13, 126). Targeting infiltrating fibroblasts
might also result in decreasing the cancer stem cell pools in NPC
to alleviate therapeutic resistance commonly possessed by high
stemness cells (126). CD248 has been found dynamically
expressed by cancer-associated fibroblasts (CAFs), and lowly
expressed by other stromal cells (127). Although, it might serve
as a potential molecular marker and target, the expression and
mechanism of CD248 in NPC-infiltrating fibroblasts have not
been fully elucidated, due to a low number of fibroblasts captured
via single-cell sequencing. The current single-cell technique allows
to process 20,000 cells per reaction, and it remains insufficient to
depict the global mapping of stromal cells with low abundance in
the NPC microenvironment. Thus, it is necessary to enrich the
CD45- non-immune stromal cells prior to sequencing so that we
can have a maximum yield of fibroblasts to further identify the
heterogeneity and molecular signatures of varied fibroblast
subpopulations and characterize their functional status.
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DISCUSSION

The past two decades have witnessed a tremendous shift from
recognizing the tumor as a homogenous entity towards
understanding TME as a heterogeneous ecosystem at a single-cell
resolution. Recent advances using single-cell sequencing and
multiplex immunohistochemistry have deciphered the NPC
microenvironment as a tumor-promoting and immuno-
suppressive harbor. Single cell-cell communication analysis and
V(D)J immune profiling has revealed the origin of tumor-
infiltrating stromal cells so that we can know the recruitment
mechanism and tumor-stroma interplay either from peripheral
blood, adjacent lymph nodes and surroundings (Figure 2 and
Table 1). Nevertheless, we have seen a lack of functional and
clinical investigations on the function and mechanism of T cells,
NK cells, B cells, myeloid-derived cells and fibroblasts in the NPC
microenvironment. Among these infiltrating stromal subtypes, B
cells are the least studied subtype in the TME due to their relatively
low infiltration degree in many malignancies. Therefore, we should
continue to identify the finer B-cell subpopulations and
characterize the functional status of B cell subtypes, since B cells
are gradually recognized as a ineligible factor that influences the
responsiveness of chemo and immunotherapy (128, 129). Besides
stromal compositions in the NPC microenvironment,
understanding the spatial orientation of stromal cells is also
critical to functional dynamics and clinical translation. The field
of spatial single-cell transcriptomics is rapidly evolving to uncover
FIGURE 2 | The schematic illustration of cell recruitment and cell-cell interactions in the NPC microenvironment.
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the locoregional localization of different stromal counterparts from
formalin-fixed paraffin-embedded (FFPE) tissue samples (130). It
is necessary to map where the cell-cell communication is occurring,
but this technique highly relies on tissue quality and technical
proficiency. So far, lack of reproducibility which induce high batch-
to-batch effect and lower sequencing depth has hindered the
feasibility of spatial single-cell transcriptomics. Single-cell
sequencing is also currently facing limitations on sequencing
depth in which lowly expressed genes cannot be detected
even though they are highly important. Finer subpopulations,
especially those that are lower than 5% of total cell input, cannot
be accurately identified via sequencing nor characterized via
computational algorithm. Thus, it remains necessary to enrich
lowly infiltrated stromal cells prior to sequencing via flow
cytometry and magnetic separation based on known signatures
so that higher resolution of the molecular landscape can be reliably
analyzed to depict the true molecular landscape and functional
dynamics in the human body.

In this review, we have proposed a variety of therapeutic
strategies that might enhance immunotherapeutic efficacy via
Frontiers in Oncology | www.frontiersin.org 10
direct and indirect remodeling of the NPC microenvironment
(Figure 3 and Table 2), which highly relies on recent
identification and characterization of molecular targets that are
essential for tumor proliferation and progression in NPC.
Although some targets cannot be independently utilized as
effective therapeutics like anti-PD-1/PD-L1 monotherapy, most
of them remain feasible to be used as adjuvant therapies that
enhance the efficacy of ongoing monotherapy in NPC patients.
We acknowledge that there is a large transition gap between
laboratorial investigation and clinical translation, but we believe
that rational combinatorial strategies will be one of the most
effective therapeutics in the future. However, functional analysis
on NPC greatly suffers from the lack of reliable animal models. It
is needed to establish a humanized mouse model with a
competent human-originated immune system so that NPC-
mediated immune regulation can be studied in vivo and
predict clinical outcomes in NPC patients (131). Currently,
NPC organoid is also underdeveloped in multiple groups
around the world which can also serve an important
alternative to study the function and interaction in vivo from
TABLE 1 | Novel chemotaxis responsible for cell recruitment in the NPC microenvironment.

Chemotaxis (A-B) Interacting cell subtype A Interacting cell subtype B

CX3CL1-CX3CR1 Tumor cells CD8+ T cells with minimal cytotoxicity
CXCL10-CXCR4 Tumor cells Treg
CXCL16-CXCR6
CCL20-CCR6/CXCR3
CXCL13-CXCR5 Exhausted/helper T cells B cells, except plasma B cells
XCL1/XCL2-CXR1 NK cells Pro-inflammatory DCs
CCL5-CCR5
CCL17/CCL22-CCR4 LAMP3+ DC Treg
CCL19-CCR7 Naïve T cells
CCL4L2-CCR5 Macrophage Memory T cells
Septembe
FIGURE 3 | The stromal landscape of NPC at a glance and proposed treatment strategies targeting TME-infiltrating cells.
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NPC patient derived tissues, and to study the feasibility and
efficacy of proposed therapeutic strategies (132). Due to the
intrinsic nature of NPC as a stromal inflamed tumor, it would be
better to adapt to local conditions to use tumor infiltrates
themselves, instead of primarily focusing on extraneous attack
mediated by chemotherapy and radiotherapy. Indeed,
optimizing the innate and adaptive immunity to combat tumor
progression is the principle of precision medicine and is
currently leading the tide in the upcoming decade in cancer
treatment. Better defining molecular contributors to an
immunosuppressive and tumor-promoting microenvironment
constitute an important step, including thorough investigations
not only of locoregional stromal infiltration but also of such
modifiable factors in peripheral blood, surrounding lymph nodes
and metastatic sites. What lies beneath is a complex environment
that supports the tumor, and we expect that targeting this
foundation will yield the next breakthroughs in cancer therapy
with greater efficacy, less toxicity, and less cost of cancer care.
The development and use of such pharmaceutical agents
targeting signature- and function-characterized populations
enable a more personalized approach to NPC treatment.
Frontiers in Oncology | www.frontiersin.org 11
AUTHOR CONTRIBUTIONS

X-YG and AW-ML supervised and reviewed the manuscript.
LG conducted literature review and wrote the manuscript.
DL-WK, WD, PW, and YW contributed to the clinical
and bioinformatics interpretation of the manuscript.
All authors contributed to the article and approved the
submitted version.
FUNDING

This work was supported by grants from the Hong Kong Research
Grant Council (RGC) grants including GRF (17143716),
Collaborative Research Funds (C7065-18GF and C7026-18GF),
Theme-based Research Scheme (T12-704/16-R), National Key
Sci-Tech Special Project of Infectious Diseases (2013ZX10002-
011-005), and The Shenzhen Peacock team project
(KQTD2015033117210153 and KQTD2018041118502879),
X-YG is the Sophie YM Chan Professor in Cancer Research.
REFERENCES
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.

Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin
(2021). doi: 10.3322/caac.21660

2. Chen YP, Chan ATC, Le QT, Blanchard P, Sun Y, Ma J. Nasopharyngeal
Carcinoma. Lancet (2019) 394(10192):64–80. doi: 10.1016/S0140-6736(19)
30956-0

3. Chan AT, Teo PM, Johnson PJ. Nasopharyngeal Carcinoma. Ann Oncol
(2002) 13(7):1007–15. doi: 10.1093/annonc/mdf179

4. Lun SW, Cheung ST, Cheung PF, To KF, Woo JK, Choy KW, et al.
CD44+ Cancer Stem-Like Cells in EBV-Associated Nasopharyngeal
Carcinoma. PloS One (2012) 7(12):e52426. doi: 10.1371/journal.pone.
0052426

5. Wu A, Luo W, Zhang Q, Yang Z, Zhang G, Li S, et al. Aldehyde
Dehydrogenase 1, A Functional Marker for Identifying Cancer Stem Cells
in Human Nasopharyngeal Carcinoma. Cancer Lett (2013) 330(2):181–9.
doi: 10.1016/j.canlet.2012.11.046

6. Zhuang HW, Mo TT, Hou WJ, Xiong GX, Zhu XL, Fu QL, et al. Biological
Characteristics of CD133(+) Cells in Nasopharyngeal Carcinoma. Oncol Rep
(2013) 30(1):57–63. doi: 10.3892/or.2013.2408
7. Thompson LD. Update on Nasopharyngeal Carcinoma. Head Neck Pathol
(2007) 1(1):81–6. doi: 10.1007/s12105-007-0012-7

8. Nicholls JM, Lee VH, Chan SK, Tsang KC, Choi CW, Kwong DL, et al.
Negative Plasma Epstein-Barr Virus DNANasopharyngeal Carcinoma in an
Endemic Region and Its Influence on Liquid Biopsy Screening Programmes.
Br J Cancer (2019) 121(8):690–8. doi: 10.1038/s41416-019-0575-6

9. Nilsson JS, Sobti A, Swoboda S, Erjefalt JS, Forslund O, Lindstedt M, et al.
Immune Phenotypes of Nasopharyngeal Cancer. Cancers (Basel) (2020) 12
(11):3428. doi: 10.3390/cancers12113428

10. Huang SCM, Tsao SW, Tsang CM. Interplay of Viral Infection, Host Cell
Factors and Tumor Microenvironment in the Pathogenesis of
Nasopharyngeal Carcinoma. Cancers (Basel) (2018) 10(4):106.
doi: 10.3390/cancers10040106

11. Ooft ML, van Ipenburg JA, Sanders ME, Kranendonk M, Hofland I, de Bree
R, et al. Prognostic Role of Tumour-Associated Macrophages and Regulatory
T Cells in EBV-Positive and EBV-Negative Nasopharyngeal Carcinoma.
J Clin Pathol (2018) 71(3):267–74. doi: 10.1136/jclinpath-2017-204664

12. Chen M, Jin F, Ma L. The Detection and Significance of T Cells in
Nasopharyngeal Carcinoma Patients. J Cancer Res Ther (2018) 14
(Supplement):S331–5. doi: 10.4103/0973-1482.235350

13. Morris MA. Cancer-Associated Fibroblasts in Undifferentiated
Nasopharyngeal Carcinoma: A Putative Role for the EBV-Encoded
TABLE 2 | Proposed therapeutic approaches to target tumor-infiltrating cell subtypes in the NPC microenvironment.

Cell subtypes Molecular targets Outcomes Available drugs or approaches

Tregs CTLA4 Reduced T cell suppression Ipilimumab
CD27-CD70 Cusatuzumab
LGALS1 N/A

Exhausted T cells PD1-PDL1 Enhanced T cell cytotoxicity Camrelizumab, Nivolumab, Pembrolizumab
HAVCR2-LGALS9 BGB-A425
LAG3 MK-4280, TSR-033, IMP321

CXCR5+ B cells CXCL13-CXCR5 Enhanced responsiveness to immunotherapy Ex vivo expansion
Double-negative B cells NA Better prognosis Specific depletion/differentiation
DCs LAMP3 Reduced T cell suppression Specific depletion
MDSCs S100A8/S100A9 Reduced chronic inflammation mAbGB3.1
Fibroblasts CD248 Inhibited recruitment of endothelial cells and angiogenesis Targeted therapy
Sep
N/A, not applicable.
tember 2021 | Volume 11 | Article 744889

https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/S0140-6736(19)30956-0
https://doi.org/10.1016/S0140-6736(19)30956-0
https://doi.org/10.1093/annonc/mdf179
https://doi.org/10.1371/journal.pone.0052426
https://doi.org/10.1371/journal.pone.0052426
https://doi.org/10.1016/j.canlet.2012.11.046
https://doi.org/10.3892/or.2013.2408
https://doi.org/10.1007/s12105-007-0012-7
https://doi.org/10.1038/s41416-019-0575-6
https://doi.org/10.3390/cancers12113428
https://doi.org/10.3390/cancers10040106
https://doi.org/10.1136/jclinpath-2017-204664
https://doi.org/10.4103/0973-1482.235350
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Gong et al. The Microenvironment of Nasopharyngeal Carcinoma
Oncoprotein, Lmp1. Pathogens (2019) 9(1):8 . doi : 10.3390/
pathogens9010008

14. Gourzones C, Barjon C, Busson P. Host-Tumor Interactions in
Nasopharyngeal Carcinomas. Semin Cancer Biol (2012) 22(2):127–36.
doi: 10.1016/j.semcancer.2012.01.002

15. Blanchard P, Lee A, Marguet S, Leclercq J, Ng WT, Ma J, et al.
Chemotherapy and Radiotherapy in Nasopharyngeal Carcinoma: An
Update of the MAC-NPC Meta-Analysis. Lancet Oncol (2015) 16(6):645–
55. doi: 10.1016/S1470-2045(15)70126-9

16. Bhattacharyya T, Babu G, Kainickal CT. Current Role of Chemotherapy in
Nonmetastatic Nasopharyngeal Cancer. J Oncol (2018) 2018:3725837.
doi: 10.1155/2018/3725837

17. Lin JC, Wang WY, Chen KY, Wei YH, Liang WM, Jan JS, et al.
Quantification of Plasma Epstein-Barr Virus DNA in Patients With
Advanced Nasopharyngeal Carcinoma. N Engl J Med (2004) 350
(24):2461–70. doi: 10.1056/NEJMoa032260

18. Hsu C, Lee SH, Ejadi S, Even C, Cohen RB, Le Tourneau C, et al. Safety and
Antitumor Activity of Pembrolizumab in Patients With Programmed
Death-Ligand 1-Positive Nasopharyngeal Carcinoma: Results of the
KEYNOTE-028 Study. J Clin Oncol (2017) 35(36):4050–6. doi: 10.1200/
JCO.2017.73.3675

19. Lv JW, Li JY, Luo LN, Wang ZX, Chen YP. Comparative Safety and Efficacy
of Anti-PD-1 Monotherapy, Chemotherapy Alone, and Their Combination
Therapy in Advanced Nasopharyngeal Carcinoma: Findings From Recent
Advances in Landmark Trials. J Immunother Cancer (2019) 7(1):159.
doi: 10.1186/s40425-019-0636-7

20. Masterson L, Howard J, Gonzalez-Cruz J, Jackson C, Barnett C, Overton L, et al.
Immune Checkpoint Inhibitors in Advanced Nasopharyngeal Carcinoma:
Beyond an Era of Chemoradiation? Int J Cancer (2020) 146(8):2305–14.
doi: 10.1002/ijc.32869

21. Mints M, Tirosh I. Nasopharyngeal Carcinoma Joins the Single-Cell Party.
Cancer Commun (Lond) (2020) 40(9):453–5. doi: 10.1002/cac2.12091

22. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the Tumor Immune Microenvironment (TIME) for Effective
Therapy. Nat Med (2018) 24(5):541–50. doi: 10.1038/s41591-018-0014-x

23. Gong L, Kwong DL, Dai W, Wu P, Li S, Yan Q, et al. Comprehensive Single-
Cell Sequencing Reveals the Stromal Dynamics and Tumor-Specific
Characteristics in the Microenvironment of Nasopharyngeal Carcinoma.
Nat Commun (2021) 12(1):1540. doi: 10.1038/s41467-021-21795-z

24. Chen YP, Yin JH, Li WF, Li HJ, Chen DP, Zhang CJ, et al. Single-Cell
Transcriptomics Reveals Regulators Underlying Immune Cell Diversity and
Immune Subtypes Associated With Prognosis in Nasopharyngeal
Carcinoma. Cell Res (2020) 30(11):1024–42. doi: 10.1038/s41422-020-
0374-x

25. Chan JK. Virus-Associated Neoplasms of the Nasopharynx and Sinonasal
Tract: Diagnostic Problems.Mod Pathol (2017) 30(s1):S68–83. doi: 10.1038/
modpathol.2016.189

26. Yeung WM, Zong YS, Chiu CT, Chan KH, Sham JS, Choy DT, et al. Epstein-
Barr Virus Carriage by Nasopharyngeal Carcinoma In Situ. Int J Cancer
(1993) 53(5):746–50. doi: 10.1002/ijc.2910530507

27. Tsao SW, Tsang CM, Lo KW. Epstein-Barr Virus Infection and
Nasopharyngeal Carcinoma. Philos Trans R Soc Lond B Biol Sci (2017)
372(1732):20160270. doi: 10.1098/rstb.2016.0270

28. Li J, Zeng XH, Mo HY, Rolen U, Gao YF, Zhang XS, et al. Functional
Inactivation of EBV-Specific T-Lymphocytes in Nasopharyngeal Carcinoma:
Implications for Tumor Immunotherapy. PloS One (2007) 2(11):e1122.
doi: 10.1371/journal.pone.0001122

29. Wang Y, SwieckiM, Cella M, Alber G, Schreiber RD, Gilfillan S, et al. Timing and
Magnitude of Type I Interferon Responses by Distinct Sensors Impact CD8 TCell
Exhaustion and Chronic Viral Infection. Cell Host Microbe (2012) 11(6):631–42.
doi: 10.1016/j.chom.2012.05.003

30. Bhat P, Leggatt G, Waterhouse N, Frazer IH. Interferon-Gamma Derived
From Cytotoxic Lymphocytes Directly Enhances Their Motility and
Cytotoxicity. Cell Death Dis (2017) 8(6):e2836. doi: 10.1038/cddis.2017.67

31. Fang W, Zhang J, Hong S, Zhan J, Chen N, Qin T, et al. EBV-Driven LMP1
and IFN-Gamma Up-Regulate PD-L1 in Nasopharyngeal Carcinoma:
Implications for Oncotargeted Therapy. Oncotarget (2014) 5(23):12189–
202. doi: 10.18632/oncotarget.2608
Frontiers in Oncology | www.frontiersin.org 12
32. Tsao SW, Tramoutanis G, Dawson CW, Lo AK, Huang DP. The Significance
of LMP1 Expression in Nasopharyngeal Carcinoma. Semin Cancer Biol
(2002) 12(6):473–87. doi: 10.1016/s1044579x02000901

33. Hau PM, Lung HL, Wu M, Tsang CM, Wong KL, Mak NK, et al. Targeting
Epstein-Barr Virus in Nasopharyngeal Carcinoma. Front Oncol (2020)
10:600. doi: 10.3389/fonc.2020.00600

34. Huo S, Luo Y, Deng R, Liu X, Wang J, Wang L, et al. EBV-EBNA1
Constructs an Immunosuppressive Microenvironment for Nasopharyngeal
Carcinoma by Promoting the Chemoattraction of Treg Cells. J Immunother
Cancer (2020) 8(2):e001588. doi: 10.1136/jitc-2020-001588

35. Cai TT, Ye SB, Liu YN, He J, Chen QY, Mai HQ, et al. LMP1-Mediated
Glycolysis Induces Myeloid-Derived Suppressor Cell Expansion in
Nasopharyngeal Carcinoma. PloS Pathog (2017) 13(7):e1006503.
doi: 10.1371/journal.ppat.1006503

36. Kang MS, Kieff E. Epstein-Barr Virus Latent Genes. Exp Mol Med (2015) 47:
e131. doi: 10.1038/emm.2014.84

37. Wang J, Huang H, Lu J, Bi P, Wang F, Liu X, et al. Tumor Cells Induced-M2
Macrophage Favors Accumulation of Treg in Nasopharyngeal Carcinoma.
Int J Clin Exp Pathol (2017) 10(8):8389–401.

38. TeichmannM, Meyer B, Beck A, Niedobitek G. Expression of the Interferon-
Inducible Chemokine IP-10 (CXCL10), A Chemokine With Proposed Anti-
Neoplastic Functions, in Hodgkin Lymphoma and Nasopharyngeal
Carcinoma. J Pathol (2005) 206(1):68–75. doi: 10.1002/path.1745

39. Wu SG, Lian CL, Wang J, Zhang WW, Sun JY, Lin Q, et al. The Effect of
Histological Subtypes on Survival Outcome in Nasopharyngeal Carcinoma
After Extensive Follow Up. Ann Transl Med (2019) 7(23):768. doi: 10.21037/
atm.2019.11.75

40. Cheung F, Chan O, Ng WT, Chan L, Lee A, Pang SW. The Prognostic Value
of Histological Typing in Nasopharyngeal Carcinoma. Oral Oncol (2012) 48
(2):429–33. doi: 10.1016/j.oraloncology.2011.11.017

41. Hopkins R, Xiang W, Marlier D, Au VB, Ching Q, Wu LX, et al. Monocytic
Myeloid-Derived Suppressor Cells Underpin Resistance to Adoptive T Cell
Therapy in Nasopharyngeal Carcinoma. Mol Ther (2021) 29(2):734–43.
doi: 10.1016/j.ymthe.2020.09.040

42. Wang HC, Chan LP, Cho SF. Targeting the Immune Microenvironment in
the Treatment of Head and Neck Squamous Cell Carcinoma. Front Oncol
(2019) 9:1084. doi: 10.3389/fonc.2019.01084

43. Ngan HL, Wang L, Lo KW, Lui VWY. Genomic Landscapes of EBV-
Associated Nasopharyngeal Carcinoma vs. HPV-Associated Head and Neck
Cancer. Cancers (Basel) (2018) 10(7):210. doi: 10.3390/cancers10070210

44. Ruffin AT, Cillo AR, Tabib T, Liu A, Onkar S, Kunning SR, et al. B Cell
Signatures and Tertiary Lymphoid Structures Contribute to Outcome in
Head and Neck Squamous Cell Carcinoma. Nat Commun (2021) 12(1):3349.
doi: 10.1038/s41467-021-23355-x

45. Pinatti LM, Walline HM, Carey TE. Human Papillomavirus Genome
Integration and Head and Neck Cancer. J Dent Res (2018) 97(6):691–700.
doi: 10.1177/0022034517744213

46. Kim SS, Shen S, Miyauchi S, Sanders PD, Franiak-Pietryga I, Mell L, et al. B
Cells Improve Overall Survival in HPV-Associated Squamous Cell
Carcinomas and Are Activated by Radiation and PD-1 Blockade. Clin
Cancer Res (2020) 26(13):3345–59. doi: 10.1158/1078-0432.CCR-19-3211

47. Kok VC. Current Understanding of the Mechanisms Underlying Immune
Evasion From PD-1/PD-L1 Immune Checkpoint Blockade in Head and
Neck Cancer. Front Oncol (2020) 10:268. doi: 10.3389/fonc.2020.00268

48. Qiao XW, Jiang J, Pang X, Huang MC, Tang YJ, Liang XH, et al. The
Evolving Landscape of PD-1/PD-L1 Pathway in Head and Neck Cancer.
Front Immunol (2020) 11:1721. doi: 10.3389/fimmu.2020.01721

49. Ribas A, Wolchok JD. Cancer Immunotherapy Using Checkpoint Blockade.
Science (2018) 359(6382):1350–5. doi: 10.1126/science.aar4060

50. Jin S, Li R, Chen MY, Yu C, Tang LQ, Liu YM, et al. Single-Cell
Transcriptomic Analysis Defines the Interplay Between Tumor Cells, Viral
Infection, and the Microenvironment in Nasopharyngeal Carcinoma. Cell
Res (2020) 30(11):950–65. doi: 10.1038/s41422-020-00402-8

51. Das M, Zhu C, Kuchroo VK. Tim-3 and Its Role in Regulating Anti-Tumor
Immunity. Immunol Rev (2017) 276(1):97–111. doi: 10.1111/imr.12520

52. Ma BBY, Lim WT, Goh BC, Hui EP, Lo KW, Pettinger A, et al. Antitumor
Activity of Nivolumab in Recurrent and Metastatic Nasopharyngeal
Carcinoma: An International, Multicenter Study of the Mayo Clinic Phase
September 2021 | Volume 11 | Article 744889

https://doi.org/10.3390/pathogens9010008
https://doi.org/10.3390/pathogens9010008
https://doi.org/10.1016/j.semcancer.2012.01.002
https://doi.org/10.1016/S1470-2045(15)70126-9
https://doi.org/10.1155/2018/3725837
https://doi.org/10.1056/NEJMoa032260
https://doi.org/10.1200/JCO.2017.73.3675
https://doi.org/10.1200/JCO.2017.73.3675
https://doi.org/10.1186/s40425-019-0636-7
https://doi.org/10.1002/ijc.32869
https://doi.org/10.1002/cac2.12091
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1038/s41467-021-21795-z
https://doi.org/10.1038/s41422-020-0374-x
https://doi.org/10.1038/s41422-020-0374-x
https://doi.org/10.1038/modpathol.2016.189
https://doi.org/10.1038/modpathol.2016.189
https://doi.org/10.1002/ijc.2910530507
https://doi.org/10.1098/rstb.2016.0270
https://doi.org/10.1371/journal.pone.0001122
https://doi.org/10.1016/j.chom.2012.05.003
https://doi.org/10.1038/cddis.2017.67
https://doi.org/10.18632/oncotarget.2608
https://doi.org/10.1016/s1044579x02000901
https://doi.org/10.3389/fonc.2020.00600
https://doi.org/10.1136/jitc-2020-001588
https://doi.org/10.1371/journal.ppat.1006503
https://doi.org/10.1038/emm.2014.84
https://doi.org/10.1002/path.1745
https://doi.org/10.21037/atm.2019.11.75
https://doi.org/10.21037/atm.2019.11.75
https://doi.org/10.1016/j.oraloncology.2011.11.017
https://doi.org/10.1016/j.ymthe.2020.09.040
https://doi.org/10.3389/fonc.2019.01084
https://doi.org/10.3390/cancers10070210
https://doi.org/10.1038/s41467-021-23355-x
https://doi.org/10.1177/0022034517744213
https://doi.org/10.1158/1078-0432.CCR-19-3211
https://doi.org/10.3389/fonc.2020.00268
https://doi.org/10.3389/fimmu.2020.01721
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1038/s41422-020-00402-8
https://doi.org/10.1111/imr.12520
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Gong et al. The Microenvironment of Nasopharyngeal Carcinoma
2 Consortium (NCI-9742). J Clin Oncol (2018) 36(14):1412–8. doi: 10.1200/
JCO.2017.77.0388

53. Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP, et al.
Pembrolizumab for the Treatment of Non-Small-Cell Lung Cancer. N Engl J
Med (2015) 372(21):2018–28. doi: 10.1056/NEJMoa1501824

54. Fuchs CS, Doi T, Jang RW, Muro K, Satoh T, Machado M, et al. Safety and
Efficacy of Pembrolizumab Monotherapy in Patients With Previously
Treated Advanced Gastric and Gastroesophageal Junction Cancer: Phase 2
Clinical KEYNOTE-059 Trial. JAMA Oncol (2018) 4(5):e180013.
doi: 10.1001/jamaoncol.2018.0013

55. Finn RS, Ryoo BY, Merle P, Kudo M, Bouattour M, Lim HY, et al.
Pembrolizumab As Second-Line Therapy in Patients With Advanced
Hepatocellular Carcinoma in KEYNOTE-240: A Randomized, Double-
Blind, Phase III Trial. J Clin Oncol (2020) 38(3):193–202. doi: 10.1200/
JCO.19.01307

56. Liu Y, He S, Wang XL, Peng W, Chen QY, Chi DM, et al. Tumour
Heterogeneity and Intercellular Networks of Nasopharyngeal Carcinoma
at Single Cell Resolution. Nat Commun (2021) 12(1):741. doi: 10.1038/
s41467-021-21043-4

57. Desai J, Meniawy T, Beagle B, Li Z, Mu S, Denlinger CS, et al. Bgb-A425, An
Investigational Anti-TIM-3 Monoclonal Antibody, in Combination With
Tislelizumab, An Anti-PD-1 Monoclonal Antibody, in Patients With
Advanced Solid Tumors: A Phase I/II Trial in Progress. J Clin Oncol
(2020) 38. doi: 10.1200/JCO.2020.38.15_suppl.TPS3146

58. Holderried TAW, de Vos L, Bawden EG, Vogt TJ, Dietrich J, Zarbl R, et al.
Molecular and Immune Correlates of TIM-3 (HAVCR2) and Galectin 9
(LGALS9) mRNA Expression and DNA Methylation in Melanoma. Clin
Epigenet (2019) 11(1):161. doi: 10.1186/s13148-019-0752-8

59. Yang R, Sun L, Li CF, Wang YH, Yao J, Li H, et al. Galectin-9 Interacts With
PD-1 and TIM-3 to Regulate T Cell Death and Is a Target for Cancer
Immunotherapy. Nat Commun (2021) 12(1):832. doi: 10.1038/s41467-021-
21099-2

60. Ghosh S, Sharma G, Travers J, Kumar S, Choi J, Jun HT, et al. TSR-033, a
Novel Therapeutic Antibody Targeting LAG-3, Enhances T-Cell Function
and the Activity of PD-1 Blockade In Vitro and In Vivo. Mol Cancer Ther
(2019) 18(3):632–41. doi: 10.1158/1535-7163.MCT-18-0836

61. Chen R, Manochakian R, James L, Azzouqa AG, Shi H, Zhang Y, et al.
Emerging Therapeutic Agents for Advanced Non-Small Cell Lung Cancer.
J Hematol Oncol (2020) 13(1):58. doi: 10.1186/s13045-020-00881-7

62. Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB,
et al. Improved Survival With Ipilimumab in Patients With Metastatic
Melanoma. N Engl J Med (2010) 363(8):711–23. doi: 10.1056/
NEJMoa1003466

63. Overman MJ, McDermott R, Leach JL, Lonardi S, Lenz HJ, Morse MA, et al.
Nivolumab in Patients With Metastatic DNA Mismatch Repair-Deficient or
Microsatellite Instability-High Colorectal Cancer (CheckMate 142): An
Open-Label, Multicentre, Phase 2 Study. Lancet Oncol (2017) 18(9):1182–
91. doi: 10.1016/S1470-2045(17)30422-9

64. Yau T, Kang YK, Kim TY, El-Khoueiry AB, Santoro A, Sangro B, et al.
Efficacy and Safety of Nivolumab Plus Ipilimumab in Patients With
Advanced Hepatocellular Carcinoma Previously Treated With Sorafenib:
The CheckMate 040 Randomized Clinical Trial. JAMA Oncol (2020) 6(11):
e204564. doi: 10.1001/jamaoncol.2020.4564

65. Wong JSL, Kwok GGW, Tang V, Li BCW, Leung R, Chiu J, et al. Ipilimumab
and Nivolumab/Pembrolizumab in Advanced Hepatocellular Carcinoma
Refractory to Prior Immune Checkpoint Inhibitors. J Immunother Cancer
(2021) 9(2):e001945. doi: 10.1136/jitc-2020-001945

66. Silence K, Dreier T, Moshir M, Ulrichts P, Gabriels SM, Saunders M, et al.
ARGX-110, a Highly Potent Antibody Targeting CD70, Eliminates Tumors
via Both Enhanced ADCC and Immune Checkpoint Blockade.MAbs (2014)
6(2):523–32. doi: 10.4161/mabs.27398

67. Riether C, Pabst T, Hopner S, Bacher U, Hinterbrandner M, Banz Y, et al.
Targeting CD70 With Cusatuzumab Eliminates Acute Myeloid Leukemia
Stem Cells in Patients Treated With Hypomethylating Agents. Nat Med
(2020) 26(9):1459–67. doi: 10.1038/s41591-020-0910-8

68. Agathanggelou A, Niedobitek G, Chen R, Nicholls J, Yin W, Young LS.
Expression of Immune Regulatory Molecules in Epstein-Barr Virus-
Associated Nasopharyngeal Carcinomas With Prominent Lymphoid
Frontiers in Oncology | www.frontiersin.org 13
Stroma. Evidence for a Functional Interaction Between Epithelial Tumor
Cells and Infiltrating Lymphoid Cells. Am J Pathol (1995) 147(4):1152–60.

69. Ghosh S, Kostel Bal S, Edwards ESJ, Pillay B, Jimenez Heredia R, Erol Cipe F,
et al. Extended Clinical and Immunological Phenotype and Transplant
Outcome in CD27 and CD70 Deficiency. Blood (2020) 136(23):2638–55.
doi: 10.1182/blood.2020006738

70. Kruger R, Martin E, Dmytrus J, Feiterna-Sperling C, Meisel C, Unterwalder
N, et al. CD70 Deficiency Associated With Chronic Epstein-Barr Virus
Infection, Recurrent Airway Infections and Severe Gingivitis in a 24-Year-
Old Woman. Front Immunol (2020) 11:1593. doi : 10.3389/
fimmu.2020.01593

71. Mrizak D, Martin N, Barjon C, Jimenez-Pailhes AS, Mustapha R, Niki T,
et al. Effect of Nasopharyngeal Carcinoma-Derived Exosomes on Human
Regulatory T Cells. J Natl Cancer Inst (2015) 107(1):363. doi: 10.1093/jnci/
dju363

72. Tang M, Ou N, Li C, Lu A, Li J, Ma L, et al. Expression and Prognostic
Significance of Macrophage Inflammatory Protein-3 Alpha and Cystatin A
in Nasopharyngeal Carcinoma. BioMed Res Int (2015) 2015:617143.
doi: 10.1155/2015/617143

73. Wdowiak K, Francuz T, Gallego-Colon E, Ruiz-Agamez N, Kubeczko M,
Grochola I, et al. Galectin Targeted Therapy in Oncology: Current
Knowledge and Perspectives. Int J Mol Sci (2018) 19(1):210. doi: 10.3390/
ijms19010210

74. Garin MI, Chu CC, Golshayan D, Cernuda-Morollon E, Wait R, Lechler RI.
Galectin-1: A Key Effector of Regulation Mediated by CD4+CD25+ T Cells.
Blood (2007) 109(5):2058–65. doi: 10.1182/blood-2006-04-016451

75. Nambiar DK, Aguilera T, Cao H, Kwok S, Kong C, Bloomstein J, et al.
Galectin-1-Driven T Cell Exclusion in the Tumor Endothelium Promotes
Immunotherapy Resistance. J Clin Invest (2019) 129(12):5553–67.
doi: 10.1172/JCI129025

76. Li Y, Yang S, Yue H, Yuan D, Li L, Zhao J, et al. Unraveling LGALS1 as a
Potential Immune Checkpoint and a Predictor of the Response to Anti-PD1
Therapy in Clear Cell Renal Carcinoma. Pathol Oncol Res (2020) 26
(3):1451–8. doi: 10.1007/s12253-019-00710-4

77. Bottcher JP, Bonavita E, Chakravarty P, Blees H, Cabeza-Cabrerizo M,
Sammicheli S, et al. NK Cells Stimulate Recruitment of Cdc1 Into the Tumor
Microenvironment Promoting Cancer Immune Control. Cell (2018) 172
(5):1022–37.e14. doi: 10.1016/j.cell.2018.01.004

78. Bi J, Tian Z. NK Cell Exhaustion. Front Immunol (2017) 8:760. doi: 10.3389/
fimmu.2017.00760

79. Sharonov GV, Serebrovskaya EO, Yuzhakova DV, Britanova OV, Chudakov
DM. B Cells, Plasma Cells and Antibody Repertoires in the Tumour
Microenvironment. Nat Rev Immunol (2020) 20(5):294–307. doi: 10.1038/
s41577-019-0257-x

80. Griss J, Bauer W, Wagner C, Simon M, Chen M, Grabmeier-Pfistershammer
K, et al. B Cells Sustain Inflammation and Predict Response to Immune
Checkpoint Blockade in Human Melanoma. Nat Commun (2019) 10
(1):4186. doi: 10.1038/s41467-019-12160-2

81. Helmink BA, Reddy SM, Gao J, Zhang S, Basar R, Thakur R, et al. B Cells and
Tertiary Lymphoid Structures Promote Immunotherapy Response. Nature
(2020) 577(7791):549–55. doi: 10.1038/s41586-019-1922-8

82. Thommen DS, Koelzer VH, Herzig P, Roller A, Trefny M, Dimeloe S, et al. A
Transcriptionally and Functionally Distinct PD-1(+) CD8(+) T Cell Pool
With Predictive Potential in Non-Small-Cell Lung Cancer TreatedWith PD-
1 Blockade. Nat Med (2018) 24(7):994–1004. doi: 10.1038/s41591-
018-0057-z

83. Bernard NJ. Double-Negative B Cells. Nat Rev Rheumatol (2018) 14(12):684.
doi: 10.1038/s41584-018-0113-6

84. Moura RA, Quaresma C, Vieira AR, Goncalves MJ, Polido-Pereira J, Romao
VC, et al. B-Cell Phenotype and IgD-CD27- Memory B Cells Are Affected by
TNF-Inhibitors and Tocilizumab Treatment in Rheumatoid Arthritis. PloS
One (2017) 12(9):e0182927. doi: 10.1371/journal.pone.0182927

85. You X, Zhang R, Shao M, He J, Chen J, Liu J, et al. Double Negative B Cell Is
Associated With Renal Impairment in Systemic Lupus Erythematosus and
Acts as a Marker for Nephritis Remission. Front Med (Lausanne) (2020) 7:85.
doi: 10.3389/fmed.2020.00085

86. Centuori SM, Gomes CJ, Kim SS, Putnam CW, Larsen BT, Garland LL, et al.
Double-Negative (CD27(-)IgD(-)) B Cells Are Expanded in NSCLC and
September 2021 | Volume 11 | Article 744889

https://doi.org/10.1200/JCO.2017.77.0388
https://doi.org/10.1200/JCO.2017.77.0388
https://doi.org/10.1056/NEJMoa1501824
https://doi.org/10.1001/jamaoncol.2018.0013
https://doi.org/10.1200/JCO.19.01307
https://doi.org/10.1200/JCO.19.01307
https://doi.org/10.1038/s41467-021-21043-4
https://doi.org/10.1038/s41467-021-21043-4
https://doi.org/10.1200/JCO.2020.38.15_suppl.TPS3146
https://doi.org/10.1186/s13148-019-0752-8
https://doi.org/10.1038/s41467-021-21099-2
https://doi.org/10.1038/s41467-021-21099-2
https://doi.org/10.1158/1535-7163.MCT-18-0836
https://doi.org/10.1186/s13045-020-00881-7
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1016/S1470-2045(17)30422-9
https://doi.org/10.1001/jamaoncol.2020.4564
https://doi.org/10.1136/jitc-2020-001945
https://doi.org/10.4161/mabs.27398
https://doi.org/10.1038/s41591-020-0910-8
https://doi.org/10.1182/blood.2020006738
https://doi.org/10.3389/fimmu.2020.01593
https://doi.org/10.3389/fimmu.2020.01593
https://doi.org/10.1093/jnci/dju363
https://doi.org/10.1093/jnci/dju363
https://doi.org/10.1155/2015/617143
https://doi.org/10.3390/ijms19010210
https://doi.org/10.3390/ijms19010210
https://doi.org/10.1182/blood-2006-04-016451
https://doi.org/10.1172/JCI129025
https://doi.org/10.1007/s12253-019-00710-4
https://doi.org/10.1016/j.cell.2018.01.004
https://doi.org/10.3389/fimmu.2017.00760
https://doi.org/10.3389/fimmu.2017.00760
https://doi.org/10.1038/s41577-019-0257-x
https://doi.org/10.1038/s41577-019-0257-x
https://doi.org/10.1038/s41467-019-12160-2
https://doi.org/10.1038/s41586-019-1922-8
https://doi.org/10.1038/s41591-018-0057-z
https://doi.org/10.1038/s41591-018-0057-z
https://doi.org/10.1038/s41584-018-0113-6
https://doi.org/10.1371/journal.pone.0182927
https://doi.org/10.3389/fmed.2020.00085
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Gong et al. The Microenvironment of Nasopharyngeal Carcinoma
Inversely Correlate With Affinity-Matured B Cell Populations. J Transl Med
(2018) 16(1):30. doi: 10.1186/s12967-018-1404-z

87. Gu Y, Liu Y, Fu L, Zhai L, Zhu J, Han Y, et al. Tumor-Educated B Cells
Selectively Promote Breast Cancer Lymph Node Metastasis by HSPA4-
Targeting IgG. Nat Med (2019) 25(2):312–22. doi: 10.1038/s41591-018-
0309-y

88. Ruschil C, Gabernet G, Lepennetier G, Heumos S, Kaminski M, Hracsko Z,
et al. Specific Induction of Double Negative B Cells During Protective and
Pathogenic Immune Responses. Front Immunol (2020) 11:606338.
doi: 10.3389/fimmu.2020.606338

89. Garaud S, Buisseret L, Solinas C, Gu-Trantien C, de Wind A, Van den
Eynden G, et al. Tumor Infiltrating B-Cells Signal Functional Humoral
Immune Responses in Breast Cancer. JCI Insight (2019) 5(18):e129641.
doi: 10.1172/jci.insight.129641

90. Lee DSW, Rojas OL, Gommerman JL. B Cell Depletion Therapies in
Autoimmune Disease: Advances and Mechanistic Insights. Nat Rev Drug
Discov (2021) 20(3):179–99. doi: 10.1038/s41573-020-00092-2

91. Hofmann K, Clauder AK, Manz RA. Targeting B Cells and Plasma Cells in
Autoimmune Diseases. Front Immunol (2018) 9:835. doi: 10.3389/
fimmu.2018.00835

92. Benhamron S, Tirosh B. Direct Activation of mTOR in B Lymphocytes
Confers Impairment in B-Cell Maturation Andloss of Marginal Zone B
Cells. Eur J Immunol (2011) 41(8):2390–6. doi: 10.1002/eji.201041336

93. Oluwadara O, Barkhordarian A, Giacomelli L, Brant X, Chiappelli F.
Immune Survei l lance of Nasopharyngeal Carcinoma (NpC).
Bioinformation (2011) 7(5):271–5. doi: 10.6026/97320630007271

94. Silvennoinen O, Nishigaki H, Kitanaka A, Kumagai M, Ito C, Malavasi F,
et al. CD38 Signal Transduction in Human B Cell Precursors. Rapid
Induction of Tyrosine Phosphorylation, Activation of Syk Tyrosine
Kinase, and Phosphorylation of Phospholipase C-Gamma and
Phosphatidylinositol 3-Kinase. J Immunol (1996) 156(1):100–7.

95. Schmid MC, Varner JA. Myeloid Cells in the Tumor Microenvironment:
Modulation of Tumor Angiogenesis and Tumor Inflammation. J Oncol
(2010) 2010:201026. doi: 10.1155/2010/201026

96. Schupp J, Krebs FK, Zimmer N, Trzeciak E, Schuppan D, Tuettenberg A.
Targeting Myeloid Cells in the Tumor Sustaining Microenvironment. Cell
Immunol (2019) 343:103713. doi: 10.1016/j.cellimm.2017.10.013

97. Chen YL. Prognostic Significance of Tumor-Associated Macrophages in
Patients With Nasopharyngeal Carcinoma: A Meta-Analysis. Med
(Baltimore) (2020) 99(39):e21999. doi: 10.1097/MD.0000000000021999

98. Low HB, Png CW, Li C, Wang Y, Wong SB, Zhang Y. Monocyte-Derived
Factors Including PLA2G7 Induced by Macrophage-Nasopharyngeal
Carcinoma Cell Interaction Promote Tumor Cell Invasiveness. Oncotarget
(2016) 7(34):55473–90. doi: 10.18632/oncotarget.10980

99. Riabov V, Gudima A, Wang N, Mickley A, Orekhov A, Kzhyshkowska J.
Role of Tumor Associated Macrophages in Tumor Angiogenesis and
Lymphangiogenesis. Front Physiol (2014) 5:75. doi : 10.3389/
fphys.2014.00075

100. Hong B, Lui VW, Hashiguchi M, Hui EP, Chan AT. Targeting Tumor
Hypoxia in Nasopharyngeal Carcinoma. Head Neck (2013) 35(1):133–45.
doi: 10.1002/hed.21877

101. Nilsson JS, Abolhalaj M, Lundberg K, Lindstedt M, Greiff L. Dendritic Cell
Subpopulations in Nasopharyngeal Cancer. Oncol Lett (2019) 17(2):2557–61.
doi: 10.3892/ol.2018.9835

102. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated Regulation of
Myeloid Cells by Tumours. Nat Rev Immunol (2012) 12(4):253–68.
doi: 10.1038/nri3175

103. Balkwill FR, Capasso M, Hagemann T. The Tumor Microenvironment at a
Glance. J Cell Sci (2012) 125(Pt 23):5591–6. doi: 10.1242/jcs.116392

104. Maier B, Leader AM, Chen ST, Tung N, Chang C, LeBerichel J, et al. A
Conserved Dendritic-Cell Regulatory Program Limits Antitumour
Immunity. Nature (2020) 580(7802):257–62. doi: 10.1038/s41586-020-
2134-y

105. Zhang Q, He Y, Luo N, Patel SJ, Han Y, Gao R, et al. Landscape and
Dynamics of Single Immune Cells in Hepatocellular Carcinoma. Cell (2019)
179(4):829–45.e20. doi: 10.1016/j.cell.2019.10.003

106. Liao X, Chen Y, Liu D, Li F, Li X, Jia W. High Expression of LAMP3 Is a
Novel Biomarker of Poor Prognosis in Patients With Esophageal Squamous
Frontiers in Oncology | www.frontiersin.org 14
Cell Carcinoma. Int J Mol Sci (2015) 16(8):17655–67. doi: 10.3390/
ijms160817655

107. Kim N, Kim HK, Lee K, Hong Y, Cho JH, Choi JW, et al. Single-Cell RNA
Sequencing Demonstrates the Molecular and Cellular Reprogramming of
Metastatic Lung Adenocarcinoma. Nat Commun (2020) 11(1):2285.
doi: 10.1038/s41467-020-16164-1

108. Marvel D, Gabrilovich DI. Myeloid-Derived Suppressor Cells in the Tumor
Microenvironment: Expect the Unexpected. J Clin Invest (2015) 125(9):3356–
64. doi: 10.1172/JCI80005

109. Ostrand-Rosenberg S, Sinha P. Myeloid-Derived Suppressor Cells: Linking
Inflammation and Cancer. J Immunol (2009) 182(8):4499–506. doi: 10.4049/
jimmunol.0802740

110. Foell D, Frosch M, Sorg C, Roth J. Phagocyte-Specific Calcium-Binding S100
Proteins as Clinical Laboratory Markers of Inflammation. Clin Chim Acta
(2004) 344(1-2):37–51. doi: 10.1016/j.cccn.2004.02.023

111. Gebhardt C, Nemeth J, Angel P, Hess J. S100A8 and S100A9 in
Inflammation and Cancer. Biochem Pharmacol (2006) 72(11):1622–31.
doi: 10.1016/j.bcp.2006.05.017

112. HuW,Wang C, Ye L, Chen J, Chen X, Gu L, et al. Correlation of Expressions
of S100A8 and S100A9 and Its Prognostic Potential in Nasopharyngeal
Carcinoma. Trop J Pharm Res (2017) 16(11):2577–83. doi: 10.4314/
tjpr.v16i11.2

113. Sinha P, Okoro C, Foell D, Freeze HH, Ostrand-Rosenberg S, Srikrishna G.
Proinflammatory S100 Proteins Regulate the Accumulation of Myeloid-
Derived Suppressor Cells. J Immunol (2008) 181(7):4666–75. doi: 10.4049/
jimmunol.181.7.4666

114. Cheng P, Corzo CA, Luetteke N, Yu B, Nagaraj S, Bui MM, et al. Inhibition of
Dendritic Cell Differentiation and Accumulation of Myeloid-Derived
Suppressor Cells in Cancer Is Regulated by S100A9 Protein. J Exp Med
(2008) 205(10):2235–49. doi: 10.1084/jem.20080132

115. Yan LL, Huang YJ, Yi X, Yan XM, Cai Y, He Q, et al. Effects of Silencing
S100A8 and S100A9 With Small Interfering RNA on the Migration of CNE1
Nasopharyngeal Carcinoma Cells. Oncol Lett (2015) 9(6):2534–40.
doi: 10.3892/ol.2015.3090

116. Chen J, Yang P, Xiao Y, Zhang Y, Liu J, Xie D, et al. Overexpression of Alpha-
Sma-Positive Fibroblasts (CAFs) in Nasopharyngeal Carcinoma Predicts
Poor Prognosis. J Cancer (2017) 8(18):3897–902. doi: 10.7150/jca.20324

117. Yu Y, Ke L, Lv X, Ling YH, Lu J, Liang H, et al. The Prognostic Significance of
Carcinoma-Associated Fibroblasts and Tumor-Associated Macrophages in
Nasopharyngeal Carcinoma. Cancer Manag Res (2018) 10:1935–46.
doi: 10.2147/CMAR.S167071

118. Kang Y, He W, Ren C, Qiao J, Guo Q, Hu J, et al. Advances in Targeted
Therapy Mainly Based on Signal Pathways for Nasopharyngeal Carcinoma.
Signal Transduct Target Ther (2020) 5(1):245. doi: 10.1038/s41392-020-
00340-2

119. Yang X, Wu Q, Wu F, Zhong Y. Differential Expression of COL4A3 and
Collagen in Upward and Downward Progressing Types of Nasopharyngeal
Carcinoma. Oncol Lett (2021) 21(3):223. doi: 10.3892/ol.2021.12484

120. Li L, Wei JR, Dong J, Lin QG, Tang H, Jia YX, et al. Laminin Gamma2-
Mediating T Cell Exclusion Attenuates Response to Anti-PD-1 Therapy. Sci
Adv (2021) 7(6):eabc8346. doi: 10.1126/sciadv.abc8346

121. Ge S, Mao Y, Yi Y, Xie D, Chen Z, Xiao Z. Comparative Proteomic Analysis
of Secreted Proteins From Nasopharyngeal Carcinoma-Associated Stromal
Fibroblasts and Normal Fibroblasts. Exp Ther Med (2012) 3(5):857–60.
doi: 10.3892/etm.2012.483

122. Wang Y, Lyu Z, Qin Y, Wang X, Sun L, Zhang Y, et al. FOXO1 Promotes
Tumor Progression by Increased M2 Macrophage Infiltration in Esophageal
Squamous Cell Carcinoma. Theranostics (2020) 10(25):11535–48.
doi: 10.7150/thno.45261

123. M’Hamdi H, Baizig NM, ELHadj OE, M'Hamdi N, Attia Z, Gritli S, et al.
Usefulness of IGF-1 Serum Levels as Diagnostic Marker of Nasopharyngeal
Carcinoma. Immunobiology (2016) 221(11):1304–8. doi: 10.1016/
j.imbio.2016.05.008

124. Xu M, Tian GL, Hao CC, Shi M, Zha DJ, Liang K. MicroRNA-29 Targets
FGF2 and Inhibits the Proliferation, Migration and Invasion of
Nasopharyngeal Carcinoma Cells via PI3K/AKT Signaling Pathway. Eur
Rev Med Pharmacol Sc i (2020) 24(13) :7199. doi : 10.26355/
eurrev_202007_21849
September 2021 | Volume 11 | Article 744889

https://doi.org/10.1186/s12967-018-1404-z
https://doi.org/10.1038/s41591-018-0309-y
https://doi.org/10.1038/s41591-018-0309-y
https://doi.org/10.3389/fimmu.2020.606338
https://doi.org/10.1172/jci.insight.129641
https://doi.org/10.1038/s41573-020-00092-2
https://doi.org/10.3389/fimmu.2018.00835
https://doi.org/10.3389/fimmu.2018.00835
https://doi.org/10.1002/eji.201041336
https://doi.org/10.6026/97320630007271
https://doi.org/10.1155/2010/201026
https://doi.org/10.1016/j.cellimm.2017.10.013
https://doi.org/10.1097/MD.0000000000021999
https://doi.org/10.18632/oncotarget.10980
https://doi.org/10.3389/fphys.2014.00075
https://doi.org/10.3389/fphys.2014.00075
https://doi.org/10.1002/hed.21877
https://doi.org/10.3892/ol.2018.9835
https://doi.org/10.1038/nri3175
https://doi.org/10.1242/jcs.116392
https://doi.org/10.1038/s41586-020-2134-y
https://doi.org/10.1038/s41586-020-2134-y
https://doi.org/10.1016/j.cell.2019.10.003
https://doi.org/10.3390/ijms160817655
https://doi.org/10.3390/ijms160817655
https://doi.org/10.1038/s41467-020-16164-1
https://doi.org/10.1172/JCI80005
https://doi.org/10.4049/jimmunol.0802740
https://doi.org/10.4049/jimmunol.0802740
https://doi.org/10.1016/j.cccn.2004.02.023
https://doi.org/10.1016/j.bcp.2006.05.017
https://doi.org/10.4314/tjpr.v16i11.2
https://doi.org/10.4314/tjpr.v16i11.2
https://doi.org/10.4049/jimmunol.181.7.4666
https://doi.org/10.4049/jimmunol.181.7.4666
https://doi.org/10.1084/jem.20080132
https://doi.org/10.3892/ol.2015.3090
https://doi.org/10.7150/jca.20324
https://doi.org/10.2147/CMAR.S167071
https://doi.org/10.1038/s41392-020-00340-2
https://doi.org/10.1038/s41392-020-00340-2
https://doi.org/10.3892/ol.2021.12484
https://doi.org/10.1126/sciadv.abc8346
https://doi.org/10.3892/etm.2012.483
https://doi.org/10.7150/thno.45261
https://doi.org/10.1016/j.imbio.2016.05.008
https://doi.org/10.1016/j.imbio.2016.05.008
https://doi.org/10.26355/eurrev_202007_21849
https://doi.org/10.26355/eurrev_202007_21849
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Gong et al. The Microenvironment of Nasopharyngeal Carcinoma
125. Kraman M, Bambrough PJ, Arnold JN, Roberts EW, Magiera L, Jones JO,
et al. Suppression of Antitumor Immunity by Stromal Cells Expressing
Fibroblast Activation Protein-Alpha. Science (2010) 330(6005):827–30.
doi: 10.1126/science.1195300

126. HuangW, Zhang L, YangM,WuX,Wang X, HuangW, et al. Cancer-Associated
Fibroblasts Promote the Survival of Irradiated Nasopharyngeal Carcinoma Cells
via the NF-kappaB Pathway. J Exp Clin Cancer Res (2021) 40(1):87. doi: 10.1186/
s13046-021-01878-x

127. Teicher BA. CD248: A Therapeutic Target in Cancer and Fibrotic Diseases.
Oncotarget (2019) 10(9):993–1009. doi: 10.18632/oncotarget.26590

128. Petitprez F, de Reynies A, Keung EZ, Chen TW, Sun CM, Calderaro J, et al. B
Cells Are Associated With Survival and Immunotherapy Response in
Sarcoma. Nature (2020) 577(7791):556–60. doi: 10.1038/s41586-019-1906-8

129. Increased B-Cell ICOSL Expression Improves Chemotherapy Response.
Cancer Discov (2020) 10(9):OF8. doi: 10.1158/2159-8290.CD-RW2020-039

130. Andersson A, Bergenstrahle J, Asp M, Bergenstrahle L, Jurek A, Fernandez
Navarro J, et al. Single-Cell and Spatial Transcriptomics Enables
Probabilistic Inference of Cell Type Topography. Commun Biol (2020) 3
(1):565. doi: 10.1038/s42003-020-01247-y

131. LiuWN, Fong SY, TanWWS, Tan SY, LiuM, Cheng JY, et al. Establishment and
Characterization of Humanized Mouse NPC-PDX Model for Testing
Immunotherapy.Cancers (Basel) (2020)12(4):1025.doi: 10.3390/cancers12041025
Frontiers in Oncology | www.frontiersin.org 15
132. Lucky SS, Law M, Lui MH, Mong J, Shi J, Yu S, et al. Patient-Derived
Nasopharyngeal Cancer Organoids for Disease Modeling and Radiation
Dose Optimization. Front Oncol (2021) 11:622244. doi: 10.3389/
fonc.2021.622244

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Gong, Kwong, Dai, Wu, Wang, Lee and Guan. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
September 2021 | Volume 11 | Article 744889

https://doi.org/10.1126/science.1195300
https://doi.org/10.1186/s13046-021-01878-x
https://doi.org/10.1186/s13046-021-01878-x
https://doi.org/10.18632/oncotarget.26590
https://doi.org/10.1038/s41586-019-1906-8
https://doi.org/10.1158/2159-8290.CD-RW2020-039
https://doi.org/10.1038/s42003-020-01247-y
https://doi.org/10.3390/cancers12041025
https://doi.org/10.3389/fonc.2021.622244
https://doi.org/10.3389/fonc.2021.622244
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	The Stromal and Immune Landscape of Nasopharyngeal Carcinoma and Its Implications for Precision Medicine Targeting the Tumor Microenvironment
	Introduction
	The Heterogenous NPC Microenvironment Shaped by Locoregional Lymphoid Infiltration, EBV Infection and Tumor-Mediated Recruitment
	Targeting T Cells and NK Cells to Reinvigorate Tumor-Specific Immunity
	Targeting B Cells to Enhance Response to Immunotherapy
	Targeting Myeloid-Derived Cells to Intervene the Tumor-Stroma Communications
	Targeting Fibroblasts to Manipulate the Tumor-Promoting Extracellular Matrix
	Discussion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


