The American Journal of Pathology, Vol. 191, No. 8, August 2021

&

A S
ELSEVIER

The American Journal of

PATHOLOGY

ajp.amjpathol.org

Tumor Microenvironment in Breast Cancer Theme Issue

REVIEW

The Multifaceted Effects of Breast Cancer on R) Check for updates

Tumor-Draining Lymph Nodes

Samir Jana, Ronald A. Muscarella, Jr, and Dennis Jones

From the Department of Pathology and Laboratory Medicine, Boston University School of Medicine, Boston, Massachusetts

Accepted for publication
May 12, 2021.

Address correspondence to
Dennis Jones, Ph.D., 670 Albany
St. Room 413, Boston, MA
02118. E-mail: djones] @bu.edu.

Breast cancer (BC) accounts for significant morbidity and mortality among women worldwide. About
one in three patients with breast cancer present with lymph node (LN) metastasis and LN status is one
of the most important prognostic predictors in patients with BC. In addition to their prognostic value,
LNs initiate adaptive immunity against BC. Yet, BC cells often avoid immune-mediated destruction in
LNs. This review provides an overview of the ways by which BC cells modulate LN stromal and he-

matopoietic cells to promote metastasis and immune evasion. (Am J Pathol 2021, 191: 1353—1363;
https://doi.org/10.1016/j.ajpath.2021.05.006)

The leading cause of mortality in patients diagnosed with breast
cancer (BC; and other cancers) is metastatic outgrowth.l
Dissemination of cancer cells from the site of tumor origin to
locoregional and distant organs is a multistep process. Cancer
cells that detach from primary tumors may enter blood vessels
or lymphatic vessels. Lymphatic vessel invasion is associated
with shorter disease-free survival and overall survival.” Most
breast cancer cells that enter lymphatic vessels travel to
regional tumor-draining lymph nodes (TDLNS) in the axilla.”
The propensity of BC cells to metastasize to lymph nodes
(LNs) is associated with molecular subtype in addition to other
clinicopathologic variables such as age, sex, primary tumor
size, and histologic grade.

Biopsy of the sentinel TDLN [the first lymph node(s) to
receive lymph drainage from tumors] is commonly per-
formed for BC staging and treatment decisions, and LN
metastasis is generally associated with worse survival than
node-negative patients.” One explanation for poorer sur-
vival, according to the spectrum theory of metastasis, is that
LNs are prognostic, as they are indicative of the metastatic
potential of cancer cells, and that nodal metastases may seed
distant metastases.” Indeed, recent studies support the hy-
pothesis that BC metastasis to distant organs, such as lung
and bone marrow, can be seeded from LN metastases.”

The primary functions of LNs in normal physiology are to
filter and concentrate antigen and to activate T and B cells.

The centralization of antigen and immune cells within LNs
supports the initiation of adaptive immunity, including anti-
tumor immunity. BC cells, by avoiding immune detection
and through production of immunosuppressive factors, limit
the generation of anti-tumor T cells. Insufficient anti-tumor
T cell output from LNs coupled with immune suppression
within tumors likely prevent the eradication of BC cells at
the primary site. As a consequence, BC cells with metastatic
properties colonize LNs (Figure 1) that are permissive for
metastatic outgrowth and further metastasis of BC cells. The
aim of this review is to summarize recent progress on how
breast cancers subvert LN function to enable local and
distant metastasis.

Conditioning Lymph Nodes for Metastasis

Nascent blood vessels in tumors are leaky, resulting in
increased interstitial fluid pressure, leading to dilated

Supported by National Cancer Institute K22CA230315 (D.J.), American
Cancer Society institutional research grant to Boston University (D.J.),
Shamim and Ashraf Dahod Breast Cancer Research Center (D.J.), and
METAvivor Early Career Investigator Award (D.J.).

Disclosures: None declared.

This article is a part of a review series on the role of the tumor micro-
environment in breast cancer pathogenesis.

Copyright © 2021 American Society for Investigative Pathology. Published by Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.ajpath.2021.05.006


mailto:djones1@bu.edu
https://doi.org/10.1016/j.ajpath.2021.05.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2021.05.006&domain=pdf
https://doi.org/10.1016/j.ajpath.2021.05.006
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2021.05.006

Jana et al

lymphatic vessels and increased lymph transport of proteins
and BC cells.” Lymph enters TDLNs through afferent
lymphatic vessels in conjunction with either antigen in
soluble form or antigen-presenting cells. Proteomic profiling
of lymph from afferent lymphatic vessels, leading to
TDLNSs, revealed proteins associated with host immuno-
modulation, angiogenesis, and lymphangiogenesis.'’ In
addition, proteins that support BC migration, invasion, and
metastasis are enriched in afferent lymph of animals with
metastatic breast tumors compared with those with non-
metastatic breast tumors.'” Some proteins identified in
lymph are associated with exosomes, which have been
shown to condition other premetastatic BC niches."’

Lymphatic Metastasis of BC Cells

BC cells undergo biochemical and morphologic changes to
facilitate metastatic spread through lymphatics, most
notably through an epithelial-to-mesenchymal transition.'”
BC cells within lymph aggregate into clusters and express
both epithelial and mesenchymal markers,'” indicative of a
hybrid cellular state associated with stemness. These prop-
erties of cancer cells circulating in lymph may enhance their
ability to form secondary tumors in LNs.

Although the role of primary tumor lymphangiogenesis in
facilitating lymphatic metastasis of BC cells (and other cancer
cell types) has been studied extensively, lymphangiogenesis
may also occur in premetastatic TDLNs. In this case nodal
lymphatic vessels may be sufficient for LN metastasis, inde-
pendent of primary tumor lymphangiogenesis.'* Multiple
studies have revealed that chemokines and chemotactic sig-
nals expressed in LNs can actively direct BC migration to this
organ (Figure 2). The chemokine receptors CXCR4 and CCR7
are both highly expressed on human BC cells.'” Expression of
CXCLI2, the ligand for CXCR4 and CCR7, is highest in
normal human LNs compared with other organs that develop
BC metastases. Blocking the CXCR4/CXCL12 interaction
reduces the incidence of LN metastasis in murine studies.
Lymphatic endothelial cells in TDLNs have been identified as
a source of other chemotactic signals that promote the
migration and entry of BC cells. For instance, IL-6 from
human BC cells up-regulated the expression of chemokine (C-
C motif) ligand (CCL) 5 in lymphatic endothelial cells.'® The
formation of this chemotactic gradient promotes the migration
of CCR5-expressing BC cells from primary tumors to LN,
which is blocked with maraviroc, a CCR35 inhibitor.'® Other
inflammatory stimuli, including IL-1f and tumor necrosis
factor-a, induce the expression of the CCLI chemokine on
lymphatic endothelial cells'” and promote the entry of CCRS-
expressing BC cells into LNs. Disrupting the CCL1-CCR8
axis blocks the entry and formation of LN metastasis.
Lymphatic endothelial cells in TDLNs of patients with BC
have elevated expression of integrin «4f1, which may bind
vascular cell adhesion molecule 1 on BC cells to promote their
entry into TDLNs. "
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Initiation of Lymph Node Metastasis

The highly organized LN consists of three major sections
surrounded by a fibrous capsule: the cortex, paracortex, and
medulla (Figure 1). Afferent lymph enters the subcapsular
sinus (SCS), a double layer of lymphatic endothelial cells
that surrounds the LN cortex. Lymph from the SCS and
cortical sinuses drains into the medulla, where it is emptied
into the efferent lymphatic vessel. BC cells may passively
drain through this route and exit to nearby LNs. However,
some BC cells arriving in the afferent lymph may success-
fully colonize LNs. Sinusoidal macrophages in the SCS and
medulla play a role in protection against metastatic coloni-
zation because a low frequency of sinusoidal macrophages
is associated with the presence of BC metastasis in
TDLNs.'® Furthermore, depletion of sinusoidal macro-
phages with anti—colony stimulation factor 1 receptor
therapy enhances metastatic burden in LNs."” The elevated
expression of proteolytic enzymes in LNs with BC metas-
tases may promote LN progression through the degradation
of extracellular matrix,” allowing BC cells to break through
the SCS and penetrate deeper into the LN.

Modulation of Immune and Stromal Cells in
Lymph Nodes

B cells

Beneath the SCS are B cells and follicular dendritic cells
(DCs) within follicles. Although little is known about follic-
ular DCs in TDLNS, it has been known for several decades
that B cells accumulate in breast TDLNs.>! However, their
role in the immune response to BC remains controversial. B
cells have the capacity to play a critical role in anti-breast
tumor immunity through their ability to present antigen and
produce cytokines that shape T cell activation and differen-
tiation.”” In addition, B cells secrete antibodies that recognize
tumor-associated antigen.23 Yet, the infiltration of B cells into
primary breast tumors has been associated with both positive
and negative clinical outcomes.”* The protumor and anti-
tumor impact of B cells in BC progression may be
explained by subset differences; regulatory B cells predomi-
nately suppress anti-tumor T cells, whereas effector B cells act
to limit cancer progression.

In clinical studies, the number of B cells in sentinel
TDLNSs of patients with BC was found to have prognostic
significance. Increased B cell density was associated with
improved disease-free survival® and thus had a positive role
in controlling cancer.

In murine studies, adoptive transfer of activated B cells
from breast TDLNS indirectly reduces the formation of lung
metastases in tumor-bearing hosts by stimulating anti-tumor
T cell responses.% In addition, antibodies from tumor-
educated B cells are able to lyse BC cells through a
complement-dependent mechanism.”® Moreover, activated
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Cellular changes in lymph nodes associated with breast cancer metastases. A: Graphical representation of a normal lymph node. The subcapsular

sinus (brown) contains macrophages and is lined by lymphatic endothelial cells. The cortex (blue) contains follicles that consist of B cells and follicular
dendritic cells. Fibroblastic reticular cells/conduits are depicted in the cortex and paracortex (green). The paracortex contains T cells, dendritic cells, and high
endothelial venules. Macrophages are depicted in the medulla (purple). B: Enlargement of tumor-involved lymph node is seen with the invasion and growth of
cancer cells. B cells accumulate in tumor-involved lymph nodes (germinal centers are depicted as darker blue), whereas the overall T cell compartment
contracts. Of note, the regulatory T cell population has been shown to expand in tumor-involved lymph nodes. Remodeling of lymph nodes and enhanced
collagen production by fibroblastic reticular cells and recruited cancer-associated fibroblasts have been observed in tumor-involved lymph nodes. High
endothelial venules are remodeled and show an increased lumen diameter and thinner endothelial layer. In tumor-involved lymph nodes, the lymphatic
vasculature is expanded, many dendritic cells are immature, and subsets of functionally impaired natural killer cells and T cells are present. Macrophages,
neutrophils,® and myeloid-derived suppressor cells are recruited to tumor-involved lymph nodes and exhibit a protumor phenotype. Cancer cells can gain

access to lymphatic and blood vasculatures of lymph nodes to further metastasize.

B cells expressing FasL can directly engage its receptor Fas
on BC cells to mediate killing.”’

Compelling evidence suggests that B cells can, in
contrast, exert a protumor effect by suppressing anti-tumor
T cell responses. B cells promote the conversion of CD4 T
cells into regulatory T cells (Tregs)”® ex vivo, and depletion
of B cells decreases the number of Tregs in organs,
including TDLNs.?” Together, these studies suggest that B
cells expand Tregs, which, in turn, limit anti-tumor
immunity.

The expression of granzyme B, a serine protease expressed
by cytotoxic T cells and natural killer (NK) cells, has also been
found in B cells within breast tumors’” and TDLNs.”' IL-21
up-regulates granzyme B in B cells from peripheral blood
mononuclear cells, which limits T cell proliferation by
degrading the T cell receptor ¢-chain, essential for effective
signaling trough the T cell receptor.”” Similarly, B cells iso-
lated from LNs of breast tumor—bearing mice strongly sup-
press the proliferation of CD4 and CD8 T cells.”> This
suppression is more pronounced after enriching regulatory B
cells in tumor-bearing animals with an anti-CD20 antibody.*”
Together, these findings suggest that B cells may directly limit
anti-tumor T cell proliferation.
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Although B cells from TDLNs have been shown to pro-
duce antibodies against BC cell antigen,”" contrasting
roles for such antibodies have been reported. As mentioned
earlier, antibodies can lead to lysis of BC cells.”® Antibodies
from murine nodal B cells directly target BC cells but sur-
prisingly exert protumor effects.”” These tumor-promoting
antibodies activate the heat shock protein family A mem-
ber 4 glycoprotein on BC cells, leading to the up-regulation
of the chemokine receptor CXCR4 in BC cells. In response
to CXCLI2 produced by LN stromal cells, CXCR4" BC
cells migrate to LNs. High levels of tumor and blood heat
shock protein family A member 4 expressions are associated
with increased LN metastasis and poor prognosis of patients
with BC.”

Dendritic Cells

Conventional DCs migrate through lymphatic vessels and
into the LN paracortex (Figure 1), where they, along with
LN-resident DCs, orchestrate adaptive anti-tumor immunity
through the presentation of tumor antigen to T cells. Path-
ologic and cellular analyses have shown an overall decline
in the total number of DCs in sentinel and nonsentinel
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Prometastatic and immune evasion mechanisms in lymph nodes. Inset A: Lymphatic endothelial cells actively recruit breast cancer cells to lymph

nodes through chemokines that interact with chemokine receptors on breast cancer cells. Inset B: Cancer cells arrest dendritic cell maturation to limit the
priming of antigen-specific T cells in tumor-draining lymph nodes. Inset B: Macrophages, regulatory T cells, myeloid-derived suppressor cells, cancer cells, and
B cells (grouped in red boxed area) utilize different mechanisms to likely inhibit (blue symbol) T cell activation and promote T cell and natural killer cell

dysfunction (red arrow points to dysfunctional T cells).

tumor-involved TDLNs.”** Independent of metastasis, the
number of DCs in TDLNSs is a strong predictor of disease-
free survival. Furthermore, nodal metastases impair the
antigen-presenting functions of DCs in LNs by arresting
their maturation.”® Compared with noninvaded sentinel
TDLNs and sentinel TDLNs with micrometastases, fewer
CD208" mature DCs are observed in the paracortex of
sentinel TDLNs with breast macrometastases.”’ Chang
et al’® found fewer aggregates of DCs in tumor-involved
TDLNs compared with healthy control LNs. Within the
aggregates, only 30% of DCs were mature, as determined by
CDS83 expression, compared with 80% of DCs displaying
maturation markers in healthy counterparts.”® Significantly
fewer T cells are associated with immature DCs in tumor-
involved TDLNSs, suggesting that T cell activation may be
impaired. More importantly, DC maturation in TDLNs
correlates with the duration of disease-free survival in pa-
tients with BC.”

Van Pul et al* found fewer activated conventional and
plasmacytoid LN-resident DCs in TDLNs compared with
migratory DCs from the same nodes. The presence of LN
metastases caused a further decline in LN-resident DC
activation markers. Interestingly, DC activation was more
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suppressed in patients with hormone receptor—negative
tumors  compared  with  those  with  hormone
receptor—positive tumors.

T Cells

Naive and central memory lymphocytes enter the LN
paracortex across high endothelial venules (HEVs). The
proximity of DCs and lymphocytes within the paracortex
increases the probability of rare antigen-specific lympho-
cytes (eg, BC-specific T cells) finding their cognate antigen
and becoming activated. Once activated, antigen-specific T
cells exit LNs through the efferent lymphatic vessel and
travel to sites of inflammation, such as primary breast tu-
mors. Presence of CD8 T cells in certain molecular subtypes
of primary breast tumors is associated with a good prog-
nosis,”” likely because of their ability to control tumor
growth and limit metastasis. Wang et al*” found that a small
number of cancer cell mutations and low neoantigen burden
in breast tumors correlated with lymphatic metastasis.
Conversely, the absence of LN metastasis was associated
with a higher mutation burden that corresponded to an
enhanced innate and adaptive immune response across
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different BC subtypes. T cell receptor sequencing revealed
higher frequencies of tumor-specific T cell clones in primary
tumors from patients with breast cancer relative to matched
LNs, providing genetic evidence that T cells migrate from
TDLNS to primary tumors, where they expand. Relative to
noninvolved LNs,4l LNs with metastases showed signifi-
cantly more T cell receptor overlap with T cell clones found
in primary tumors. The presence of tumor antigens derived
from LN metastases may lead to an expansion of tumor-
specific T cell clones in LNs. Alternatively, T cell clones
expanded in the primary tumor may recirculate to LNs.

Overall, there is a significant decline in the number of T
cells in tumor-involved sentinel TDLNs.> However, BC
cell invasion into LNs is associated with an increase in
multiple subsets of Tregs.”” ** The accumulation of Tregs
in sentinel TDLNs is an independent predictor of poor
prognosis in patients with pathologic undetectable micro-
metastases’” and with pathologic confirmation of nodal
metastases.”* Tregs isolated from both primary tumors and
tumor-involved TDLNs maintain their suppressive ability,
whereas conventional T cells from primary tumors lose the
capacity to proliferate.** These data suggest that Tregs,
relative to conventional T cells, may better retain their
functional capacity in the tumor microenvironment.
Although multiple studies point to early T cell activation in
sentinel TDLNs,”** the immune response in LNs shifts
from type 1 helper T cell toward a protumor type 2 helper T
cell cytokine profile in tumor-involved lymph nodes.”™* A
study found that on invasion of cancer cells into LNs, im-
mune checkpoint expression on T cells remained stable or
showed an increase.”” Pathways that regulate tumor pro-
gression, T cell anergy, and tolerance were up-regulated in
CD45" immune cells from node-positive patients compared
with node-negative patients. CD39"CD8™ exhausted T cells
were significantly increased in tumor-involved LNs of pa-
tients with BC compared with noninvaded LNs and pe-
ripheral blood"” and had an impaired production of tumor
necrosis factor-o. and IL-2 cytokines that are important for
proper T cell effector activity."

CD45™ cells in the blood and noninvolved LNs of pa-
tients with tumor-involved LNs showed down-regulation of
immune-related pathways, suggesting that immunomodu-
latory effects on immune cells are systemic.*® The ability of
T cells isolated from tumor-involved LNs to proliferate,
produce cytokines, and exhibit cytotoxicity toward target
cells ex vivo™"” suggests the immunosuppressive tumor
microenvironment in LNs may neutralize anti-tumor
effector T cell function.

NK Cells

NK cells are innate immune cells that possess the cytotoxic
capacity to kill cancer cells. Frazao et al,”® through the use
of flow cytometry, found significant differences in TDLN
NK cells compared with LNs from donors without BC. The
number of nodal NK cells was similar between groups, but
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NK cells in tumor-involved TDLNs expressed higher levels
of the inhibitory natural killer group 2 member A receptor,
which was enhanced as metastatic disease progressed. Cell
degranulation assays showed that NK cell lytic capabilities
against BC cells were potentiated by IL-15. Interestingly,
NK cells from TDLNs exhibited stronger killing capacity
ex vivo than those from donor LNs without BC. Therefore,
immunosuppressive molecules in the TDLN microenviron-
ment may inhibit NK cell cytotoxicity, and therapies tar-
geting natural killer group 2 member A" may enhance NK
cell cytotoxicity toward LN metastases.

Fibroblastic Reticular Cells

Fibroblastic reticular cells (FRCs) are specialized myofi-
broblasts that form a collagen-rich network in LNs.”” Sub-
sets of FRCs exist in each region of the LN to maintain its
structural integrity and to provide molecular signals for
immune cell migration and survival.”’ This complex
network transports antigens from Iymph to DCs in LNs.”"
FRCs also coordinate the travel of lymphocytes and DCs
to and within LNs.”'

Despite their important functions in LN physiology, there
are few reports on FRC involvement in BC LN metastasis.
FRCs were significantly expanded in 4T1 murine BC
TDLNs.”” Through single-cell RNA sequencing, Li et al’”
revealed that the FRCs in mouse mammary tumor virus-
polyoma middle tumor-antigen murine BC TDLNs were
more metabolically active relative to normal LNs. This
metabolic activity may contribute to the development of the
premetastatic niche in TDLNs through lymph node remod-
eling caused by increased lymph flow. In xenograft and
experimental BC models, FRCs were proposed to account
for the increased collagen density in metastatic LNs,”* along
with cancer-associated fibroblasts (CAFs). This finding is
consistent with the elevation of collagen levels in metastatic
LNs of patients with BC.”” FRCs may sequester BC cells in
LNs and as a consequence facilitate the establishment of
nodal tumors™* and further direct the movement of cancer
cells within LNs, as shown in primary breast tumors.”®

Lymph Node Metastases Recruit Additional
Hematopoietic and Stromal Cells to Lymph
Nodes

Macrophages

Macrophages are a major population of tumor-infiltrating
immune cells and key regulators of BC growth and metas-
tasis.”’ High numbers of CD68" tumor-associated macro-
phages (TAMs) in the primary site are predictive of poor
survival in a large cohort of patients with BC.”® A high
density of TAMs is also associated with LN metastasis and
lymphatic vessel invasion.”” TAMs play an important role
in lymphatic metastasis by direct incorporation into the
lymphatic vasculature or by stimulating lymphangiogenesis,
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which provides a route for metastatic dissemination to
LNs.°” In addition, TAMs associate with lymphatic endo-
thelial cells to increase lymphatic vessel permeability and
promote metastasis.’’

Macrophages are also recruited to tumor-involved LNs
and have been used as a diagnostic tool for assessing LN
metastasis. Near-infrared imaging can distinguish tumor-
involved LNs based on the accumulation of CD206™ mac-
rophages.”” On positive axillary LN diagnosis, CD68"
macrophages are increased in noninvolved TDLNs of pa-
tients with BC.%’

Macrophages in tumor-involved TDLNs become skewed
toward a protumor phenotype. Recently, Piao et al®
showed that BC-derived exosomes promote LN metastasis
by increasing the number of CD206" protumor macro-
phages in the cortex of TDLNs. In addition, macrophages
around the subcapsular and medullary sinuses express
indoleamine 2,3-dioxygenase; their presence correlates with
fewer CD8 T cells in LNs, consistent with the role of
indoleamine 2,3-dioxygenase in inhibiting T cell prolifera-
tion.”” In an attempt to enhance their anti-tumor activity,
sinus macrophages were activated with a toll-like receptor
agonist.”® Activated sinus macrophages expressed proin-
flammatory cytokines, which correlated with increased
CD4, CD8, and NK cells in TDLNs” in a BC model.
Although this mechanism of expansion is unclear, sinus
macrophage activation is associated with reduced LN and
lung metastases and improved survival of animals.®®

Myeloid-Derived Suppressor Cells

Heterogeneous myeloid-derived suppressor cells (MDSCs)
contribute to LN metastasis and aid in the inhibition of
adaptive immune responses.’”*® The production of indole-
amine 2,3-dioxygenase by MDSCs in murine primary breast
tumors is associated with an increased incidence of LN
metastasis.”” The MDSC population is increased in tumor-
involved TDLNs of animals and human patients with
BC,”>® and animal studies suggest that CXCR?2 is critical
for MDSC recruitment to LNs.®” BC cells in close proximity
to MDSCs in tumor-involved TDLNs show a mesenchymal-
like appearance.”® Co-culture of BC cells with isolated
CXCR2" MDSCs promotes epithelial-to-mesenchymal
transition and cancer cell proliferation.”® In vivo, co-
injection of CXCR2" MDSCs and BC cells in mice
doubled the rate of LN metastasis and increased the size of
nodal lesions compared to that in mice injected with cancer
cells alone.”

Elevated MDSCs in tumor-involved TDLNs coincided
with an increased number of nodal Tregs,”” impaired acti-
vation of LN-resident DC subsets, and T cells with limited
effector function.” Co-culture of MDSCs with T cells led to
the up-regulation of immune checkpoint markers on CD4
and CDS8 T cells in vitro, which suggests that MDSCs may
directly promote T cell dysfunction.®
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Cancer-Associated Fibroblasts

CAFs constitute a significant population of nonmalignant
cells in primary breast tumors.’’ CAF activation, as assessed
by immunohistochemical staining with smooth muscle actin
and fibroblast activation protein, shows a positive correla-
tion with CD163" protumor TAMs and LN metastasis in
patients with BC.”'

CAFs were found in a majority of tumor-involved LNs
from a cohort of 43 patients with BC.”> Most studies of
CAFs in LN metastases have been limited to immunohis-
tochemical profiling. Histologically, CAFs in primary tu-
mors and matched LN metastases expressed similar
biological markers.”” The transcriptional profiles of CAFs
from the primary tumor and tumor-involved LNs of patients
with BC are also similar.”* RNA sequencing of four CAF
subsets found in both primary tumors and tumor-involved
LNs also shows transcriptional overlap.”> However, only
two of the four CAF subsets identified by Pelon et al”
accumulate in tumor-involved LNs, but play important
roles in metastatic progression. The CAF-S1 subset initiates
epithelial-to-mesenchymal transition and provided migra-
tory signals for BC cells, whereas the CAF-S4 cells are
efficient at matrix remodeling, likely driving invasion of
cancer cells into the LN parenchyma. Interestingly, CAF-S4
enrichment in LNs is prognostic for the development of
distant metastases in patients with BC.

The Lymph Node Vasculature Supports Metastatic
Growth and Dissemination

As indicated by a comparison of primary BC tumors and
tumor-involved LNs, endothelial cell proliferation and
tumor cell proliferation are tightly linked, suggesting that
hypoxia-driven angiogenesis may sustain the growth of LN
metastases.’® In contrast, neither tumor-involved LNs from
animals nor patients with BC show increased blood vessel
density compared with noninvolved LNs.””-”® Murine BC
cells express markers of hypoxia on initial entry of cancer
cells into the SCS.”” BC cells that invade deeper into the LN
parenchyma neither express markers of hypoxia, nor have
elevated levels of pro-angiogenic molecules relative to
noninvolved TDLNs.”” Highly vascularized TDLNs may
provide nutrients and oxygen for cancer cells that invade
LNs. However, more studies are needed to understand and
define the biological cues and mechanisms for the activation
of angiogenesis in lymph nodes.

HEVs are specialized post-capillary venules that facilitate
the trafficking of immune cells into LNs. The presence of
ectopic HEVs in breast tumors is associated with lympho-
cyte infiltration and a favorable prognosis,”” although
tumor-associated blood vessels have traditionally been
studied in the context of aiding tumor growth and hema-
togenous metastasis.’’ In TDLNs of patients with BC, HEV
endothelial cells are proliferative and HEVs exhibit
increased lumen diameter, independent of metastasis.’® A
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recent study found that HEV remodeling by estrogen
receptor—positive, human epidermal growth factor receptor
2" metastatic breast cancer cells was associated with dys-
regulated FRCs in TDLNSs; specifically, the expression of
CCL21 was lost in FRCs around dilated HEVs.”' These
results suggest that HEV and FRC remodeling may disrupt
anti-tumor immunity in lymph nodes.

Imaging studies indicate the mechanism by which
nodal breast metastases can further metastasize to distant
organs.”’” BC cells migrate toward HEVs in TDLNSs, and
their presence within HEVs suggests hematogenous
spread from LNs. Interestingly, a doorway system, by
which BC cells exit primary tumors and LNs, has been
described.®” In this system, direct contact between a BC
cell expressing the actin protein Mena, an angiogenic
perivascular macrophage, and an endothelial cell facili-
tates intravasation of tumor cells into the blood
circulation.

In patients with BC, lymphangiogenesis in tumor-
involved sentinel TDLNs correlates with further metastasis
to nonsentinel LNs.*> A BC xenograft model shows that
lymphatic vessels develop within nodal lesions and that BC
cells invade these intrametastatic lymphatic vessels to gain
access to downstream LNs.** As metastatic lesions progress,
increased pressure is measured in sentinel TDLNs of pa-
tients with BC. Lymph flow is redirected to nonsentinel LNs
when encountering higher pressure in tumor-involved
sentinel TDLNs, and this rerouting may also contribute to
metastasis beyond sentinel TDLNs.*

Breast Cancer Cells in Lymph Nodes and Beyond

It is unclear whether the microenvironment of LNs dictates
the gene expression profile of LN metastases, as studies
undertaken to distinguish primary BCs from matched
tumor-involved LNs based on genetic signatures have
yielded contradictory results. Most of such investigations
have found no significant differences in gene expression
between primary tumors and their matched tumor-involved
LNs.*° Furthermore, the mutational burden of synchronous
tumor-involved LNs is similar to that of primary tumors.®’
However, some studies found a small number of molecu-
lar differences between primary and LN tumors.”>* Of
note, these experiments used bulk tissue to interrogate gene
expression. Because of the cellular heterogeneity of tumors
at the primary site and in LNs, single-cell RNA sequencing
may allow improved resolution of cancer cell gene expres-
sion for comparing primary tumor and synchronous LN
metastases.

A recent report suggests that metabolic plasticity pro-
motes BC cell survival in LNs. Lee et al*’ found that BC
cells adapt to LNs by shifting their metabolism to fatty acid
oxidation. Treatment with etomoxir, a pharmacologic in-
hibitor of fatty acid oxidation, suppresses the growth of BC
cells in LNs.”
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Clonal analysis of murine BC cells shows that multiple
clones are present in tumor-involved TDLNs.””*" BC cells
isolated from TDLNSs are able to metastasize and colonize
distant organs more efficiently than cells from primary tu-
mors, suggesting that aggressive cancer clones are enriched
in LNs.”"

A phylogenetic study of 16 patients with BC suggests that
a quarter of these patients had distant breast cancer cell
metastases that likely originated from axillary LN metasta-
ses.”” Interestingly, prognosis was worse in patients with
distant metastases seeded by LN metastases compared with
those seeded by primary tumors. In another phylogenetic
analysis of patients with BC, five of seven patients with BC
had LN metastases that were phylogenetically closer to at
least one distant metastatic tumor.”> Whole exome
sequencing revealed that LN metastases can evolve based
on copy number alteration.” In this study, multiple cancer
cell clones from LNs were identified in bone marrow me-
tastases.’ In contrast to these studies, Ullah et al°* found no
evidence that LN metastases seeded distant metastases in a
cohort of 20 patients with BC.

The clinical impact of nodal seeding on distant metastases
is difficult to assess. Three randomized clinical trials
(American College of Surgeons Oncology Group-Z0011,
International Breast Cancer Study Group 23-01, and After
Mapping of the Axilla: Radiotherapy Or Surgery)”” °’
show, in patients with BC, that further axillary surgery
beyond the sentinel TDLN does not provide additional
clinical benefit to patients. Thus, potential residual disease
in remaining LNs may be inconsequential to patient sur-
vival. However, patients with BC with positive regional
LNs have higher rates of systemic metastasis compared with
those with node-negative disease.”® Furthermore, patients
with BC with LN micrometastasis (<2 mm) have a reduced
incidence of distant metastasis compared with patients with
macrometastasis.”’ Several studies found that patients with
extracapsular extension, the growth of cancer cells outside
the LN capsule, have poor prognosis'” and thus patients
with macroscopic extranodal disease may benefit from
axillary LN dissection to prevent locoregional recurrence.

Concluding Remarks

LNs are critical for initiating anti-tumor immunity.
Although multiple mechanisms of immune suppression
have been described in premetastatic TDLNS, it is becoming
more appreciated that lymphatic metastasis, promoted by
LNs, induces additional changes within tumor-involved
TDLNSs. BC cells transform LNs into organs that resemble
the microenvironment of primary tumors as the microenvi-
ronment of LN metastatic tumors features highly immuno-
modulatory populations, including myeloid cells, Tregs, and
cancer cells themselves. The anti-tumor functions of im-
mune populations in TDLNs appear further suppressed on
cancer cell invasion. These data lead to a hypothesis that
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LNs are converted from a site of anti-tumor immunity to a
source of systemic immunosuppression and distant metas-
tasis. Although many similarities between the microenvi-
ronment of primary tumors and LN metastases exist,
identifying and targeting molecular signals specific to LN
metastases may improve the clinical outcome of node-
positive patients with BC. Further studies are needed to
investigate the cross talk between LN metastases and im-
mune cells within the LN microenvironment and how each
cell type in the LN tumor microenvironment may contribute
to the metastatic outgrowth in TDLNS.

Because TDLNs remain a critical organ for efficacious
immunotherapy during BC progression, reducing metastatic
growth may preserve the structure and thus function of LNs
to enhance local and systemic host immune responses
against BC.
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