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Abstract
Cancer-mediated immune dysfunction contributes to tumor progression and correlates with patient
outcome. Metastasis to tumor draining lymph nodes (TDLNs) is an important step in breast cancer
progression and is used to predict patient outcome and survival. While lymph nodes are important
immune organs, the role of immune cells in TDLNs has not been thoroughly investigated. We
hypothesized that the host immune response in node negative (NN) patients is more intact and
thereby can resist tumor invasion compared to node positive (NP) patients. As such, lymph node
metastasis requires breakdown of the host immune response in addition to escape of cancer cells
from the tumor. To investigate the immunological differences between NN and NP breast cancer
patients, we purified and profiled immune cells from the three major compartments where cancer
and immune cells interact: tumor, TDLNs, and peripheral blood. Significant down-regulation of
genes associated with immune-related pathways and up-regulation of genes associated with tumor-
promoting pathways was consistently observed in NP patients’ TDLNs compared to NN patients.
Importantly, these signatures were seen even in NP patients’ tumor-free TDLNs, suggesting that
such immune changes are not driven solely by local tumor invasion. Furthermore, similar patterns
were also observed in NP patients’ tumor and blood immune cells, suggesting that immunological
differences between NN and NP patients are systemic. Together, these findings suggest that
alterations in overall immune function may underlie risk for LN metastasis in breast cancer
patients.
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Introduction
Tumor modulation of the host immune response is involved in cancer development,
progression and metastasis, contributing to tumor escape and failure of therapies. The tumor
microenvironment was shown to be polarized towards chronic inflammatory states, leading
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to impaired immune cell killing of tumor cells and tumor escape 1. CD8+ T-cell infiltration
into the tumor is associated with better patient survival 2, while the presence of T-regulatory
cells and macrophages predicted worse relapse-free and overall survival 3. Thus, immune
status of patients is an important factor in determining tumor progression and clinical
outcome.

Immune gene signatures have been observed in whole tumor samples 4, 5. Rarely have
immune cells been purified from heterogeneous tumor tissues and profiled independently. In
addition, while lymph nodes (LN) are important immune organs, where primary immune
responses to antigens are initiated, most studies focus solely on the presence or absence of
tumor cells in tumor-draining lymph nodes (TDLN) 6, 7 and ignore their immune status. For
tumor cells to survive within TDLNs, impairment of the immune response is likely a critical
step in LN invasion and may precede LN metastasis.

Various alterations have been reported in immune cells from TDLNs. We have previously
shown that decreased T-cell and dendritic cell proportions in both tumor-invaded and tumor-
free TDLNs strongly correlated with worse clinical outcome in breast cancer 8. Quantitative
analysis of spatial characteristics of immune cells revealed novel differences in grouping
patterns of T and B cells within LNs from healthy vs. breast cancer patients 9. Studies have
also shown greater numbers of activated immune cells in metastatic LNs compared to
tumor-free LNs 10. In addition, tumor-free LNs were found to be immunologically
competent and potentially a site of tumor specific T-cell activation, as evidenced by the
presence of greater numbers of mature dendritic cells and cytokine-producing cells 11.
Changes in immune cells were also reported in other cancer types. T-regulatory cell
populations were higher in regional LNs compared to control LNs in gastric cancer
patients 12. Reduced numbers of peritumoural CD8+ T-cells were found in metastatic LNs
compared to uninvolved regional nodes in head and neck cancer patients, suggesting a local
down-modulation of cellular immunity 13. In addition, development of prostate cancer LN
metastasis was shown to correlate with decreased immune LN reactivity 14. The
mechanisms by which cancer affects immune populations within TDLNs, especially tumor-
free nodes, remain unclear.

In this study, we profiled purified immune cells from breast cancer patients’ TDLNs, as well
as from their primary tumor and peripheral blood, to reveal differences in immune-related
genes and pathways between node negative (NN) and node positive (NP) patients. We found
significant down-regulation of genes associated with immune-related pathways, and up-
regulation of tumor-promoting pathways in NP patients’ TDLNs, including NP patients’
tumor-free TDLNs. Similar patterns were observed in NP patients’ immune cells from the
primary tumor and peripheral blood, suggesting systemic differences between NP and NN
patients in immune system function. These findings confirm the importance of studying
immune cell function in the setting of breast cancer, and point to patient-specific differences
in immune system function based on LN invasion status.

Materials and Methods
Clinical Samples

A total of 11 primary tumor, 30 lymph nodes and 21 peripheral blood specimens were
obtained from 22 breast cancer patients at Stanford Hospital. Patients’ clinico-pathological
characteristics are shown in Table 1. Written informed consent was obtained from all
patients and the study was approved by Stanford University’s Institutional Review Board.
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Isolation of peripheral blood immune cells
Whole blood was collected in heparin tubes and peripheral blood mononuclear cells
(PBMCs) were separated by Ficoll-Hypaque density gradient centrifugation (GE
Healthcare). Red blood cell (RBC) lysis buffer treatment was used to remove residual RBCs.
A total of 1×106 isolated PBMCs were homogenized in TRIzol (Invitrogen) and stored at
−80°C.

Processing and purification of immune and tumor cells from lymph node and primary
tumor tissue

Fresh sentinel lymph node, non-sentinel lymph node (SLN and NSLN, respectively) and
primary tumor tissues were collected after surgical resection. SLNs were defined by the
surgeon based on lymphoscintigraphy and/or gross blue dye inspection. All other LNs not
identified by the surgeon as SLNs were considered NSLNs. Fine-needle aspirates were used
to collect cells from SLNs. For NSLNs, a small portion of each node was collected and
minced to generate single cell suspensions which were filtered through a 70 micron strainer.
Primary tumor tissue was collected and the presence of tumor cells in the primary tissue was
confirmed by H&E staining from a bisected portion of the received tissue and examined by a
pathologists. For grossly tumor involved LNs and primary tumor tissue, minced specimens
were enzymatically dissociated with 200units/ml Collagenase-III (Worthington Biochemical
Corp.) and 10Kunitz units/ml DNaseI (Sigma) for 30 min-1hr or 1hr–2hr at 37°C,
respectively. The digestion process was stopped by addition of M199 10%FBS (Gibco,
Invitrogen). Single cell suspensions were generated by filtering cells through a 70 micron
strainer followed by a 40 micron strainer (BD Biosciences) followed by RBC lysis buffer
treatment.

Purification of immune cells and tumor cells from lymph nodes and primary tumor tissue
using flow cytometry

Cells were stained with pan-leukocyte marker CD45-PE-Cy7, fibroblast marker CD140β-PE
(both BD Biosciences), epithelial specific antigen ESA-FITC (Biolegend or Biomeda), and a
dead cell exclusion marker ViViD (Invitrogen). ESA+CD45-CD140β-tumor cells or ESA-
CD45+CD140β-immune cells were sorted using FACSAria (BD Bioscience). Up to 1×106
purified cells (>95%) were homogenized in 1mL TRIzol and stored at −80°C.

Whole genome microarray
Total RNA was extracted using the TRIzoL method and amplified using TrueLabeling-
PicoAMPTM kit (QIAGEN), followed by Cy3/Cy5 labeling (GE healthcare). Cy-labeled
patient samples were mixed with the same amount of reverse color Cy-labeled universal
human reference (UHR) cRNA (Stratagene Corp.) and hybridized to Agilent’s Whole
Human Genome Microarray 4×44K. Image files were generated from microarray slides
using Agilent Microarray Scanner G2505B. Microarray data is deposited in GEO, accession
number: GSE41986.

Microarray analysis
Microarray analysis was performed using R (http://www.r-project.org/) and Bioconductor
(http://www.bioconductor.org/). Quantile and LOESS normalization were used to normalize
the raw data. Arrays were calibrated to the same scale and variance-stabilizing
transformation was applied to the data. The generalized log ratio values for each gene were
taken to obtain a relative expression level in samples over the UHR. Probes annotating the
same gene whose expression correlated (correlation coefficient > 0.7) were averaged. Probes
with no EntrezID, gene ontology (GO) term annotation, or among the 70% probes with the
least variance across all microarrays were filtered out. Differentially expressed genes were
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determined using the Mann-Whitney U test. Differentially expressed genes were filtered for
their 1.5 mean fold-change difference between the groups compared. In NN vs. NP patients’
peripheral blood comparison a cutoff of 1.3 was used as a 1.5 cutoff yielded too few genes.

Gene lists were further annotated by association to terms and pathways, using the following
tools. Ingenuity pathway analysis (IPA, Ingenuity® Systems) core analysis was performed
and canonical pathways were regarded to delineate association of genes with known
pathways. Only significant pathways (P-value<0.05) were regarded. DAVID (http://
david.abcc.ncifcrf.gov/) functional annotation tool was used to associate gene lists with
KEGG pathways. All pathways, including non-significant pathways (trends) were regarded,
as KEGG does not yield associated pathways for small gene lists. The hypergeometric test
(bioconductor GO and GOstats packages) was used to find the biological process GO terms
with a larger than expected (over-representation) subset of differentially expressed genes in
their annotation list. Only significant terms (P-value<0.05) with more than two genes
(count>2) were regarded. The gene lists examined using these tools included all significantly
differentiated genes, prior to the 1.5 fold-change cutoff.

The resulting terms and pathways were further categorized into two main categories:
immune-related and other. The immune-related category consisted of terms/pathways
including the word “immune”, an immune related population (eg. “T cell”), cytokines (eg.
“IL2”), or if genes associated with the term/pathway were immune-related. The “other”
category consisted of terms/pathways relating to cell-cycle, DNA-repair, ubiquitin and
tumor promoting processes. Tumor promoting terms/pathways were determined according
to relevant literature. IPA/KEGG pathways considered as tumor promoting are highlighted
and referenced in Supplementary Table 1.

The genes associated with each of the immune-related categorized pathways were
enumerated based on the fold-change differences between the expression values of the NN
and NP patient groups in each tissue, as follows. Given a gene-list associated with an
immune-related pathway that is up-regulated in patient group A (e.g. NN patient’ LNs), the
fold-change between the expression value of each gene in that gene-list versus the mean
expression value of this gene in the group it was compared to (e.g. NP patients’ LNs) was
enumerated for each patient in group A. To emphasize the fold-change differences, each
fold-change value was categorized to the following ranges: 0<fold-change<=1.3 → 1;
1.3<fold-change<=2 → 2; fold-change>2 → 4. The fold-change values for all genes in the
gene-list were averaged per patient. Statistical differences between the fold-change values in
the NN vs. NP groups were computed using Student’s t-test.

Results
Purified immune cells from NP patients’ LNs exhibit lower immune-related signatures
compared to NN patients

Microarray gene expression analysis was performed on purified immune cells from TDLNs,
including tumor-invaded and tumor-free sentinel LNs (SLN) and tumor-free non-SLN
(NSLN), to investigate potential differences in immune cell signatures between NN and NP
breast cancer patients (Table 1). To account for alterations in immune cell signatures due
solely to tumor invasion, data from NN patients’ LNs were compared separately to each NP
patients’ tumor-invaded SLNs, tumor-free SLNs and tumor-free NSLNs (Table 2).

Comparison of NN SLNs with NP tumor-invaded SLNs yielded 103 significantly
differentiated genes (Figure 1A). To further clarify the nature of these genes, they were
associated with terms and pathways using three different tools – Gene Ontology biological
processes (GO), Ingenuity pathway analysis (IPA) and KEGG pathways using DAVID
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functional annotation. Genes up-regulated in NN patients’ SLNs were found to be associated
with pro-inflammatory immune related pathways such as TREM1 signaling. Genes up-
regulated in the NP tumor-invaded SLNs were highly associated with cell-cycle, DNA-
repair pathways and tumor-promoting pathways such as angiopoietin signaling 15, in
addition to B-cell related genes such as AICDA (activation-induced cytidine deaminase,
expressed by germinal center (GC) B-cells) and immunoglobulin genes (Table 3).

Comparison of NN SLNs with NP tumor-free SLNs yielded 116 significantly differentiated
genes (Figure 1B). The genes up-regulated in NN patients were highly associated with
immune cell regulation and signaling pathways such as Antigen presentation in addition to
pro-inflammatory immune cell signaling pathways such as TREM1 and IL-17 signaling. In
contrast, none of the pathways up regulated in NP patients’ tumor-free SLNs were related to
immune cell regulation or signaling, but instead were associated with tumor-promoting
pathways, such as relaxin signaling16 and various metabolic and signaling pathways (Table
3).

Comparison of NN patients’ SLNs with NP patients’ tumor-free NSLNs yielded 219
significantly differentiated genes (Figure 1C). The genes up regulated in the NN SLNs were
highly associated with immune cell regulation/signaling pathways such as antigen
processing and presentation, lymphocyte activation and cytokine-cytokine receptor
interaction. Only a negligible number of genes up regulated in tumor-free NSLNs from NP
patients were related to immune cell signaling (Table 3).

The significantly differentiated genes associated with immune related pathways were used to
enumerate the fold-change differences between NN and NP patients in each LN
compartment examined, as described in the methods section (Figure 2A). The immune
related genes had significantly higher fold-change values in NN patients compared to NP
patients in all LN compartments. These results point to down-regulation of immune-related
pathways in NP patients’ immune cells. Given that immune cells from NP patients were
found to up-regulate genes associated with other, non-immune-related pathways such as cell
cycle, DNA repair and tumor promoting processes, these results suggest a deviation in the
processes in which NP patients’ lymphatic immune cells participate, which may be directly
tumor-derived in tumor-invaded LNs or indirectly in tumor-free LNs.

Differences in immune cell signatures observed between NN and NP patients’ primary
tumor and peripheral blood

Microarray analysis was also performed with purified immune cells and purified tumor cells
from patients’ tumor compartment (Table 1). Comparison of immune cells from NN with
NP patients’ primary tumor yielded 1267 significantly differentiated genes (Supplementary
Figure 2A). Genes up-regulated in both NN and NP patients were associated with immune
cell regulation/signaling pathways such as Defense response and Natural killer cell mediated
cytotoxicity in NN patients and T cell receptor signaling in NP patients. However, genes up-
regulated in NP patients were also associated with cell-cycle, DNA-repair and tumor-
promoting pathways such as IGF-1 17, mTOR 18 and HMGB1 signaling 19, consistent with
the pathways observed in NP patients’ LNs, in addition to ubiquitin related pathways (Table
3). Fold-change values for genes associated with immune related pathways were
significantly higher in NP patients compared to NN patients (P-value = 0.01, Figure 2B).
However, a closer look at these pathways reveals up-regulation of processes such as T cell
anergy and regulation of tolerance. In addition, many B-cell and GC B-cell related pathways
(e.g. B-cell differentiation, isotype switching, immunoglobulin secretion) were up regulated
in NP patients in addition to other tumor-promoting pathways, consistent with our
observations in NP patients’ T+ SLNs.
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Purified tumor cells from patients’ primary tumor were examined. The comparison between
NN and NP patients yielded 71 differentially expressed genes, which separated the NN and
NP patient groups (Supplementary Figure 2B). The genes up-regulated in NP patients were
associated with immune cell regulation and signaling pathways such as Inflammatory
Response and Innate Immune Response in addition to tumor-promoting pathways such as
HIF1a 20 signaling (Table 3). Indeed, fold-change values for immune related genes were
significantly higher in NP patients compared to NN patients (P-value = 6.3*10−4, Figure
2B). However, the scores were computed based on immune-related genes that were up-
regulated in NP patients only. Similar to the purified immune cell signatures from the same
compartment, a close examination of these genes shows that they are mainly involved in
inflammatory processes, consistent with prior observations that neoplastic
microenvironments favor chronic inflammatory states 1.

The tumor and immune cells in the NP patients’ primary tumor compartment were involved
in similar immune-related inflammatory processes and in addition the immune cells were
involved in tumor promoting pathways and additional pathways consistent with our
observations in NP patients’ LNs. These results suggest immune-tumor cell cross talk which
may result in pro-tumor regulation of immune cells in NP patients’ primary tumor
compartment.

Microarray analysis was also performed with purified immune cells from patients’
peripheral blood (Table 1). Comparison of NN with NP patients’ peripheral blood immune
cells yielded 96 significantly differentiated genes (Supplementary Figure 2C). Genes up-
regulated in NN patients were highly associated with immune regulation/signaling pathways
such as Lymphocyte activation and B cell related pathways, consistent with some of our
observations in the LN compartments. Few genes were up regulated in NP patients’
peripheral blood immune cells, none of which were immune cell signaling related
(Supplementary Table 1). Similar to the LN compartments, the fold-change values for
immune-related genes were significantly higher in NN patients compared to NP patients (P-
value = 0.0002, Figure 2B).

Overall, purified immune cell signatures in NN and NP patients’ peripheral blood were
consistent with the signatures observed in the LN compartments, whereas immune cell
signatures from the primary tumor were different than the LN and peripheral blood
compartments.

Profiles of heterogeneous tumor tissue cells could not distinguish between NN and NP
patients

We next examined whether the signatures observed in NN and NP patients could be
observed in gene expression studies of non-purified breast tumor tissues, consisting largely
of tumor cells but also tumor-infiltrating immune cells and microenvironmental cells such as
fibroblasts 1. We examined two large publically available datasets - Van de Vijver et al.4

and Sotiriou et al.5. In an NN vs. NP patient comparison using each of these datasets, none
of the differentially expressed genes had a fold-change larger than 1.5 nor clearly separated
the NN and NP groups (Supplementary Figure 3). Indeed, the fold-change values for
immune-related genes were similar in both datasets (Figure 2C). The NN group in the Van
De Vijver et al. dataset 4 was significantly higher compared to the NP group, however the
actual fold-change values were very similar between the groups, with mean fold-change
values that are very close to 1 in both groups (1.032 and 1.049 in the NN and NP groups,
respectively). Thus, the significant P-value in this case does not indicate biological
significance and results from the low standard deviations in the NN and NP groups (0.05
and 0.04, respectively).
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These results demonstrate that purified tumor and immune cell signatures can better
distinguish between NN and NP patients and reveal cell-type specific mechanisms compared
to heterogeneous non-purified samples from tumor tissue.

Differences between NN and NP patients’ purified immune cell signatures are systemic
To further clarify the relationships between the pathways observed in the primary tumor,
LNs and peripheral blood, we examined gene expression patterns amongst these three
compartments. For this purpose, the significantly up-regulated genes in the NN and NP
patient groups resulting from each NN vs. NP comparisons described above (i.e., LNs,
primary tumor and peripheral blood purified immune cell comparisons) were gathered and
their mean gene expression values in each NN and NP patient groups were evaluated for
each compartment. That is, significantly differentiated genes resulting from a comparison in
a certain compartment (e.g. NN vs. NP in the LNs) were examined in the other
compartments (e.g. NN vs. NP in the peripheral blood and primary tumor) as well. IPA was
used to associate the genes following various expression patterns across the compartments
with corresponding pathways. The genes up-regulated in NP patients’ tumor-invaded and
tumor-free SLNs (vs. NN patients’ SLNs) were combined as similar results were obtained
using either tumor-invaded or tumor-free SLNs only (data not shown).

The first pattern examined was that of similar expression across all three compartments. The
genes following this pattern were selected based on having a mean fold-change smaller than
1.5 across the three compartments. 74 genes up regulated in the NN group matched this
pattern, including immune-related genes associated with B/T cells and antigen presentation.
The 264 genes up regulated in the NP group with this trend were associated with
inflammatory immune response, protein ubiquitination and tumor-promoting signaling
pathways such as HIF1a 20, RhoA 21 and Glucocorticoid Receptor 22. These results are
similar to our observations in the LN compartments, suggesting that some signatures
observed in the LN compartments are also observed systemically (Table 3).

We next examined patterns with differences in gene expression values across the
compartments. Amongst all patterns examined, the patterns representing differences
between the primary tumor compartment and the other compartments – LNs and peripheral
blood – were the most interesting, including the TlowLNhighPBhigh and ThighLNlowPBlow

patterns (T=tumor, LN=lymph nodes, PB=peripheral blood). Additional patterns examined
included ascending and descending gradient patterns across the compartments (e.g.
ThighLNmedPBlow) in addition to all combinations of different expression patterns between
all three compartments (e.g. ThighLNlowPBhigh, TlowLNhighPBlow, etc., Supplementary Table
2). The TlowLNhighPBhigh pattern included genes with a mean fold-change larger than 2
between the primary tumor compartment and the LNs or the peripheral blood compartments,
where the gene expression in the primary tumor compartment was lower compared to the
other compartments. In the NN group 63 genes followed this trend, mainly immune-related
genes in T/B cell signaling and antigen presentation pathways. In the NP group, the 265
genes following this trend associated with cell-cycle and tumor-promoting signaling
pathways such as mTOR 18, HMGB119 and Breast Cancer Regulation by Stathmin1 23

(Table 3).

The opposite pattern, ThighLNlowPBlow pattern, denoting higher gene expression in the
primary tumor compartment (with a mean fold-change larger than 2) compared to the LNs
and peripheral blood compartments, was also examined. The 184 genes up-regulated in NN
patients following this pattern were associated with Natural Killer and Dendritic cell related
pathways as well as tumor-promoting signaling pathways such as HIF1a 20, Eicosanoid
Receptor 24 and Ephrin Receptor 25. In the NP group, the 33 genes following this pattern
associated with tumor-promoting signaling pathways such as IGF-1 17 and ILK 26 (Table 3).
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These results show similarities between the LNs and peripheral blood compartments and
differences between these compartments and the primary tumor compartment in both NN
and NP patients. The pathways associated with the genes following these patterns were
consistent with the pathways observed in the LN comparisons between NN and NP patients,
including up-regulation of immune-related pathways in NN patients, and cell cycle and
tumor-promoting pathways in NP patients. In the primary tumor compartment both NN and
NP patients’ signatures associated with tumor-promoting pathways, however NP patients’
signatures was also associated with tumor promoting pathways. Overall, the expression
pattern analysis across the tumor, LNs and peripheral blood compartments suggests that the
differences in purified immune cell signatures observed between NN and NP patients are
systemic. NN patients up-regulate diverse immune-related signatures including antigen
presentation while NP patients up-regulated genes are associated with inflammatory immune
pathways, consistent with previous studies 1, and tumor-promoting pathways.

Discussion
The traditional temporal view of cancer metastasis is that once cancer cells acquire the
ability to exit the primary tumor, they invade TDLNs, then distant organs. As such, LN
invasion is inevitable over time. This view ignores the role of the host immune response, and
that LNs are important immune organs that should resist tumor invasion. Recent data show
that tumor cells disseminate early, before tumors become clinically detectable, but
immunosurveillance limits metastatic outgrowth 27. Epidemiological analyses of breast
cancer patients indicated that metastasis might be initiated already 5–7 years before
diagnosis of the primary tumor 28, yet only a subset of patients develop clinically evident
relapse. Under this new view, the host immune response plays an important role in
suppressing micrometastases and determines if patients develop clinically evident metastasis
in LNs or distant organs. In this study, we hypothesized that NN patients’ immune
population within the LNs is more resistant to tumor-mediated immune modulation, and thus
tumor invasion, compared to NP patients. We have found that NP patients’ immune-related
signatures were found to be down-regulated, while other pathways such as cell cycle, DNA
repair, ubiquitin and tumor-promoting signaling were up regulated compared to NN patients.
These differences observed in the purified immune cells are likely present in patients prior
to metastasis, as they were also observed in NN patients’ immune cells from non-invaded
LNs as well as systemically. In addition, these differences were not observed in bulk
heterogeneous tumor samples, illustrating the power of analyzing purified cell populations
rather than heterogeneous tissue samples, and emphasizing the important functional status
that immune cells play in determining LN metastasis.

NP patients’ immune-related signatures were found to be down regulated compared to NN
patients in all LN types examined. These signatures included antigen presentation, leukocyte
activation, cytokine mediated signaling and production and additional immune-related
signaling pathways, thus suggesting that NP patients’ immune cell functions are reduced or
dysfunctional compared to NN patients. Previous studies have reported changes in immune
cell population and/or function in the setting of cancer. Breast cancer cells have been
reported to inhibit antigen processing and presenting function of dendritic cells 29. In
addition, decreased dendritic cell numbers were found in tumor-involved LNs as opposed to
tumor-free LNs 8 and lower abundance of CD38+ activated lymphocytes was observed in
metastatic LNs 14.

In addition to down-regulation of immune-related signatures, NP patients’ immune cells up-
regulated genes associated with tumor promoting pathways such as relaxin, HIF1a and
Angiopoietin signaling as well as several metabolic processes. Studies have shown that
immune cells may be involved in tumor-promoting pathways such as angiogenesis and
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metastasis. Elevated relaxin serum levels positively correlated with breast cancer mestastasis
and relaxin-mediated signaling was shown to enhance the migratory activity of leukocytes
into primary tumors 30. The development of hypoxic regions is an indicator of poor
prognosis in many tumors; HIF1a, the direct effector of hypoxia, was found to be involved
in recruitment of myeloid cells to promote neovascularization in glioblastoma 31. Targeted
deletion of HIF1a in macrophages resulted in reduced breast tumor growth 32. Myeloid cells
were shown to have an important role in regulating angiogenesis in tumors 33. Moreover,
immune cell metabolic changes caused by hypoxia and growth factors were linked to
immune recognition and the nature of the immune response 34, where increased lipid
metabolism in dendritic cells was found to impair presentation of tumor antigens 35 and
inherited defects in purine metabolite degradation was found to be involved with T and B-
cell immune deficiency 36.

A unique immune signature was seen in NP patients’ immune cells from tumor-invaded
SLNs and primary tumor compartments, largely consisting of up-regulated B-cell/GC B-cell
genes. In addition, NP patients’ immune cells showed up-regulation of cell-cycle and DNA-
repair pathways which may also be GC-related, as GC B-cells undergo proliferation and
somatic hypermutation involving DNA repair mechanisms 37. Ectopic GCs were observed in
primary breast tumors, where they were found to produce tumor antigen-specific
antibodies 38. B cells were suggested to be tumor promoting and associated with chronic
inflammation 1, 39. Indeed, ectopic GCs are the hallmark of autoimmune diseases, which are
chronic and inflammatory by nature 40. On the other hand, large numbers of peritumoral B
cells in LN metastases were associated with favorable outcome in head and neck cancer
patients 13. According to our data, it is possible that tumor-invaded TDLN and tumor
infiltrating B cells involved in cell cycle and/or DNA repair pathways may promote tumor
invasion and/or progression in NP patients.

Analysis of gene expression patterns across the three compartments – primary tumor, LNs
and peripheral blood – revealed that the signatures observed in the LNs, i.e. down regulation
of immune-related signatures and up-regulation of tumor-promoting pathways in immune
cells from NP versus NN patients, are also observed systemically. Interestingly, the LN and
peripheral blood compartments emerged as having similar signatures in both NN and NP
patients, where in NP patients these signatures were consistent with up-regulation of cell
cycle and tumor-promoting pathways and down regulation of immune-related pathways.
Thus, patterns observed in the peripheral blood compartment echo the patterns observed in
TDLNs. As false negative diagnosis rates of TDLN biopsies determining tumor positivity
may reach 43% 41, immune cell signatures within TDLNs may be used to add sensitivity and
specificity. Furthermore, similarities in LN and peripheral blood immune signatures suggest
that immune analysis of blood samples may serve as a replacement, or at least adjunct, to
TDLN biopsy.

The genes up regulated in immune cells from the tumor compartment were associated with
tumor-promoting pathways in both NN and NP patients, possibly due to the close proximity
of the tumor-infiltrating immune cells to the primary tumor cells and the tumor-influenced
microenvironment in both patient types. In contrast to the LN and peripheral blood
compartments, NP patients’ purified immune and tumor cells from the primary tumor
showed a significantly higher association with immune-related pathways compared to NN
patients. Examination of the genes involved in these pathways showed that they are mainly
inflammatory-related, thus suggesting tumor-promoting tumor-immune cell cross-talk. NP
patients’ immune cell up regulated genes were also involved with tumor-promoting, cell
cycle and DNA repair pathways, similar to the observations in the LN and peripheral blood
compartments, further suggesting that NP patients’ tumor infiltrating immune cells are more
involved in tumor-promoting processes compared to NN patients. Studies report correlations
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between immune cell infiltration into tumors and prognosis, depending on the infiltrating
immune cell composition and the nature of the immune response. CD8+ T cell infiltration
tends to correlate with good prognosis, whereas macrophage and T-regulatory cell and
infiltration correlate with worse prognosis, suggesting that the identity of the infiltrating
immune cells is crucial in dictating tumor-immune interplay 2,3,42,43. Further studies are
needed to determine the composition of immune cells in NN and NP patients and their
correlation to good and poor prognosis. We note that comparison of immune cell signatures
between different compartments should be treated with caution, as the heterogeneity of
immune cell populations differs between the compartments as well as between different
patients. Nevertheless, the focus of this study was to examine the global state of the immune
system in patient groups with and without LN metastasis rather than differences between
specific immune cell types.

Overall, significant differences were found in purified immune cell gene expression
signatures from TDLNs between NN and NP breast cancer patients. In comparison to NN
patients, NP patients show significant down regulation of immune-related pathways such as
antigen presentation, and up regulation of cell cycle and tumor-promoting pathways. Similar
patterns were also observed systemically in the peripheral blood compartment and to some
extent also in the primary tumor compartment. The immunosurveillence theory states that
cancer cells arise but few develop into clinically evident tumors due at least in part to the
immune status of the individual 1. Tumor dissemination to TDLNs can potentially occur in
all breast cancer patients, as a natural part of tumorigenesis. However, while in some
patients establishment of metastasisin the TDLNs becomes clinically evident (NP patients),
in others they do not (NN patients). Our findings suggest that the key difference lies in NN
patients’ immune responses being more intact and thus capable of responding to and
eradicating tumor metastases in TDLNs, while NP patients’ immune cells are modulated to
other, tumor-promoting processes. Understanding the mechanisms underlying the
differences in immune cell functions between NN and NP patients will lead to the
development of therapeutic strategies to restore and enhance the immune response against
tumors in NP patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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NP node positive

NSLN non-sentinel lymph nodes

PB Peripheral blood

SLN sentinel lymph node

T Primary tumor

TDLN tumor draining lymph nodes
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Novelty

It is increasingly clear that the host immune response plays an important role in
modulating cancer progression. However, rarely are immune cells purified and profiled
independently from tumor samples or tumor draining lymph nodes for detailed analyses
of immune signatures. The novelty of this paper is that it describes the characteristics of
purified immune cells from major compartments where cancer and immune cells interact:
tumor, tumor draining lymph nodes (tumor-invaded or tumor-free), and peripheral blood.

Impact

Purified immune cell signatures enable the identification of differences in genes and
pathways between immune cells from node-negative and node-positive breast cancer
patients otherwise not detected in heterogeneous tumor tissues. These differences, which
are shown to be local and systemic using various bioinformatics methods, suggest that
node-positive patients’ immune-related signatures are down-regulated, and tumor-
promoting signatures are up-regulated compared to node-negative patients. The
differences between these patient groups will help unravel the mechanisms underlying
immune dysfunction in the setting of breast cancer and metastasis.
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Figure 1. Comparison between immune cells from NN and NP patient LNs
Heatmaps depicting significantly differentiated genes with fold-change differences larger
than 1.5 between NN and NP patients’ LNs. All three comparisons show clustering of the
NN and NP patient groups. The NN (green) and NP (red) group clusters are shown on the
top and the gene clusters are shown on the left. Gene expression values are mean-centered.
(A) comparison between immune cells from NN and NP patients’ tumor-invaded SLNs; (B)
comparison between immune cells from NN and NP patients’ tumor-free SLNs; (C)
comparison between immune cells from NN and NP patients’ tumor-free NSLNs.
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Figure 2. Fold-change differences between genes associated with immune-related pathways in
NN and NP patients
Patient specific fold change differences between genes associated with immune-related
pathways resulting from NN vs. NP patient comparison in each of the comparisons
performed. (A) NN vs. NP patients’ purified immune cell genes from tumor-invaded SLNs
(T+SLN), tumor-free SLN (T-SLN) and tumor-free NSLNs (T-NSLN). (B) NN vs. NP
patients’ purified immune and tumor cells from the primary tumor and purified immune
cells from the peripheral blood. (C) NN vs. NP patients’ heterogeneous cell population from
the primary tumor in two publically available datasets – van de Vijver et al. 4 (295 patients:
151 NN, 144 NP) and Sotiriou et al. 5 (99 patients: 46 NN, 53 NP). The numbers above the
comparison represent significant P-values obtained in Student’s t-test. NN = Node negative
patients; NP = Node positive patients. Similar results were obtained using the gene
expression values rather than the fold change differences (Supplementary Figure 1).
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Table 2

Summary of NN vs. NP patients’ immune cell signatures from the primary tumor, lymph node and peripheral
blood comparisons

NN NP 

Primary tumor

Immune Cell cycle

DNA repair

Tumor promoting

Ubiquitination

Immune (B-cell and tolerance related)

Lymph nodes

Immune Cell cycle (T+ SLN)

DNA repair (T+ SLN)

Immune (B-cell related; T+ SLN)

Tumor promoting (T+/− SLN)

Peripheral blood

Immune

Summary of signatures associated with significantly differentiated genes in comparisons between NN vs. NP patients’ purified immune cells from
the primary tumor, lymph nodes and peripheral blood. The left and right hand side columns represent signatures associated with genes up regulated
in NN and NP patients, respectively. T+ SLN = tumor-invaded SLN; T−SLN = tumor-free SLN.
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Table 3

Genes and pathways associated with up-regulated genes in NN vs. NP comparisons

Tissue Cell type NN
Up-regulated

NP
Up-regulated

Lymph node (NP: T+ SLN, NN:
SLN)

Purified immune TREM1 Signaling (NOD2, TLR5) Cell Cycle (RAD51, KIF23, PLK4), DNA
Repair (RFC2, BRIP1);
Angiopoietin Signaling (RASA1, BIRC5);
B cell related (AICDA, IGKC, IGKV1-5,
IGKV3-20)

Lymph node (NP: T-SLN, NN:
SLN)

Purified immune Antigen Presentation (HLA-DQA1,
HLA-DQA2);
TREM1 Signaling (IL8, PLCG2,
TLR7, IL1B, IL6);
IL17 Signaling (IL8, PTGS2, IL6)

Relaxin Signaling (PDE3B, PDE8B,
PDE6D)

Lymph node (NP: T-NSLN, NN:
SLN)

Purified immune Antigen Presentation (HLA-DOA,
HLA-A, HLA-DRB3);
Lymphocyte Activation (HLA-DOA,
IL23A, IL4, PLCG2, TICAM1);
Cytokine-cytokine Receptor
Interaction (IL12RB2, IL4, CCR8,
TNFRSF21, IL23A, IL3RA)

Immune signaling related (IL6ST, CD86)

Primary tumor Purified tumor Innate Immune Response (MIF, IFIH1,
NCF2);
Inflammatory Response (MIF, CCL19,
ACE2, SELE);
HIF1a Signaling (MMP12, MMP19)

Primary tumor Purified immune Defense Response (C4B, C8A,
IFNA21, CXCL3);
NK cell mediated cytotoxicity
(FCER1G, ITGAL, RAC3, IFNA21)

T Cell Receptor Signaling (IL4, BCL10,
TNF, CD8B, NFKB1, IFNG, IL2);
Cell Cycle (CDK7, CDC26);
DNA repair (RAD17, REV3L, RAD23B,
GADD45B);
IGF-1 Signaling (IGF1, FOXO1, IRS2,
SOCS5);
mTOR Signaling (MTOR, NRAS, EIF4A2,
FNBP1);
HMGB1 signaling (HMGB1, TNF,
NFKB1, IFNG);
Ubiquitin related (UBE2A, UBE4A,
UBE3A, UBE2G1)

Peripheral blood Purified immune Lymphocyte Activation (BLNK,
IKZF1, IL7);
B cell related (CD22, HLA-DOB,
POU2AF1)

Systemic analysis (Similar
expression pattern)

Purified immune T cell/B cell/Ag presentation related
(IGHG1, CR1, HLA-DQA2);

Inflammatory response related (IL10RA,
TNF, IL18R1);
Protein Ubiquitination (UCHL3, UBE2A,
UBE2D2);
HIF1a Signaling (SLC2A5, GTF2A1);
RhoA Signaling (ACTR2, CFL2);
Glucocorticoid Receptor Signaling
(GTF2A2, PRKAB2, ANXA1)

Systemic analysis
(TlowLNhighPBhigh pattern)

Purified immune Antigen Presentation (HLA-A, HLA-
DOB);
T/B cell signaling (PCLG2, IFNAR1,
IL7)

Cell Cycle (CDK7, CDC26, CDC23,
TOP2B);
mTOR Signaling (KRAS, EIF3E, PRKD3);
HMGB1 Signaling (HMGB1, KAT2B,
KRAS, FNBP1);
Breast Cancer Regulation by Stathmin1
Signaling (ROCK1 KRAS, PRKD3)

Systemic analysis
(ThighLNlowPBlow pattern)

Purified immune NK/Dendritic Cell Signaling
(IFNA21, TYROBP, ITGAL,
PLA2G6);
HIF1a Signaling (MMP28, EGLN3);
Eicosanoid Receptor Signaling
(PLA2G6, ALOX12B, PTGDS);

IGF-1 Signaling (IGF1,NOV, IRS2);
ILK Signaling (MYC, IRS2)
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Tissue Cell type NN
Up-regulated

NP
Up-regulated

Ephrin Receptor Signaling (EFNB3,
GRIN2D, LIMK2, RAC3)

Examples of pathways associated with up-regulated genes in the various NN vs. NP patients’ comparisons. The full list of pathways and associated
genes is given in Supplementary Table 1 (for the single compartment comparisons) and Supplementary Table 2 (for the systemic comparisons). NN
= node negative patients; NP = node positive patients; SLN = sentinel lymph nodes; NSLN = non-sentinel lymph nodes; T+ = tumor-invaded; T−=
tumor-free; Systemic = analysis across all primary tumor, LN and peripheral blood tissues.
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