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RISK-FACTOR INDUCED CHANGES IN THE BREAST MICROENVIRONMENT FACILITATE 

INFLAMMATORY BREAST CANCER PROGRESSION AND LYMPHOINVASION 

 

Wintana Balema, BA 

 

Advisory Professor: Wendy Woodward, M.D., Ph.D. 

 

Inflammatory breast cancer (IBC) is a rapidly progressing, rare and highly lethal form of breast cancer. 

IBC is a clinical diagnosis, requiring >1/3 involvement on the affected breast and/or skin by erythema, and 

disease onset of < 6 months. The clinical symptoms of IBC vary in severity and presentation, these include 

redness, warmth, skin thickening and bruised or pink/purple discoloration appearance and skin changes 

such as peau d’orange. These skin symptoms are not attributed to inflammation, rather IBC is 

characterized by florid lymphovascular tumor emboli clogging dermal lymphatics. This leads to “classic” 

symptoms of breast swelling and skin edema or discoloration. To date, unique genomic drivers which 

differentiate IBC from non-IBC invasive breast cancers have not been identified highlighting a role for the 

microenvironment. Several epidemiological studies have unveiled subtype-specific risk factors associated 

with IBC that are known to alter the microenvironment. Obesity is an established risk factor for all subtypes 

of IBC. Never-breastfeeding increases risk for developing the most aggressive, triple-negative IBC. 

Further, never breastfeeding is associated with later clinical stage and worse outcomes. We worked to 

model these overlapping risk factors to understand microenvironment changes that may lead to the 

lymphatic change’s indicative of IBC. 

First, we investigated the association of a “classic” triad of clinical IBC signs with overall survival among 

patients to demonstrate the most overt clinical findings of lymphatic involvement were impacting prognosis. 

We evaluated a triad of IBC signs, including swollen involved breast, nipple change, and diffuse skin 

change, using breast medical photographs from patients enrolled on a prospective IBC registry. We 

reported that the ten-year OS was 29.7% among patients with the classic sign triad versus 57.2% for non-

classic (P < .0001). We determined that a triad of classic IBC signs independently predicted OS in patients 

diagnosed with IBC suggesting the clinical outcome of diffuse lymphatic invasion by IBC is prognostic, and 
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potentially that targeting the mechanisms that promote lymphatic function and tumor invasion may improve 

outcomes. 

Our prior work implied the changes in the breast that permit florid lymphatic involvement may even occur 

prior to tumor initiation. Noting a limitation of existing studies of breast cancer risk factors is the 

experimental isolation of risk factors, which fails to model the patient experience. Thus, we modeled 

synergistic effects of IBC risk factors, obesity and weaning timing, on in vivo lymphatic function pre- and 

post-tumor initiation, IBC tumor growth, and the mammary gland microenvironment. We hypothesized that 

weaning status (duration of breast feeding) and high fat diet (HFD) would synergize to induce pro-

lymphatic changes in the microenvironment before tumor initiation and promote IBC tumor growth. We 

found that HFD increased lymphatic contractile activity prior to tumor initiation. This HFD-induced increase 

in lymphatic function correlated to increased SUM149 tumor growth and increased inflammatory cells in 

the mammary gland. Tumors increased lymphatic function to a similar extent. Increased CCL21+ cells, a 

ligand for lymphatic traffic homing, was correlated to pulsing. Thus, the relationship between lymphatic 

pulsing, tumor growth and CCR7-CCL21 related tumor trafficking warrant further investigation.  

CCR7 is an immune cell receptor that mediates immune cell trafficking into lymphatics that can be 

expressed on tumor cells. We examined the expression of CCR7 in IBC and non-IBC cell lines, and IBC 

patient tumors to determine the prevalence of this receptor in IBC tumor cells. We found that CCR7 gene 

expression is increased in IBC versus non-IBC tumors, and was present across tumor subtypes in IBC cell 

lines and in both ER+ and ER- IBC patient tumors. Further, CCR7 was expressed on 23/24 IBC patient 

samples assessed by immunohistochemistry. This highlights the potential direction for developing novel 

therapies targeting CCR7, to improve therapeutic options and outcomes for IBC patients. 
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Chapter 1- Introduction 
 

Inflammatory Breast Cancer 

Overview-  

Inflammatory breast cancer (IBC) is a rare and particularly aggressive variant of breast cancer. The name 

inflammatory breast cancer comes from the common inflamed appearance of the breast at the time of 

diagnosis rather than any distinguishing pathologic inflammatory infiltrate [1]. In fact, AJCC defines IBC, 

staged T4d, as a clinical diagnosis characterized by diffuse erythema and edema involving at least one-

third of the skin of the affected breast. (AJCC) [2].  Significant variation at presentation leads to ambiguity 

and misdiagnosis, yet numerous efforts to define a molecular signature, driver, or diagnostic that 

accurately captures IBC have yet to be successful [3].  Diagnosis-defining characteristics such as the skin 

changes, peau d’orange, and erythema are attributed to diffusely distributed tumor clusters migrating and 

clogging both the breast and dermal lymphatics in the breast [4], [5].  Pathologically, individual IBC tumor 

cells are indistinguishable from similarly aggressive non-IBC tumor cells [6]. This and the absence of clear 

clinical drivers to date leads to the hypothesis that the stroma facilitates IBC progression and drives the 

features of emboli-based growth and spread and lymphatic invasion of the breast and breast skin 

lymphatics [7]. Understanding the predilection for the lymphatics of this disease is key to unraveling the 

mechanisms of progression and metastasis. 

Incidence and Epidemiology  

 

Inflammatory breast cancer is a rare, but highly aggressive subtype of breast cancer that contributes 

significantly to breast cancer related-mortality [8]. IBC accounts for only 2%–4% of all breast cancer cases 

[9]; however, the disease is responsible for 10% of breast cancer-related deaths in the US [10]. A recent 

study examining the Surveillance, Epidemiology, and End Results (SEER) data reported IBC survival from 

1973-2015. The incidence of IBC during this period was 2.76 cases per 100,000 people [11], however the 

reported incidence of IBC has changed over time with the introduction of the AJCC “T4d” staging criteria 

and increased global collaborative staging guidelines. The overall age-adjusted incidence of IBC for white, 

black and other races are 2.63, 4.52 and 1.84 cases per 100,000 people, respectively, (p<0.00001) [11]. 

Thus, black women have a significantly higher incidence of IBC compared to white women.  
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Historically, due to its low incidence, IBC has not been extensively studied in large prospective cohorts. 

The subjectivity in diagnosis makes it difficult to ensure the population being reported is correctly 

diagnosed. There have been comparative IBC clinical studies conducted globally (Table 1). The largest 

study is a retrospective nested case-control analysis from the Breast Cancer Surveillance Consortium 

Database, including 617 IBC cases [12]. This dataset expansively included locally advanced non-IBC 

involving the skin and chest wall (LABC), breast cancer not involving chest wall or skin (BC), and healthy 

controls. High body mass index (BMI) increased IBC risk irrespective of menopausal status and estrogen 

receptor (ER) expression; younger age at first birth was associated with higher risk of ER-negative IBC 

[12]. In a separate single institution case-control study at MD Anderson, including 224 women with IBC 

from a prospectively collected IRB-approved IBC registry, and 396 cancer-free women, identified subtype 

specific-IBC risk factors [13]. Women aged <26 years at the time of their first pregnancy were at a higher 

risk for triple-negative IBC, and a history of breast-feeding was associated with a reduced risk for triple-

negative IBC [13]. BMI ≥25 kg/m2 significantly increased risk for all IBC subtypes [13], [14]. Additionally, a 

history of smoking was associated with a higher risk of luminal IBC. Thus, in two large studies comparing 

IBC cases to healthy controls, the ideal at-risk group, differ by tumor subtype, however BMI and 

reproductive factors (young age of first pregnancy) are common across most subtypes [13], [15].  

A subsequent study conducted from the IRB-approved prospective IBC registry database (2006-2013) at 

MD Anderson Cancer Center, expanded the analysis of IBC patients (N = 248) and identified significant 

differences in risk factors by race [16]. The racial distribution of the IBC patients included white (77.8%), 

Black (9.5%), Hispanic (10.5%) and Asian/Asian Pacific (2.4%) women. While White and Hispanic patients 

were mostly diagnosed at stage III (64% and 73%), African American patients were significantly over-

represented with stage IV diagnosis (48% vs 36%, 25% for Whites and Hispanics, respectively) [16]. 

Despite representing a small proportion of this patient cohort, African American women had the highest 

frequency of the most aggressive subtype, triple-negative IBC (43.5%, compared to Hispanics (34.6%) 

and Whites (22.3%)) [16]. Among black women, shorter periods between menarche and age at first birth, 

in combination with a lack of breastfeeding increased IBC risk [16]. Interestingly, examining reproductive 

factors in IBC cases compared to non-IBC cancer patient controls in Tunisia, Mejri et al found an extended 
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duration of breast feeding (> 12 months), BMI, and oral contraceptive use were associated with IBC, 

however breast-feeding duration was not associated with TN-IBC [17].  In a broader study across North 

Africa, molecular and presentation differences among IBC patients in Tunisia, Egypt, and Morocco 

revealed Egyptian patients having the most classic IBC clinical symptoms [18]. 

Considering the association of risk factors with cancer outcomes, a multivariate Cox proportional hazard 

analysis from the prospective dataset from MDACC [16], women of African American or Hispanic decent, 

lacking a history of breastfeeding were associated with a higher clinical stage (P=0.0019) and TNBC 

subtype (P= 0.0023) at diagnosis, and were associated shorter survival (HR=3.023;95% CI: 3.023,1.504, 

HR=0.232; 95% CI: 0.232,0.091, respectively) [16]. Similarly, in a separate study at MD Anderson, which 

assessed IBC patient outcomes in relation to their breastfeeding status [19], parous women with IBC that 

did not breast feed had worse rates of distant metastasis (P=0.008), relapse-free survival (P=0.006) and 

overall survival (P=0.04) compared to their breastfeeding counterparts resulting in an overall worse 

prognosis [19]. 
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Table 1 Comparative IBC clinical studies conducted globally. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Together these studies emphasize the impact of BMI, and demonstrate variable effect in reproductive 

factors, while commonly identifying aspects of pregnancy timing and lactation in IBC risk. Pregnancy and 

breastfeeding alter the breast microenvironment, potentially providing a conducive microenvironment for 
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the progression and invasive nature of IBC in the breast. The specific mechanisms that may drive this and 

the intersection with obesity remain understudied.  

IBC Prognosis 

 

A comparative study with IBC and non-IBC patients reported the median overall survival (OS) duration is 

4.8 versus 13.4 years for stage III disease, and 2.27 years vs 3.4 years with stage IV tumors, respectively 

[20]. Breast cancer treatment is guided by the expression of three tumor receptors, the estrogen receptor 

(ER), progesterone receptor (PR) and the gene product of HER2-neu, (HER2) [21], [22]. In the general 

population, ER/PR-positive breast cancer represents ~ 75% of all breast cancers, and is particularly 

prevalent among post-menopausal women [23]. Patients considered negative for all three receptors are 

considered to have “triple negative” breast cancers which are associated with worse outcomes due to a 

lack of systemic therapeutic options. The subtypes of a cohort of IBC patients were luminal A (HR+/HER2-

) (34.6%), luminal B (HR+/HER2+) (17.9%), HR-/HER2 + (24.4 %), and triple negative-IBC (20.5 %) [24]. 

Thus, the more aggressive HER2 and triple negative subtypes make up over a third of IBC.  

Studies have estimated 75% of IBC cases exhibit signs of the dermal-lymphatic invasion, characterized 

by tumor emboli invading the dermal lymphatic vessels attributing to rapid lymph node and distant 

metastasis [25], [26]. Lymphovascular space invasion (LVSI) is defined as the presence of viable tumor 

cells in endothelial-lined channels, outside the bulk for the invasive tumor mass [27].  LVSI is classified as 

the beginning of lymphogenous and hematogenous metastases, hallmarked by the invasion of tumor cells 

into lymphatic and/or blood vessels [27]. Clinical studies have reported that lymphovascular invasion 

correlates with lymph node metastases and poor breast cancer prognosis [28], [29]. A recent meta-

analysis based on retrospective data showed that early-stage breast cancer patients that undergo breast-

conserving surgery with LVI experienced worse overall survival, distant metastasis and local recurrence 

compared to patients without LVI [30]. Thus, clinical presentation and overall outcome in IBC patients is 

attributed to the lymphotactic-nature of IBC; as such the mechanisms which drive this phenomenon need 

to be further understood and identified. 
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Diagnostic Ambiguity 

 

Given the diagnosis of IBC is clinical and therefore subjective, diagnostic ambiguity can occur in IBC cases 

that present with borderline features, or overt skin change that is not readily apparent as erythema [15]. 

IBC is an aggressive disease, with urgent demands for early detection and diagnosis. Patients lack the 

presence of a palpable lump on the breast, hindering detection [31]. Ultrasounds are often more reliable 

and effective than mammograms. Ultrasounds provide effective imaging for detection and diagnosis, 

without breast compression or ionizing radiation, unlike mammograms [32], [33]. At MD Anderson, breast 

examinations for IBC encompass three assessments; including skin thickening of the affected breast (skin 

thickness greater than 3mm), detection of breast lesions and regional lymph node involvement [32]. 

The international IBC diagnosis consensus guidelines determined that  minimal diagnostic criteria include 

rapid onset of erythema, edema, peau d'orange, and/ or breast warmth [34], [3]. IBC is characterized with 

rapidly developing skin symptoms, rather than a mass detected by palpation or mammography [3]. Most 

patients with IBC present with axillary lymph node involvement at the time of diagnosis, and 30% present 

with distant metastasis [35]. For some women, skin discoloration from baseline is darkening or purplish 

rather than red/erythema, for others skin edema on the breast could be subtle and observed upon further 

examination [36]. Examining the association between outcome and clinical findings regarding breast 

appearance, we demonstrated that a more classic clinical IBC presentation which is classified by swollen 

involved breast, diffuse skin change (not limited to erythema) and nipple change was associated with later 

disease staging and worse overall survival (chapter 2). Considering the potential relationship between 

LVSI and this classic –appearing IBC, we focused further studies on the drivers of lymphatic vessels and 

function both in the pre-cancer mammary gland and within tumors.  

IBC treatment   

 

IBC treatment of non-metastatic disease begins with neoadjuvant chemotherapy based on tumor markers 

called receptors, that reflect to a certain degree the biologic classification of the tumor and in doing do 

serve as biomarkers for therapy [37], [34]. Breast cancers are highly heterogeneous. Extensive 

comprehensive microarray-based gene expression profiling identified intrinsic molecular subtypes of 
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breast cancers classified as luminal A, luminal B, HER2+, normal-like and basal-like, more recently 

claudin-low [38]. Histopathologically, the genomic subtypes are related to receptor-based characterization 

subgroups: Hormone receptor (HR)-positive (defined as estrogen receptor-positive, and/or progesterone 

receptor-positive), HER2+ (Human Epidermal Growth Factor Receptor 2), and triple negative breast 

cancer (TNBC) [39]. Further studies have identified multiple subtypes within TNBC [39]. All currently 

identified molecular subtypes identified in non-IBC have been identified in IBC , however the proportions 

of these subtypes differ as TNBC is the most common subtype in IBC accounting for up to 30% of the IBC 

cases and HR-positive is the most common in non-IBC accounting for up to 80% of non-IBC cases [40]. 

Triple negative patients receive chemotherapy with pembrolizumab based on the Keynote 522 regimen 

[41], HER2-positive patients receive dual her2 targeted agents with chemotherapy [42] and ER+ patients 

are offered neoadjuvant chemotherapy followed by weekly taxol [43]. After neoadjuvant chemotherapy, a 

modified radical mastectomy is recommended, and pathologic review will quantify the efficacy of 

chemotherapy by reporting the size and density of remaining disease in the breast and number of resected 

lymph nodes with tumor present. No tumor in the breast or nodes is defined as a pathologic complete 

response (PCR). Outcomes after PCR are improved compared to no-PCR but remain lower than PCR in 

non-IBC patients [44], [45]. Post-mastectomy radiation to the chest wall and undissected regional lymph 

nodes is offered after surgery, often tailored to the residual disease and targeting any regional lymph 

nodes that were not resected, such as those in the internal mammary chain or supraclavicular fossa [46], 

[47]. Adjuvant targeted therapy is offered to patients with residual disease based on the receptor status, 

TDM1 (contains trastuzumab) for HER2+ patients, ongoing pembro for TNBC, and CDK 4/6 inhibitors and 

anti-hormonal therapy for ER+ patients. In addition, BRCA mutation carriers may be offered adjuvant 

olaparib [48]. In cases of hormone receptor positive IBC, estrogen blocking hormonal therapy is continued 

for 5-10 years as part of the treatment regimen. Thus, given the poor outcomes expected of this aggressive 

disease IBC patients are treated with maximal tri-modality therapy. 

 

Linking risk factors to biology in IBC; alterations in the microenvironment 
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Considering the risk factors of IBC described above, several identified risk factors are known to alter the 

stroma of the breast and the biology of these changes may provide clues to the pathogenesis of IBC in 

the breast. Studies have not shown unique genomic drivers that can be attributed to this aggressive 

disease even after balancing for subtype differences in IBC [38], [49]. In fact, a 79 gene signature defining 

IBC-like patients is present in ~25~ of patients in the TCGA, clearly a much larger proportion than present 

as IBC patients, and includes genes largely predicted to be present in stroma [49]. This implicates the 

stroma in the progression and characteristics of IBC.  

During pregnancy in preparation for lactation, the breast remodels itself by extensive proliferation of 

mammary epithelium and further differentiation during lactation [50]. Subsequently, during the lactation to 

involution cycle the majority of the epithelium undergoes programmed cell death [51].  

As previously described, IBC epidemiological studies have established that a lack of breastfeeding is 

associated with IBC. During pregnancy, the alveolar epithelium expands and increases in size in response 

to elevated estrogen levels, the ductal cells undergo proliferation and elongation, and adipose tissue 

proliferate. This leads to the stimulation of prolactin, inducing lactation in alveolar cells of lobules in 

response to estrogen [52].  After weaning, forced or natural, involution occurs. Involution is a multistep 

process that occurs to revert the breast to the pre-pregnancy state [50]. Involution occurs in two stages, 

the first termed the reversible stage which spans the initial 48 hours and is characterized by milk stasis, 

and the initiation of epithelial cell death. The second phase is termed the irreversible phase, where the 

expanded breast epithelium undergoes apoptosis, stromal remodeling occurs with immune cell infiltration 

facilitating the remodeling of the breast to its pregnant state  [50], [53], [54].  Further, the regression of 

mammary gland epithelium, and tissue remodeling which include ECM remodeling, increased lymphatic 

vessel density (LVD) and immune filtration [55], [56]. Clinical studies have indicated that new mothers 

diagnosed with breast cancer have a higher metastatic potential, and thus a worse prognosis [57]. The 

process of mammary gland involution which includes the physiologic gland regression, high macrophage 

populations, fibrillar collagen deposition and epithelial apoptotic signaling contributing to a tumor-

promotional mammary microenvironment, utilizing aspects of wound-healing and inflammation programs 

[58].  
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Prior to pregnancy the mammary-epithelium is embedded in a mesenchymal-derived fat pad, during 

pregnancy the epithelium undergoes an extensive proliferation and differentiation in preparation for 

lactation [59].  Following weaning, the mammary gland resorbs the elaborate milk-producing lobuloaveoli 

and returns to its rudimentary pre-pregnant state. The remodeling of the lactating gland requires the 

removal of secretory alveolar cells, extensive remodeling of extracellular matrix molecules, and the gland 

returns to the mesenchymally-dervied adipocytes populations and fibroblasts [58],[60]. The 

microenvironment during involution demonstrates similarities in wound-healing and tumor promoting 

characteristics [61], [62]. In particular, during the process of involution there is an upregulation of collagen 

genes such as collagen I, III and IV. Collagen I is associated with predicting metastasis in solid tumors, 

and collagen III are expressed at elevated levels at sites of active tumor invasion and tumor promotion 

[58]. Our lab hypothesized that if not breast feeding was preventing normal or complete involution in some 

patients to contribute to lymphatics in the pre-IBC breast, involution-related signals would be present in 

the normal tissues of women with IBC. Bambhroliya and colleagues evaluated time point based gene 

signatures from abrupt post-lactational involution in post-natal mice in normal breast and normal breast 

tissue remote from IBC tumor [63]. This demonstrated one of the murine post-lactational gene signatures, 

genes over-expressed at 12 hours that should diminish by 24 hours were enriched in IBC versus non-IBC 

[63]. The top three over-expressed genes in IBC were Involucrin (IVL), Cluster of Differentiation 79B 

(CD79B), and Leptin (LEP). These hypothesis-generating data intriguingly demonstrate gene expression 

related to this temporal biologic process of involution in the normal breast long after pregnancy [63].  

Additionally, during lactation there are significant changes to the adipocytes and stromal remodeling, these 

features are recognized for nutritional and metabolic sources for expanding epithelium and for milk 

production [64],[65]. A pregnancy-associated breast cancer (PABCs) study, identified local and systemic 

factors promoting breast cancer when studying nulliparous glands, pregnant mice with glands isolated 10 

days after vaginal plugs were present, and  involuting and full regression groups, with involuting mammary 

glands removed 3 days or 21 days after pup removal, respectively [66]. Using 4T1-12B carcinoma cells to 

study the effects of the mammary glands at these major stages of post-natal development, they found that 

4T1-12B tumors grew the largest in the involuting mammary glands relative to the nulliparous. In addition, 
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the tumors harvested from the pregnant and lactating mice were 3.5 fold larger than their nulliparous 

counterparts [66]. This suggests that pregnancy and lactation contribute significantly to tumor growth in 

relation to involution. The effects here are two fold, one being the hormonal effects as there are higher 

levels of estrogen and progesterone during pregnancy, and elevated levels of prolactin which is a potent 

mitogen of breast cancer cells which are also influential. Alternatively, mammary adipose stromal cells 

(ASCs) present during lactation were the biggest affecters of breast tumorigenesis and were thus 

considered to increase the aggressiveness of the tumors [66]. Lactating ASCs also expressed elevated 

levels of inflammatory cytokines which promote growth. Additionally, they also established that crabp1, is 

expressed in lactating ASCs which inhibits lipids from undergoing adipogenesis [66]. Most studies 

understandably seek to only examine one variable; however, this is a gap in our understanding of the 

synergy of risk factors in the breast stroma. 

Generally, several characteristics are shared between an involuting mammary gland and the breast tumor 

microenvironment, including expression of tumor-promotional collagen, upregulation of matrix 

metalloproteinases, infiltration of M2 macrophages, and remodeling of blood and lymphatic vasculature 

[63], [67]. In a global collaborative analyses across institutions, a study demonstrated both epidemiological 

evidence and mechanistic evidence linking longer breastfeeding periods with a reduced risk for breast 

cancer. Basree and colleagues modeled two mammary gland involutions, gradual involution and abrupt 

involution, and found that abrupt involution following pregnancy resulted in a denser stroma with altered 

collagen, higher inflammation and proliferation, and reported a higher risk of developing breast cancer 

[68]. In mice, it has been established that the mammary epithelium is tightly associated with the 

surrounding lymphatics, as the lymphatics undergo simultaneous expansion and regression with the 

epithelium, during pregnancy, lactation and involution [69]. In healthy women, Jindal et al. have 

demonstrated that following pregnancy, the breast has increased lymphatic density and inflammatory 

infiltration that persist for years [70]. Taken together, this highlights the overlap between the lymphotactic 

nature of IBC, and the risk-factor induced signals in the breast eliciting a conducive tumor 

microenvironment. 
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IBC is a model of florid LVSI 

 

Consistent with the hypothesis that pre-cancer lymphatics are integral to IBC phenotype, the clinical 

characteristics of IBC, erythema and swelling, are attributed to ectatic and dilated dermal lymphatics 

clogged by malignant cells in extensive lymphangiogenesis [71],[72]. In a comprehensive comparative 

study between IBC and non-IBC conducted by Van der Auwera and colleagues, peritumoral lymph vessels 

in tumor specimens of patients with IBC had higher proliferating lymphatic endothelial cells compared to 

non-IBC tumors [71]. IBC is highly lymphotactic, as dilated dermal lymph vessels clogged by tumor emboli 

serve as pathologic hallmarks histologically [71]. 

Lymphatic function in the normal mammary gland  

 

The lymphatic system is made up of an extensive network of lymphatic vessels, beginning with the initial 

lymphatic capillaries that serve an absorptive role, collecting vessels which transport lymph, and the lymph 

node which mediates immune responses [73], [74]. The lymphatic system has several roles including 

removal of excess fluids form interstitial tissue, transporting macromolecules, the absorption of fat in the 

form of chyle, trafficking and surveilling immune cells and maintaining overall homeostasis [75], [76]. 

However, unlike the cardiovascular circulatory system, the lymphatic system does not have a central 

pumping system and hence relies on the systematic mechanics of the lymphangion to ensure the flow of 

lymph fluid [77]. The process of lymphatic pumping requires a combination of extrinsic (passive) and 

intrinsic (active) forces to propel lymph fluid [78], [79]. The process of lymph propulsion relies on robust 

contractions of lymphatic muscle cells which are initialed by action potentials, these contraction waves 

must be synchronized along the lymphangion with competent valves that minimize fluid backflow [77]. 

During tumor invasion, the tumors drain into lymphatic vessels resulting in lymphaangiogenesis, marked 

by the dilation of lymphatic vessels, the increase lymph transport, and ultimately the expansion of these 

lymphatic vessels. This lymphatic expansion is caused by the elevated expression of VEGFC by the tumor-

associated leukocytes such as macrophages and even by the tumors [80].  

Studies on the intersection of the microenvironment and lymphatics have been largely focused on static 

assessment of lymphatics in post-mortem tissue sections. This leaves the relevance of the function of the 
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vessels under-studied. There have been studies that have used in vivo near infra-red fluorescence (NIRF) 

imaging that have sought to identify changes in lymphatic vasculature, drainage and architecture attributed 

to several pathologies [81], [82], [83]). The main hallmark of IBC is the dermal lymphatic invasion by tumor 

emboli, which cause the obstruction of lymphatic drainage which is attributed for the clinical presentation 

features such as the peau d’orange, breast enlargement and diffuse erythema and edema [1],[84]. 

Although there have been studies that have described the pathological characteristic of IBC drainage into 

the dermal lymphatics, there have not been imaging studies that have illustrated this. This study conducted 

by the Sevick research group, used non-invasive and longitudinal novel near infrared flourescence (NIRF) 

imaging to study the impact of IBC tumors on the lymphatic drainage patterns and architecture [85], [86] 

These NIRF-imaging captured florescence images of well-defined lymphatic vessels following intradermal 

injections of indocyanine green (IcG), lymphatic vessel architecture and drainage prior to tumor inoculation 

[87]. Subsequently, after 11 weeks mice were subcutaneously or orthotopically inoculated with human 

triple-negative IBC tumor cells stably transfected with infrared florescence (iRFP) gene reporter (SUM149-

iRFP). They imaged these mice longitudinally to determine tumor impact on the lymphatic vasculature. 

The longitudinal NIRF imaging showed the IBC tumor growth obstruction of normal lymphatic drainage 

patterns, as well as an increase in dilated fluorescent lymphatic vessels around the tumor periphery, 

hallmark characteristics of lymphangiogenesis [87]. This functional, longitudinal NIRF lymphatic imaging 

study was a novel approach to visualizing and demonstrating the lymphovascular invasion, lymphatic 

drainage obstruction and metastasis caused by IBC tumors using mice models [87]. In other cancers, 

antiangiogenesis agents, specifically targeting the vascular endothelial cell growth factor (VEGF) have 

been incorporated into treatment regimens [88]. In 2011, despite growing interest of using anti-VEGF-A, 

bevacizumab, in breast cancer, the FDA revoked approval for the use of bevacizumab in combination with 

neoadjuvant paclitaxel for metastatic BC patients due to drug safety and efficacy concerns [89]. Since 

then, clinical trials have sought to assess the appropriate dosage and use of bevacizumab with 

chemotherapy in metastatic HER2-negative BC, and even brain metastasis studies in BC, however the 

concerns bevacizumab adding toxicity to chemotherapy have not been resolved [90], [91]. Further, the 

identifying the mechanism of lymphovascular invasion in IBC is critical, and thus we sought to study the 
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role of the CCR7/CCL21 axis, an establish lymphatic homing pathway, to better understand IBC and IBC-

related lymphangiogenesis. 

The mechanistic role of CCR7 in lymphatic homing 

 

C-C chemokine receptor 7 (CCR7) is a G-protein coupled receptor,  part of a larger chemokine family 

which has been established as key regulator of leukocyte trafficking and contribute to immunity and 

tolerance [92]. The recruitment of immune cells to tumor sites is regulated by the actions of chemokines 

and their respective receptors. The binding of these ligands induces a conformational change of the 

receptor [93]. CCR7 is involved in lymph-node homing of naïve and regulatory T cells via high endothelial 

venules, and the inflammation-induced migration of dendritic cells to the lymph nodes. CCR7 is expressed 

by dendritic cells and B cell subpopulations. CCR7 has two ligands, including CC-chemokine ligand 19 

(CCL19) and CC-chemokine ligand 21 (CCL21) [94]. These high endothelial venules are CCL21 positive, 

during an inflammation-induced homing of CCR7-expressing immune cells, to the CCL21-expressing 

afferent lymphatic vessels which connect to a lymph node across a chemotactic gradient [95]. A study on 

metastatic melanoma demonstrated that the recruitment and homing of CCR7 (+) metastatic melanoma 

cells to tumor draining CCL21-positive lymph nodes [93], mimicking CCR7-expressing immune cells 

resulting in the chemotactic spread and migration of these melanoma cells toward lymph nodes [93]. In 

breast cancer, studies have demonstrated the prognostic and therapeutic potential of CCR7 [96].  

Metastatic triple-negative breast cancer studies note that CCR7 is highly expressed in TNBC cell lines, 

and promotes the invasiveness and metastasis of triple-negative breast cancer [97]. An in vivo breast 

cancer model demonstrated, that the CCL21/CCR7 chemokine axis promoted tumor-induced 

lymphangiogenesis [98]. Additionally, CCR7 mRNA tissue expression in human breast cancer positively 

correlated to lymphatic markers, LYVE-1, prox-1 and VEGF-C [98]. A separate study conducted at MDA 

using immunohistochemistry staining of IBC patient tissue, showed that 20% of the IBC tumors were CCR7 

positive [99], which is equivalent to the frequency of HER2+ IBC disease [11], [24]. Taken, together this 

suggests a potential chemotactic metastasis model for IBC into the lymphatics, and warrants further study 

to explore prognostic and therapeutic options. 
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Herein, we have undertaken a series of studies to understand the role of lymphatic function and 

mechanisms of lymphatic function in IBC. We examine the visible clinical symptoms of presumed fulminant 

clogged lymphatics clinically, and demonstrate they correlate to outcomes. We examine the synergy of 

multiple risk factors on lymphatic pulsing to further our understanding of how pretumor changes in the 

breast facilitate IBC progression and lymphovascular invasion.  And lastly, we assess CCL21/CCR7 

signaling in IBC and pre-clinical studies, and report that tumor size was significantly associated with 

lymphatic pulsing. 
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Chapter 2-Methods and Materials  
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Chapter 3 Methodology:  

 

Study Cohort.  

 

Since 2007, all patients evaluated and diagnosed with IBC using international consensus guidelines for 

IBC [3] and seen at the MD Anderson Cancer Center Morgan Welch IBC Clinic have been offered 

participation in an IRB approved prospective registry [4]. The international IBC diagnosis consensus 

guidelines note diagnostic minimal criteria include rapid onset of erythema, edema, peau d’orange and/or 

breast warmth.  Thus, patients were diagnosed with IBC who have obvious skin changes over at least 1/3 

of the breast without erythema. For some women, skin discoloration from baseline is darkening or purplish 

rather than red/erythema. For some women skin edema > 1/3 of the breast (either frank peau d’orange 

skin change or more subtle edema only visible on close inspection) may be evident without any redness 

or discoloration (Fig 1). Examination of the registry database specifically demonstrates erythema is less 

common among African American women [16].  Participation in the registry included completing an 

interviewer-administered questionnaire to collect risk factor information such as demographics, lifestyle, 

reproductive and family history. All patients underwent multi-disciplinary evaluations, that included 

assessment by a breast medical oncologist, breast surgeon, breast radiation oncologist, and breast 

radiologist. Routine imaging included bilateral mammogram, bilateral ultrasound, and staging (CT chest 

abdomen and pelvis with bone scan or PET/CT) [100], [101], [102], [103], [104]. MD Anderson breast 

pathologists reviewed patient biopsies and specimens, and recommendations from the American Society 

for Clinical Oncology and College of American Pathologists were used to determine the 1% nuclear 

expression cutoff for estrogen receptor (ER) and progesterone receptor (PR) expression [105].   

For this analysis, we reviewed pre-treatment medical photographs and charts of patients from the IBC 

registry. Breast medical photographs at time of diagnosis are an essential component of disease 

evaluation, since the images serve to inform and guide radiation treatments and assessment of treatment 

response. All the available breast medical photographs were reviewed by two independent non-IBC 

experts, a non-oncological physician and a graduate student. Scoring discrepancies were resolved by a 

high-volume IBC clinician. Photographs with evident ipsilateral breast swelling, diffuse skin change (not 

limited to erythema but in all cases encompassing all or nearly all of the breast), and nipple change (all 
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compared to the uninvolved side), were scored as positive for the triad of signs deemed classic (Fig 1B). 

Those without all three signs were scored as non-classic and ambiguous or difficult to assign cases were 

scored as a third group (Fig 1A). This group included patients with two overt signs but not the third, such 

as evident diffuse skin change but retraction of the breast rather than swelling, or borderline calls for any 

one sign.  

  

Statistical methods for patient analysis.  

 

Descriptive statistics including mean, standard deviation, median and range for continuous variables and 

tabulation for categorical variables were used to present patient demographic and clinical/pathological 

characteristics. To compare differences between or among the patient groups, Chi-squared test or Fisher’s 

exact test was used for categorical variables and Wilcoxon rank sum test or Kruskal-Wallis test for 

continuous measures.  IBC diagnosis dates were used to measure overall survival times. The Kaplan-

Meier method was used to estimate overall survival distributions, and the log-rank test to assess 

differences in overall survival between or among patient groups.  Univariate and multi-variate Cox 

regression models were used to evaluate presentation and the effect of other important covariates on 

overall survival. All computations are carried out in SAS 9.4 (SAS Institute Inc., Cary, NC, USA) and Splus 

8.2 (TIBCO Software Inc, Palo Alto, CA).    
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Chapter 4 Methodology: 

 

Animals.   

 

All animal experiments were performed in accordance with guidelines of the institutional animal regulations 

and American Association for Laboratory Animal Science guidelines. Balb/c SCID/Beige mice purchased 

from The Jackson Laboratory (Bar Harbor, ME) and maintained in a pathogen-free mouse facility.  

For Experiment 1 (nulliparous animals). 10 female mice were started on high fat diet (HFD) (60 

Kcal%, N=5) (Research Diets, Inc) or a low fat diet (LFD) (10 Kcal%, N=5) when pups were 3 weeks old.   

For Experiment 2 (multi-parous animals). Prior to pregnancy at 3 weeks of age, 20 animals were 

divided into two groups fed a high fat (60 Kcal%, N=10) (Research Diets, Inc) or a low fat diet (10 Kcal%, 

N=10). These mice were bred and impregnated twice in succession, and each diet group was further 

randomized in weaning groups: nurse weaned (NW) versus forced weaned (FW) (10 mice each 

respectively, 5 per diet + weaning group).   

In vivo Near Infra-red Fluorescence (NIRF) lymphatic imaging.  

 

Mice were transferred from MD Anderson to UTHS for imaging and maintained there through sacrifice. At 

each imaging session, depilatory cream (Nair; Church & Dwight Co., Inc) was used to remove hair from 

the skin over the #4 mammary glands. Mice were then anesthetized with isofluorane (2% oxygen), placed 

on a warming pad (37°C), and images obtained as follows. A volume of 10-µL of Indocyanine Green (IcG) 

(Akron, Inc.) was intradermally injected, around the areolar into the left ventral #4 mammary fat pad. 

Fluorescence images were acquired immediately and continuously over 8 minutes using an electron-

multiplying charge-coupled device (EMCCD) camera (PhotonMax 512B, Princeton Instruments, Tucson, 

AZ). Image acquisition was accomplished by V++ software (Digital Optics, Aukland, New Zealand). Matlab 

(The MathWorks Inc., Natick, MA) and ImageJ (National Institutes of Health, Washington, DC) based 

analyses were performed to analyze and quantify lymphatic contractile activity at a defined region of 

interest (ROI) on each fluorescent vessel.  
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In vivo orthotopic cell lines.  

 

The triple negative parental IBC SUM149 cell line (MD Anderson Cancer center, Houston, TX) was 

passaged and cultured in Ham’s F-12 media supplemented with 10% FBS (GIBCO, Thermo Fisher, 

Carlsbad, CA, USA), 1 µg·mL−1 hydrocortisone (#H0888, Sigma‐Aldrich, St. Louis, MO, USA), 5 µg·mL−1 

insulin (#12585014; Thermo Fisher), and 1% penicillin and streptomycin (#15140122; Invitrogen, 

Carlsbad, CA, USA). All cell lines were kept at 37 °C in a humidified incubator with 5% CO2. Tumor initiation 

involved orthotopic inoculation of 1.0   106 cells above the areola into the fat pad of mammary gland #4 

at 14 months after initiation of the diet.  

Multiplex IF.  

 

FFPE (formalin fixed paraffin-embedded) blocks of tumor and mammary gland were submitted for tissue 

microarray construction, multiplex panel optimization and testing. A pathologist (NF) reviewed H&Es for 

each FFPE sections, and identified ROIs in the mammary gland that would capture tissue heterogeneity. 

Subsequently, core punch biopsies were performed on the FFPE blocks to obtain cylindrical cores that 

are transferred to the recipient block, and further to cut the tissue using a microtome to 4 um thick sections. 

Each mammary gland section had two replicates from intentionally distinct tissue regions when applicable. 

All sections were subjected to chromogenic immunohistochemistry staining was performed to validate and 

optimize targets using the Leica Bond RX autostainer with an incubation time of 60 minutes at 1:15,000 

after 20 minutes of heat-induced antigen retrieval at pH 6.0. Each panel had 6 antibody targets. The Leica 

bond autostainer is manufactured for a capacity of 6 targets per panel. Antibody target stains were grouped 

in two panels: Panel A targets were CD31 (ABCAM, cat #28364), IBA-1 (ABCAM, cat #178847), alpha-

smooth muscle actin (SMA) (ABCAM, cat #5694), podoplanin (Invitrogen, cat #29742), vimentin (Cell 

Signaling, cat #5741), and CK19 (ABCAM, cat #52625). Panel B targets were CD163 (ABCAM, cat 

#182422), CD11b (ABCAM, cat #133357), CCR7 (Invitrogen, cat #MA5-31992), CD11c (Cell Signaling, 

cat #97585), CCL21 (Invitrogen, cat #114959), and CK19 (ABCAM, cat #52625).  Immunohistochemically 

stained samples were scanned using the Aperio AT2 (Leica Biosystems, Wetzler, Germany). Multiplex, 

immunofluorescence (MIF) staining was performed using Akoya biosciences 7-color opal kit (Akoya 



 20 

Biosciences, Marlborough, MA) on a Leica Bond Rx autostainer. The stained mIF slides were 

subsequently scanned with a Leica Versa 8 (Leica Biosystems, Wetzler, Germany). Images captured using 

Leica Imagescope software.   

Leica Imagescope software Analysis for Quantification and Structural Analysis of Multiplex IF.  

 

Entire plates with cores containing mice mammary gland tissue and tumor sections were stained for the 

respective Panel A and B markers using Multiplex IF, and scanned into the Leica Imagescope software. 

The IF quantification was done using the image analysis tool, the cellular IF algorithm was selected and 

modified for each plate. Four different algorithms were modified for each panel and tissue type. The tissue 

cores were annotated and labeled based on the tissue section and mouse ID. Algorithms were uniquely 

created to detect the number of positive cells for each marker in the mammary glands and tumor sections 

for each panel. First, the cellular IF algorithm was tuned to segment cellular nuclei to ensure accurate 

identification and quantification of 4′,6-diamidino-2-phenylindole (DAPI) -stained nuclei. Next, the algorithm 

was tuned for positive fluorescence intensity to quantify the tissue expression of each marker while 

minimizing non-specific background staining or autofluorescence. Once the autotuning was completed for 

the individual markers, the cellular co-expression of selected markers was included in the algorithm 

quantification. To evaluate the lymphatic vessel and mammary duct cellular environment, each vessel and 

duct was individually annotated in the mammary gland cores for structural and functional analysis with 

these algorithms.  

 

Microarray statistics.  

 

Due to heterogeneity in tumors based on H & E and review of vimentin staining, both replicates from each 

tumor were included in analyses without averaging. GraphPad Prism was used to plot graphs and perform 

t-test and one-way ANOVA analyses, assuming independent samples. P-values < 0.05 were considered 

significant. Pearson’s correlations were performed in SPSS (version 23). The Kaplan Meier survival curves 

and log rank statistic were performed to assess tumor free survival, using GraphPad Prism.   
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Chapter 5 Methodology: 

 

Gene Array Data.  

 

CCR7 and CCL21 expression in inflammatory breast cancer (IBC) samples as analyzed using the IBC 

Consortium dataset [49]. Tumor samples were stratified as CCR7-high when expression in tumor was 

greater than or equal to the median, otherwise, the sample was classified as CCR7- low in the normal 

breast samples.  Mann-Whitney tests were used when two groups were compared, and one-way analysis 

of variance was used for multiple experimental groups. Black lines in each group indicate median ± SD, 

and p values of <0.05 were considered significant. Spearman rank correlation coefficient was used to 

measure the strength of the association between CCR7, and its ligand CCL21 with lymphatic marker, 

LYVE-1. A P value of < 0.05 was considered significant. GRAPHPAD software (GraphPad Prism 8, La 

Jolla, CA, USA) was used.    

Tissue Microarray.  

Immunohistochemistry (IHC) staining for CCR7 was conducted on breast tissue biopsies from post-

chemotherapy mastectomy specimens of 36 IBC patients, each with three replicates was subjected to 

immunohistochemical staining for CCR7 (Invitrogen, catalog number MA5-31992) performed using a Leica 

Bond RX autostainer with an incubation time of 60 minutes at 1:15,000 after 20 minutes of heat-induced 

antigen retrieval at pH 6.0. In 15 cases there were no tumor cells observed in the cores. Entire plates with 

cores of 39 primary breast tissue biopsies form IBC patients underwent immunohistochemistry staining 

were scanned by Aperioscope for visual analysis. Staining was scored by an expert breast pathologist for 

intensity and percent tumor stained. Staining patterns were scored. Descriptive statistics were examined 

for representation by receptor subtype.   

In vitro cell lines.  

 

SUM 149, SUM159 and SUM190 (Asterand, Detroit), MDA-231 (ATCC, Manassas), MDA-IBC3 and KPL4 

(MD Anderson, Houston):  

The following cell lines were passaged and cultured in Ham’s F-12 media (Corning 10-080-CV) 

supplemented with 10% FBS (GIBCO, 16000-044 Thermo Fisher, Carlsbad, CA, USA), 1 µg·mL−1 
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hydrocortisone (#H6909, Sigma‐Aldrich, St. Louis, MO, USA), 5 µg·mL−1 insulin (#12585014; Thermo 

Fisher), and 1% Antibiotic/Antimycotic (Gibco 15240-062, Carlsbad, CA, USA). All cell lines were kept at 

37 °C in a humidified incubator with 5% CO2.. 

  

Western blot.  

 

Protein lysates from IBC and non-IBC cell lines SUM 149, 159 and SUM190, MDA-231, MDA-IBC3, KPL4 

were subjected to immunoblotting using anti CCR7 (Invitrogen, catalog number MA5-31992). Cells were 

lysed in RIPA buffer (Sigma) supplemented with 10μLmL-1 phosphatase and 10μLmL-1 protease inhibitor 

cocktail. SDS/PAGE and immunoblotting were carried out. The following primary antibodies were used: 

CCR7 (Invitrogen, catalog number MA5-31992) GAPDH (Cell signaling, 5174 1: 5000), and samples were 

incubated overnight at 4°C. Secondary antibodies (Cell signaling, 70745 1: 5000), were incubated with the 

samples for 2 hours at room temperature. Immunoreactivity was visualized with Super signal west pico 

plus chemiluminescent Substrate #34577 (Thermofisher, Waltham,MA USA) using ImageQuant LAS4000 

(GE Health-care, Chicago, IL, USA).  
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Chapter 3: Inflammatory breast cancer appearance at presentation is associated with overall 

survival. 
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ABSTRACT  

  
  
Background: Inflammatory breast cancer (IBC) is a clinical diagnosis. Here, we examined the association 

of a “classic” triad of clinical signs, swollen involved breast, nipple change, and diffuse skin change, with 

overall survival (OS).   

Method: Breast medical photographs from patients enrolled on a prospective IBC registry were scored by 

two independent reviewers as classic (triad above), not classic, and difficult to assign. Chi-squared test, 

Fisher’s exact test and Wilcoxon rank sum test were used to assess differences between patient 

groups.  Kaplan Meier estimates and the log-rank test and Cox proportional hazard regression were used 

to assess overall survival.  

Results: We analyzed 245 IBC patients with median age 54 (range 26-81), M0 vs. M1 status (157 and 88 

patients, respectively). The classic triad was significantly associated with smoking, post-menopausal 

status, and metastatic disease at presentation (P = 0.002, 0.013, and 0.035, respectively). 10-year 

actuarial OS for not classic and difficult to assign were not significantly different and were grouped for 

further analyses. Ten-year OS was 29.7% among patients with the classic sign triad versus 57.2% for non-

classic (P < .0001). The multivariate Cox regression model adjusting for clinical staging (P<.0001) and 

TNBC status (<.0001) demonstrated classic presentation score significantly associated with poorer OS 

time (HR 2.6, 95% CI 1.7-3.9, p<.0001).   

Conclusions: A triad of classic IBC signs independently predicted OS in patients diagnosed with IBC. 

Further work is warranted to understand the biology related to clinical signs and further extend the 

understanding of physical examine findings in IBC.   
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INTRODUCTION  

  

Inflammatory Breast Cancer (IBC) is a rare and particularly aggressive variant of breast cancer. IBC 

accounts for only 2-4% of all breast cancer cases, however, the disease is responsible for 10% of breast 

cancer-related deaths in the US [10]. In a comparative study with non-inflammatory locally advanced 

breast cancer (LABC) patients, women diagnosed with IBC had a significantly poorer survival time (2.9 

years versus 6.4 years) over 10 years [14]. IBC is a clinical diagnosis, requiring >1/3 involvement on the 

affected breast and/or skin by erythema, and disease onset of < 6 months [1], [34]. Diagnostic ambiguity 

can occur in cases that present with borderline features, or overt skin change that is not readily apparent 

as erythema. To date no study has examined the association between outcome and clinical findings 

regarding breast appearance.   

It is increasingly recognized that not all skin change is overtly erythematous in IBC [16]. Marked swelling 

of the involved breast is often noted at the time of diagnosis and nipple changes (flattening or inversion) 

are a common finding among IBC cases [4], [34], [106]. While it has been well-demonstrated that frank 

peau d’orange and other skin changes are prognostic for worse outcome in all patients, very little is known 

about the prognostic effect of variations in skin change on IBC presentation [31], [107], [108].  For over 

ten years in a dedicated IBC multi-disciplinary clinic, we increasingly associate the clinical signs triad of 

diffuse skin change (not solely limited to erythema), obvious swelling of the involved breast and nipple 

change, with an unambiguous diagnosis of IBC if the onset of the disease is rapid occurring in less than 6 

months. Here we sought to review pre-treatment medical photographs from IBC patients, to determine 

whether this triad of breast signs was associated with poorer outcome than cases that met diagnostic 

criteria.  
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RESULTS 

 

 

Figure 1. Examples IBC patient photographs scored by clinical presentation 

 
Figure 1. Examples IBC patient photographs scored by clinical presentation (A). Representative 
photo scored as non-classic as breast shows diffuse erythema of a fairly symmetrical possibly slightly 
retracted left breast (B). Representative classic patient demonstrating significant swelling of the affected 
right breast, flattened nipple, and diffuse change in skin tone. 
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Study participants   

  

From 2007 to 2020, a total of 701 patients were enrolled in the prospective IBC registry of which 423 

(60.3%) were enrolled prior to beginning any therapy. Medical photographs were available on 250 patients 

(59%). Images were scored for presentation (classic N =60, not classic N =130 or difficult to assign N =52). 

Five patients lacking outcomes or without a contralateral breast or photograph of the contralateral breast 

for comparison to assess the scoring were excluded leaving 245 patients in this analysis.    

  

Demographic and clinical characteristics of our patient population   

  

Table 2, describes the demographic and reproductive factors of the study participants. The mean age at 

diagnosis was 54 years (range, 26-81). The average BMI at diagnosis was 30.9 (14.9-76.9). BMI patient 

distribution was normal (14.7%), overweight (23.3%), obese I (BMI 30-34.9) (27.3%), obese II (BMI 35-

39.9) (10.2%), obese III (BMI>40) (5.3%). The race/ethnicity distribution was White (80.4%), Black (7.3%), 

Hispanic (6.9%), Asian pacific (3.3%), Native American (0.4%) and other (0.8%).   

Two hundred and ten patients (85.7%) reported having been ever pregnant with mean age of 23.4 years 

(14-37 years) at first pregnancy. One hundred and twelve (59.6%) parous women reported a history of 

breastfeeding. Based on a subset (N = 27) of patients that responded to a set of questions regarding 

breastfeeding history that were introduced more recently to the questionnaire, two patients breastfed for 

<1 month  (7.4%), four for 1-3 months (14.8%), four for >3-<6 months (14.8%), 17 for >6 months (63%). 

The majority of the patients were post-menopausal (67.5% vs. 32.5%). Never smokers accounted for 

57.8% of the patients, while 33.3% were former smokers and 8.8% were current smokers.  
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 Table 2. Demographic and reproductive characteristics of the study population. 

 

Demographic and Reproductive Characteristics  Value (n=245) 

Age at Diagnosis, Mean (Range) 54.25 years (26-81 years) 

Age at menarche, Mean (Range)  12.5 years (8-16 years) 

Age at first pregnancy, Mean (Range) 23.4 years (14-37 years) 

Ever Pregnant, No. (%)  

No 24 (9.8%) 

Yes 210 (85.7%) 

Gravida, Mean (Range) 2.51 (0-10) 

Number of miscarriage, Mean (Range)  0.47 (0-4) 

Number of children, Mean (Range) 2.12 (0-6) 

Body Mass Index at Diagnosis, Mean (Range) 30.91 (14.87-76.95) 

Race/Ethnicity, No. (%)  

White 197 (80.4%) 

Black 18 (7.3%) 

Hispanic  17 (6.9%) 

Asian Pacific 8 (3.3%) 

Native American  1 (0.4%) 

Other 2 (0.8%) 

Breastfeeding history, No. (%)  

Yes 112 (45.7%) 

No 76 (31%) 

Breastfeeding Duration (months), No. (%)  

<1 month  2 (0.8%) 

1 ≤3 months 4 (1.6%) 

>3 ≤6 months 4 (1.6%) 

>6 months 17 (6.9%) 

Menopausal Status, No. (%)  

Pre-menopausal 66 (26.9%) 

Post-menopausal 179 (73.1%) 

Smoking history, No. (%)  

Current 18 (7.3%) 
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Former 68 (27.8%) 

Never 118 (48.2%) 

Alcohol Consumption, No. (%)  

No 48 (19.6) 

Yes 146 (59.6) 

1 Patients that breastfed for 3 months were included in the 1 ≤3 months category, patients that breastfed more than 3 months 
and up to 6 months were included in the >3 ≤6 month breastfeeding time range. 

2 Percentages do not add up to 100% due to missing patient values.  

 

 

 

Table 3, shows the tumor and clinical characteristics, the distribution of clinical stage across the cohort 

were IIIB (32%), IIIC (32%) and stage IV (36%). The hormone receptor (HR)-positive subtype surrogate 

(positive for estrogen receptor [ER] and/or progesterone receptor [PR] and negative for HER2) was 

present in (73/245=29.8%), while HER2-positive ER/PR- and triple negative (TNBC) were present in 

(95/245=38.8%) and (68/245=27.8%) of patients, respectively. Among M0 patients 93% received 

neoadjuvant and 26.1% received adjuvant chemotherapy. Further, 82.5% of M0 received documented 

adjuvant radiation therapy. The median follow-up period was 6 years. At the time of current analysis, 141 

(57.6%) patients were alive, 36% among the de novo metastatic cohort.   
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Table 3.  Tumor and clinical characteristics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

                  3Percentages do not add up to 100% due to missing patient values. 

 

Clinical Characteristics Value (N=245) 

Clinical Stage, No. (%)  

IIIB 78 (31.8%) 

IIIC 78 (31.8%) 

IV 88 (36.1%) 

Subtype, No. (%)  

ER/PR+, HER2- 73 (29.8%) 

HER2+ 95 (38.8%) 

Triple-Negative 68 (27.8%) 

Lymphatic Invasion, No. (%)  

Negative 101 (41.2%) 

Positive 101 (41.2%) 

Vascular Invasion, No. (%)  

Negative 102 (41.6%) 

Positive 100 (40.8%) 

Neoadjuvant Chemotherapy, No. (%)  

No 93 (38%) 

Yes 151 (61.6%) 

Adjuvant Chemotherapy, No. (%)  

No 202 (82.4%) 

Yes 42 (17.1%) 

  

Pathologic Complete Response (Pcr), No. (%)  

No 221 (90.2%) 

Yes 21 (8.6%) 

Unknown 3 (1.2%) 
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Table 4, describes the self-reported breast features at time of presentation. Breast swelling, redness and 

edema were reported by 48.6%, 69.8% and 53.9% of patients, respectively. Additionally, 35.1% of patients 

reported experiencing skin change, such as warmth (38.4%), nipple inversion (29%) and skin thickening 

(29%). With regards to the time lag between initial symptoms and clinical diagnosis of IBC, 33.5% (N = 

90) of patients reported an onset of less than 90 days.    
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Table 4. Self-reported breast features at time of presentation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4Percentages do not add up to 100% due to missing patient values. 

Characteristics Value (n=245) 

Lump, No. (%) 

No 

 
134 (54.7%) 

Yes 
Yes 

99 (40.4%) 
99 (40.4%) Peau d'orange, No. (%) 

No 

 
90 (36.7%) 

Yes 14 (5.7%) 

Unknown 104 (42.4%) 

Skin Change, No. (%) 

No 

 

150 (61.2%) 

Yes 
Yes 

86 (35.1%) 
86 (35.1%) Nipple Discharge, No. (%) 

No 

 
219 (89.4%) 

Yes 
Yes 

16 (6.5%) 
16 (6.5%) Swelling, No. (%) 

No 

 
117 (47.8%) 

Yes 
Yes 

119 (48.6%) 
119 (48.6%) Redness, No. (%) 

No 

 
67 (27.3%) 

Yes 
Yes 

171 (69.8%) 
171 (69.8%) Edema, No. (%) 

No 

 
104 (42.4%) 

Yes 132 (53.9%) 

Warmth, No. (%) 

No 

 
141 (57.6%) 

Yes 
Yes 

94 (38.4%) 
94 (38.4%) Nipple Inversion, No. (%) 

No 

 
165 (67.3%) 

Yes 
Yes 

71 (29%) 
71 (29%) Skin Thickening, No. (%) 

No 

 
121 (49.4%) 

Yes 
Yes 

60 (24.5%) 
60 (24.5%) Pain, No. (%) 

No 

 
178 (72.7%) 

Yes 57 (23.3%) 

Days Initial Symptoms appear, No. (%) 

0-90 days 

 
82 (33.5%) 

91-180 days 6 (2.4%) 

>180 days 2 (0.8%) 

Unknown 155 (63.3%) 
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Patient photographs were reviewed and classified into three groups with 60 (24.8%) classic showing all 

triad signs, 130 (53.7%) non-classic and 52 (21.5%) ambiguous. The classic presentation was significantly 

associated with ever smoking (57.7% classic vs. 30.1% non-classic, P = 0.002), post-menopausal status 

(78% of classic vs 58.7% non-classic patients, P = 0.013), and metastatic disease at presentation (50% 

of classic vs 33.1% of non-classic patients, P = 0.035) (Table 5).   
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Table 5. Comparison of epidemiologic, tumor and clinical characteristics by presentation appearance 
(non-classic, in between and classic presentation were individually scored as 1, 2 and 3, respectively). 

 

Covariate Presentation Categories                                                                                 P-value 
 

Black Other White 

Race 1 6(4.7%) 17(13.2%)          106  

(82.2%) 

2 5 (9.8%) 6 (11.8%) 40 (78.4%) 

3 6 (10%) 5 (8.3%) 49 (81.7%)

 

0.4797 

BMI 1 2 3 4 5 

1 19(19.2%) 31(31.3%) 35(35.4%) 9(9.1%) 5(5.1%)  

2 9(20%) 9(20%) 15(33.3%) 8(17.8%) 4(8.9%) 0.7668 

3 8(15.1%) 17(32.1%) 17(32.1%) 7(13.2%) 4(7.5%)  

Smoking 
Status 

Current Former Never    

1 6(5.8%) 25(24.3%) 72(69.9%)    

2 2(4.3%) 21(45.7%) 23(50%)   0.0021 

3 9(17.3%) 21(40.4%) 22(42.3%)    

Alcohol consumption 
1 

No 

  25(25%) 

Yes 
75(75%) 

    

2 10(22.7%) 34(77.3%)    0.9133 

3 13(26.5%) 36(73.5%)     

ER/PR+ NEG POS     

1 60(46.2%) 70(53.8%)    0.8928 

2 26(50%) 26(50%)     

3 
TNBC 

28(46.7%) 
Non-TNBC 

32(53.3%) 
TNBC 

    

1 93(71.5%) 37(28.5%)    0.959 

2 37(71.2%) 15(28.8%)     

3 44(73.3%) 16(26.7%)     

Menopausal 
Status 

POST PRE     

1 61(58.7%) 43(41.3%)    0.0129 

2 36(78.3%) 10(21.7%)     

3 39(78%) 11(22%)     

Clinical N stage 
1 

N0/N1 
54(41.5%) 

N2/N3 
76(58.5%) 

    

0.5578 

2 20(38.5%) 32(61.5%)     

3 20(33.3%) 40(66.7%)     

Clinical Stage III IV     

1 87(66.9%) 43(33.1%)    0.0351 
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2 37(71.2%) 15(28.8%)     

3 30(50%) 30(50%)     

Lymphatic Invasion 
NEG POS 

    

1 56(50.9%) 54(49.1%)    0.3726 

2 23(56.1%) 18(43.9%)     

3 20(41.7%) 28(58.3%)     

Neoadjuvant 
Chemotherapy 

No Yes     

1 41(31.8%) 88(68.2%)    0.0323 

2 20(38.5%) 32(61.5%)     

3 31(51.7%) 29(48.3%)     

 

 

5Percentages do not add up to 100% due to missing patient values.  

6BMI classification normal (1), overweight (2), obese I (3), obese II (4), and obese III (5).
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Figure 2: Kaplan-Meier curve of actuarial incidence of overall survival by presentation 

category. 

 

Figure 2. Kaplan-Meier curve of actuarial incidence of overall survival by presentation 
category. (classic= 3, ambiguous =2 and non-classic =1) (A,B), and clinical N and M stage 
(C,D). Number of IBC patients surviving at 10 OS indicated on respective graphs. (E) 
representing the number of patients that experienced an event from the (N) total patients in 
that specific group. Log-rank test was used to obtain p-values. 
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Univariate analysis of OS, showed that the non-classic and ambiguous groups were not 

significantly different from each other (Fig 2A) and were therefore grouped together for further 

analyses. Ten-year actuarial overall survival for the classic group was 29.7 vs. 57.2% for all 

others (Fig 2B P =0.001). The 10-year actuarial OS for clinical N stage was 70.1% vs. 37.2% 

for N0/N1 versus N2/N3 (Fig 2C P<0.0001), 59.2% for stage III and 34% for Stage IV (Fig 2D 

P=0.0001) Table 6A. The multivariate Cox regression model demonstrated classic 

presentation score was independently associated with poorer OS time (HR 2.6, CI 1.7-3.9, 

p<.0001) after adjusting for clinical staging (IIIC/IV vs. III/IIIB, HR 2.9, CI 1.7-4.9, P<.0001) 

and TNBC status (TNBC vs non-TNBC, HR 3.5, CI 2.3-5.2, P<.0001) Table 7.   
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Table 6A. Kaplan-Meier estimates analysi 1Table 6A. Kaplan-Meier estimates analysis for 
categorical variables on overall survival outcome, 95% CI provided for each 2, 5 and 10-
year OS probability estimate, respectively. Log-rank test was used to obtain p-values. 

Covariate Categories Year OS 
95% CI 

P-Value 

Race Black 2 0.59 0.327 0.78 0.083 
  5 

10 

0.324 

0.324                  

0.115 

0.115 

0.555 

0.555 

 

      Other 2 0.668 0.457 0.812  

  5 0.565 0.346 0.736  

  10 0.565 0.346 0.736  

 White 2 0.777 0.711 0.829  

  5 0.566 0.486 0.639  

  10 0.52 0.437 0.597  

Breastfeeding No 2 0.645 0.526 0.741 0.0081 

  5 0.441 0.321 0.554  

  10 0.423 0.304 0.537  

 Yes 2 0.841 0.757 0.898  

  5 0.625 0.511 0.719  

  10 0.588 0.469 0.688  

Clinical N stage N0/N1 2 0.86 0.771 0.916 <.0001 

  5 0.738 0.627 0.821  

  10 0.701 0.583 0.792  

 N2/N3 2 0.669 0.586 0.739  

  5 0.409 0.319 0.496  

  10 0.372 0.283 0.462  

Clinical M Stage M0 2 0.817 0.746 0.87 0.0001 

  5 0.649 0.562 0.724  

  10 0.592 0.498 0.674  

 M1 2 0.612 0.499 0.706  

  5 0.34 0.229 0.456  

  10 0.34 0.229 0.456  

Clinical Stage III 2 0.817 0.746 0.87 0.0001 

  5 0.649 0.562 0.724  

  10 0.592 0.498 0.674  

 IV 2 0.612 0.499 0.706  

  5 0.34 0.229 0.456  

  10 0.34 0.229 0.456  

Presentation scores Other 2 0.791 0.724 0.844 <.0001 

  5 0.615 0.531 0.688  

  10 0.572 0.484 0.651  

 Classic 2 0.585 0.447 0.700  
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Table 6B. Univariate Cox regression analysis on overall survival and disease specific 
survival (non-classic, in between and classic presentation were individually scored 1, 2 and 
3, respectively). Log-rank test was used to obtain p-values. 

 

 

 

Table 7. Multivariate Analysis of overall survival. 

 

 
Parameter 

 
Category 

Hazar

d 

Rati

o 

95% Hazard 

Ratio 

Confidence 

Limits 

 
p-value 

Presentation Scoring 
Classic vs. Other 

2.58 1.72 3.88 <.0001 

Clinical Stage IIIC/IV vs III/IIIB 2.92 1.73 4.93 <.0001 

TNBC 
TNBC vs 
non- TNBC 

3.49 2.34 5.21 <.0001 

7Multivariate Cox Regression Model (including Clinical Stage in the model, N=244) 

 

Covariates Hazard Ratio HR lower CL HR upper CL p-Value 

Age 1.01 0.99 1.03 0.23 

BMI  0.99 0.97 1.03 0.96 

Age at Menarche 0.89 0.79 1.02 0.10 

Gravida 1.04 0.90 1.20 0.59 

Age at 1st Pregnancy 0.97 0.93 1.02 0.22 

Number of Children 1.08 0.91 1.27 0.37 

Number of Miscarriages 0.98 0.72 1.31 0.87 

Time between pregnancies 0.95 0.81 1.11 0.52 

Average weight gain during pregnancy 1.02 0.98 1.06 0.38 

Breast feeding duration (months) 0.99 0.97 1.02 0.63 

Birth control usage (years) 0.99 0.95 1.03 0.56 
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DISCUSSION 

  

The clinical diagnosis for IBC remains subjective and is often ambiguous [109]. AJCC defines 

IBC, staged T4D as a clinical diagnosis characterized by diffuse erythema and edema 

involving at least one third of skin of the affected breast. Overt cases are characterized by 

diffuse erythema, edema (peau d’orange), breast enlargement, or other skin involvement as 

well as skin color changes [2],[110], [111], however significant variation at presentation leads 

to ambiguity in those diagnosed with IBC.  We examined whether a visible constellation of 

clinical breast signs deemed “classic” by a high-volume IBC clinic correlated with overall 

survival, and observed for the first time advanced stage and poorer outcome among the 

classic presenting patients compared to all others. Our study further demonstrates the extent 

of variation in presentation and warrants the need to further refine diagnostics for the 

ambiguous or less overt presenting cases.   

  

The scoring criteria for classic IBC in this study were based on experience in our dedicated 

single institution IBC clinic and in part confirmed by a recent working group to refine diagnostic 

IBC symptoms. In an initiative to improve IBC patient clinical diagnosis and further outcome, 

several groups including Susan G. Komen, the Inflammatory Breast Cancer Research 

Foundation, and the Milburn Foundation convened patient advocates and breast cancer 

researchers, clinicians and experts to improve and progress IBC diagnostics beyond clinical 

subjectivity [34]. This was achieved by establishing detailed criteria and scoring systems to 

facilitate IBC diagnosis and subsequently patient care. The proposed scoring system based 

on the experience of the involved experts and literature review included variables such as 

timing of initial signs/symptoms to diagnosis, skin changes including any peau d’orange or 

skin edema/thickening involving over a third of the breast, breast swelling supplemented by 

skin discoloration (darkening, purplish or bruising appearance) and nipple abnormalities such 
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as nipple inversion or new nipple flattening or asymmetry. The detailed scoring system 

established through the Komen initiative accounted for the heterogeneity in characteristics 

commonly associated with IBC, thus broadening the scope of the IBC clinical subjectivity. 

Importantly, focusing on skin change as a classic criteria as opposed to skin erythema, would 

potentially reduce inaccurate exclusion of black women who may go underdiagnosed due to 

presentation bias attributed to skin change not being explicitly red [8], [12], [15],[112], [113]. 

In addition, this more intricate and detailed disease classification could help develop a staging 

system specific to IBC.   

  

Though similarities may surface, there are clinical practices which distinguish skin changes 

seen with IBC from the skin changes associated with non-inflammatory breast tumors (T4a-

c) [13], [114], [115]. Variability in features and characterizations observed in presentation 

among IBC patients were observed in our patient cohort. Only 24.8% had classic appearing 

IBC by these criteria, highlighting the majority of cases take some further diagnostic work to 

make the diagnosis. Interestingly, as has been described previously, many women don’t 

describe erythema on presentation [3], [34]. Since erythema is a part of the AJCC staging for 

T4D, it could be argued these patients are misdiagnosed, however, in the presence of overt 

skin change such as diffuse peau d-orange, it is felt instead that the staging imperfectly 

describes some IBC patients.   

  

Additionally, we examined the impact of clinical, epidemiologic and reproductive factors on 

the visual presentation scoring of classic among IBC patients. Reproductive factors were 

explored in more detail in a subset of patients that completed more extensive questionnaires. 

Interestingly, smoking was significantly increased among patients with classic presentation. 

Atkinson et al, previously reported in a single-institution case-control study, that 

epidemiological risk factors such as obesity and smoking were associated with IBC [32].  A 
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recent study evaluated the effect of demographic and lifestyle factors as well as the presence 

of crown-like structures in breast adipose tissue (CLS-B) on breast cancer outcome in African 

American versus white women [71]. CLS-Bs which are composed of adipocytes encircled by 

macrophages, are associated with obesity as higher BMIs result in increased adipose tissue 

in the breast, which recruit macrophages creating a pro-inflammatory microenvironment. This 

study concluded that current smoking was positively associated with the detection of CLS-B, 

and at a higher density in comparison to non-smoking individuals [71]. This association with 

CLS-B could explain how BMI and smoking induce changes in the breast microenvironment 

promoting a more classic IBC presentation.   

  

IBC is highly lymphotactic, dilated dermal lymph vessels containing large tumor emboli are 

pathologic hallmarks histologically [87], [72], and are the underlying mechanism for the peau 

d’orange skin feature of IBC. In a comprehensive comparative study between IBC and non-

IBC, peritumoral lymph vessels in tumor specimens of IBC patients had higher proliferating 

lymphatic endothelial cells compared to non-IBC tumors [116]. These distinguishable features 

are critical in differentiating IBC and non-IBC [117], [118]. Interestingly, lymphovascular skin 

invasion (LVSI) on pathology report from the tumor showed no correlation with classic 

presentation.   

  

Some limitations to this study include the pros and cons of background of photo scorers, one 

non-IBC expert physician and one IBC research trainee without clinical experience. As non-

experts, the review reflects results expected from non-experts which strengthens the utility of 

these findings beyond an expert clinic. Some nuances may be overlooked or incorrectly 

attributed by non-experts however. Discrepancy review highlighted the impact of uncommon 

clinical findings such non-healing biopsies, prior surgical scars, or changes related to prior 

breast therapy. In addition, based on a prior hypothesis, this analysis does not explore the 
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outcomes of patients with obvious skin findings and breast retraction which may represent a 

distinct biology and deserves further study. Although the study data was collected 

prospectively, this review was retrospective which has inherent biases that may not be 

accounted for. Another limitation was the non-representative racial distribution among the 

women in our patient cohort. Disparities in breast cancer screenings and treatment impact 

Black and Hispanic women. Black women are disproportionately impacted by IBC and are 

more likely to be diagnosed with triple negative-IBC and a worse outcome than any other 

racial group [6], [11], [17], [87], [119], [120]. Underrepresentation of black women in our cohort 

precludes analysis of classic presentation by race; no significant associations were observed 

in our analysis however this limitation makes it inconclusive.  

  

In conclusion, we show a triad “classic” IBC breast signs is independently prognostic for 

overall survival. While classic IBC presentation is associated with worse overall survival, the 

majority of the IBC patients in our study did not fall into the “classic” group, and thus defining 

diagnostic criteria for those non-classic patients who risk misdiagnosis or not receiving 

required treatments is critical. Future molecular studies comparing IBC tissues by 

presentation may help to shed light on the underlying biological mechanisms for IBC 

presentation and potential targets.    
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Chapter 4: High fat diet but not weaning timing increases pre-tumor mammary gland 

lymphatic vessel pulsing and subsequent inflammatory breast cancer tumor growth in a pre-

clinical model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 45 

ABSTRACT 

Background  

IBC is an aggressive breast cancer that presents suddenly with breast swelling and redness 

due purportedly to abundant tumor emboli in the breast and breast skin lymphatics. An 

association between IBC risk and obesity as well as breastfeeding duration has been 

established, however the mechanistic effects of obesity and weaning status on the IBC tumor 

progression have not been explicitly studied. We sought to model the simultaneous effects of 

a diet and weaning on in vivo lymphatic function pre- and post-tumor initiation, IBC tumor 

growth, and mammary gland microenvironment. We hypothesized that weaning status and 

high fat diet would synergize to induce pro-lymphatic changes in the microenvironment before 

tumor initiation and subsequent enhanced IBC tumor growth. 

Methods  

In vivo near-infrared fluorescent (NIRF) imaging of a NIRF probe draining from bilaterally 

injected mammary glands was performed to assess lymphatic pulsing in mice. Lymphatic 

pulsing was compared among Balb/c SCID/Beige mice fed a high fat diet (HFD, 60 kCal%) 

versus low fat diet (LFD, 10 kCal%) (Experiment 1, N = 10) and mice fed HFD vs. LFD who 

were randomized to nursing or force weaning after each of two rounds of pregnancy 

(Experiment 2, N = 20). Consecutive NIRF lymphatic imaging was performed at weeks 8, 11 

and 14 following diet initiation in experiment 1. In experiment 2, imaging was performed at 6-

7 months (interrupted due to covid), at 14 months, and at 16 months after the initiation of 

SUM149 tumors. Tumors were assessed for tumor growth and skin invasion at the time of 

resection. Mammary gland tissues contralateral to the tumors were embedded at the time of 

sacrifice and stained using multi-plexed immunofluorescence for 12 markers of 

microenvironment and tumor markers. Algorithms to quantitate cells and structures were 

designed using the Leica Imagescope software and statistics were performed using prism and 

SPSS. 
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Results  

In nulliparous mice, HFD increased lymphatic pulsing compared to LFD. Average ventral 

lymphatic contractile frequency at 8,11 and 14  weeks after diet initiation were 5, 8.64, 15.9 

pulses/4 mins vs 11.8, 18.5, 28.2 pulses/4 mins, (P = 0.01, 0.05, and 0.0005 respectively).  In 

multiparous mice, lymphatic pulsing pre-tumor in HFD force-weaned (HFFW) and HFD nurse-

weaned (HFNW) animals was increased compared to LFFW and LFNW (P<0.001 and 

P=0.003 respectively). Lymphatic pulsing after tumor initiation (16 months after initiation of 

diet) was significantly increased compared to baseline in all groups and increased compared 

to LFD groups at the pre-tumor timepoint (all P < 0.05). HFD promoted tumor growth 

independent of nursing variables (P=0.02) and lymphatic pulsing was associated with a trend 

for direct correlation to tumor growth (P = 0.08). Lymphatic pulsing was significantly 

associated with cells expressing lymphatic tracking ligand, CCL21 (P=0.05). HFD 

significantly increased monocyte-derived cells including IBA-1+, CD163+ and CD11c+ 

cells (P<0.0001, P<0.0001, P=0.0005) in the mammary gland. Further, while number of 

lymphatic vessels (PDPN+) were not different across groups (P= NS), lymphangiogenic 

PDPN-expressing macrophages (PDPN+/IBA-1+; PoEMs) cells were increased in ducts of 

HFD and forced weaned mice (all P < 0.003).  

Conclusion  

HFD increased changes in mammary gland lymphatic function prior to tumor initiation that 

correlate to increased SUM149 tumor growth and increased inflammatory cells in the 

mammary gland. Tumors increased lymphatic function to a similar extent. Increased CCL21+ 

cells, a ligand for lymphatic traffic homing, was correlated to pulsing, and the relationship 

between lymphatic pulsing, tumor growth and CCR7-CCL21 related tumor trafficking warrant 

further investigation. 
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INTRODUCTION 

 

Inflammatory breast cancer (IBC) is an aggressive breast cancer that presents rapidly with 

breast swelling and redness or skin color changes purportedly due to abundant congested 

lymphatics in the breast and breast skin [34], [36]. These symptoms are attributed to IBC 

tumor emboli clogging dermal lymphatics around the breast, causing lymphovascular skin 

invasion (LVSI) [106, 107]. In many cases, metastatic spread has a diffuse lymphatic-based 

pattern, suggesting that the lymphatics attract and facilitate the spread of the tumor to, for 

example, the contralateral axillary and mediastinal nodes [4],[9], [121]. This highlights the 

importance of understanding lymphatic development and function in mediating the poor 

outcomes of this disease. 

Emerging evidence suggests the microenvironment can induce and promote IBC symptoms 

and the diffuse IBC-like growth pattern [122],[123]. We previously reported that mesenchymal 

stromal cells signal through macrophages to promote skin invasion by IBC cells in the 

SUM149 in vivo model [123]. Individual breast cancer risk factors are well known to alter the 

mammary gland microenvironment [13], [63]. The factors in the breast microenvironment that 

contribute to LVSI have not been well-studied and established. However, Atkinson et al. 

reported in a single-institution case-control study that epidemiological risk factors specifically, 

obesity and never breast feeding were associated with IBC [13]. Genomic analysis 

demonstrated IBC tissues were enriched for gene signatures associated with abrupt weaning, 

suggesting this could contribute to the development of aggressive breast cancer [63]. Obesity 

and breast-feeding duration have been implicated in IBC risk [13], yet clearly these overlap 

with non-IBC, and correlation of the underlying microenvironment changes to IBC specific 

biology remains elusive. Thus, we propose to investigate the synergy of IBC risk factors 

obesity and weaning timing in creating a pro-IBC, lymphatic-rich mammary stroma, even 

before tumor initiation.  Recognizing the critical role of lymphatic function in IBC and the lack 
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of data specifically examining function, we used NIRF of mammary-draining fluorescent dye 

to study the synergy of risk factors on function and subsequent tumor progression. 

We hypothesize that obesity and force weaning after pregnancy synergistically promote pro-

inflammatory microenvironments in the breast, increasing the density and function of the 

lymphatics of breast tissue, contributing to the IBC skin symptoms and spread caused by 

dense lymphatics clogged by tumor emboli (lympho-vascular space invasion). We report HFD 

is associated with increased mammary lymphatic pulsing, but fewer lymphatic vessels. Tumor 

initiation increases lymphatic pulsing to a similar degree as HFD. For the first-time, we report 

that high fat diet promotes IBC tumor growth in mice. The HFD significantly increased 

inflammation of specific mammary duct-infiltrating macrophages and dendritic cells. 

Lymphatic pulsing was correlated with CCL21, a ligand for CCR7 a leukocyte receptor, which 

mediates macrophages and dendritic cell trafficking to the lymphatics. Further, we find 

increased lymphangiogenic subset of macrophages, PDPN+ macrophages (PoEMs) in 

lymphatic vessels and mammary ducts of HFD and forced weaned mice, potentially 

highlighting a mechanism for IBC tumor growth and lymphovascular skin invasion, this 

warrants further study. 

 

 

 

 

 

 

 



 49 

RESULTS 

 

High fat diet significantly increased lymphatic pulsing in nulliparous and multiparous 

mice. 

 

To initially investigate the effect of HFD versus control, LFD on lymphatic function from the 

mammary gland, we measured lymphatic pulsing in nulliparous mice started on diets at 3 

weeks of age. In vivo NIRF lymphatic imaging of IgG dye drainage form the mammary gland 

was assessed from three lymphatics, the ventral, right, and left at three timepoints, 8, 11, and 

14 weeks after initiation of diet (Figure 3).   The average weight of the low fat and high fat 

mice were 21.3g and 26.8g, respectively (P=0.005). The HFD mice developed greasy coats 

over time, which impacted the intradermal IcG administration. In vivo NIRF imaging was 

performed on the dermal lymphatic vessels around the #4 mammary gland. Representative 

images of the ventral dermal lymphatic vessels in LFD and HFD mice were captured following 

the IcG subdermal injection (Figure 3A and 3B). At week 8 and 11, we conducted in vivo NIRF 

dermal lymphatic imaging on the ventral, right and left sides. At week 8, the lymphatic pulsing 

activity was significantly increased in the ventral and right dermal lymphatic vessels in the 

HFD mice (Figure 3C, P=0<0.001 and P=0.01, respectively). At week 11, the lymphatic 

pulsing activity was significantly increased in the right and left dermal lymphatic vessels in the 

HFD mice (Figure 3D, P=0.01 and P=0.01, respectively). At week 14, the mice did not display 

lymphatic pulsing during imaging on the left and right, due to lymphatic collapse, however 

ventral dermal lymphatic pulsing was measured and demonstrated a significant increase in 

lymphatic pulsing in the HFD mice (Figure 3E, P<0.001). The lymphatic pulsing activity 

increased in all the animals over time, however it was only statistically significant in HFD 

animals. Average ventral lymphatic contractile frequency for LFD and HFD at week 8,11 and 

14 weeks were 1.25, 2.16, 3.97 pulses/min vs 2.94, 4.63, 7.06 pulses/min (Figure 3F, 

P=0<0.001, 0.04, 0.006, respectively).  
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Figure 3: HFD increases mammary lymphatic pulsing compared to LFD in nulliparous 

mice.  

 

 

Figure 3. HFD increases mammary lymphatic pulsing compared to LFD in nulliparous 
mice. Representative LFH and HFD in vivo NIRF images of the ventral dermal lymphatic 
vessels above mammary gland #4 following IcG intradermal injections (Figure 3A, B).  High 
fat diet fed mice increased lymphatic contractile activity using In vivo NIRF Imaging conducted 
in the ventral, right and left view of dermal lymphatic vessels following IcG intradermal 
injections at week 8 (Figure 3C, P = 0.0006 and P=0.0118, respectively) and 11 (Figure 3D, 
significant increases in the right and left lymphatic; P=0.0117 and P=0.0098, respectively). At 
week 14, the mice did not display lymphatic pulsing during imaging on the left and right, due 
to lymphatic collapse, however increased pulsing in the ventral lymphatic was significant 
(Figure 3E, P=0.0005). Lymphatic contractile activity increased in all animals over time, but 
was only statistically significant in HFD animals (Figure 3F, P=0.0001, 0.0410, 0.0057, 
respectively). Unpaired t-tests and one-way Anova's were used for statistical analysis, P<0.05 
were significant. 
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To investigate the synergistic effects of HFD and weaning timing on dermal lymphatic pulsing 

activity, multiparous mice fed a specialized diet were either forced or nursed weaned (Figure 

4). We hypothesized that the synergistic effects of obesity and weaning timing would increase 

lymphatic pulsing activity to facilitate increased lymphovascular skin invasion. Due to Covid 

interruptions the first lymphatic imaging session was at 6-7 months; limited access to the 

imaging facilities resulted in baseline imaging measurements spread over weeks, and delayed 

the subsequent imaging timepoint for the mice. Therefore, pre-tumor imaging was repeated 

at 14 months in one session as intended. Mice were maintained on the diets without 

interruption during this time. In multiparous mice, lymphatic pulsing pre-tumor in HFD force-

weaned (HFFW) and HFD nurse-weaned (HFNW) animals was increased compared to LFFW 

and LFNW (Figure 4A, P<0.001 and P=0.01), weaning did not have an impact on the 

lymphatic pulsing activity in the mice (Figure 4A P=Not significant, N.S.). The second pre-

tumor imaging timepoint was 14 months. The lymphatic imaging demonstrated the persisting 

effects of a HFD on lymphatic pulsing activity, in the HFNW and HFFW mice (Figure 4A, 

P=0.003 and P<0.001).  
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Figure 4: HFD increases lymphatic pulsing from mammary gland draining lymphatics in 
multiparous mice similar to pulsing induced by tumor initiation. 

Figure 4. HFD increases lymphatic pulsing from mammary gland draining lymphatics 
in multiparous mice similar to pulsing induced by tumor initiation. In multiparous mice, 
lymphatic pulsing pre-tumor in HFD force-weaned (HFFW) and HFD nurse-weaned (HFNW) 
animals was increased compared to LFFW and LFNW, weaning did not have an impact on 
the lymphatic pulsing activity in the mice  (Figure 4A, P<0.001 and P=0.01),  The second pre-
tumor imaging timepoint was 14 months, the lymphatic imaging demonstrated the persisting 
effects of a HFD on lymphatic pulsing activity, in the HFNW and HFFW mice (Figure 4A, 
P=0.003 and P<0.001).Tumor initiation significantly increased the lymphatic pulsing activity 
across all 4 mice groups independent of diet or weaning status (Figure 4B, LF NW P<0.001, 
HF NW P=0.0002, LF FW 0.0033 and HF FW P=0.0018, respectively). 
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High fat diet significantly increased IBC tumor growth in multiparous mice. 

 

We next sought to determine how risk factor-primed microenvironments would facilitate tumor 

growth and impact lymphatic activity and vasculature, following SUM149 tumor cells 

orthotopic inoculation into the #4 mammary gland fat pad of these mice. Mice were re-imaged 

at 16 months, 10 weeks after tumor initiation for post-tumor lymphatic imaging. Tumor initiation 

significantly increased the dermal lymphatic pulsing activity compared to the baseline pre-

tumor pulsing across all 4 mice groups, independent of diet or weaning status (Figure 4B, LF 

NW P<0.001, HF NW P <0.001, LF FW 0.003 and HF FW P=0.002, respectively). Kaplan 

Meier survival statistics were performed to assess tumorigenesis, demonstrating neither diet 

nor weaning status significantly altered tumor-free survival (Figure 5A, P=N.S.). In addition, 

skin invasion, which is defined by hair loss with bleeding or blisters on the skin, and a palpable 

tumor growing into the skin, was present in 13/14 animals that grew tumors, and thus was not 

significantly different across the groups (Figure 5B, 5C). HFD fed mice had increased tumor 

growth (Figure 5D, P=0.04). However, weaning status did not impact IBC tumor growth 

(Figure 5E, P=N.S.).  Lymphatic pulsing was correlated with tumor size at 42 days and CCL21, 

a ligand for leukocyte receptor, CCR7 which mediates leukocyte homing and trafficking 

towards lymphatics, using a chemotactic gradient. (Table 8, P=0.08 and P=0.05, respectively).  

In addition, we conducted CCR7 staining on tumors from these mice which were elevated in 

high fat and forced weaned mice. Further, CCR7 staining in tumors was strongly correlated 

with pre-tumor lymphatic pulsing (Supplemental Figure 1).  
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Figure 5: HFD promotes IBC tumor growth in scid/beige multiparous mice. 

 

Figure 5. HFD promotes IBC tumor growth in scid/beige multiparous mice. Figure 5A, 
neither diet nor weaning status significantly altered tumor-free survival. Figure 5B, 5C, skin 
invasion was present in most animals in each group and not significantly different across 
groups. Figure 5D, 5E, demonstrates for the first time that HFD increases IBC tumor growth, 
in addition to the rate at which tumorigenesis occurs, independent of weaning status (P=0.04, 
P=N.S., respectively). 
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Table 8. Correlation between lymphatic pulsing and tumor growth and lymphangiogenesis. 
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High fat diet induced increase in lymphatic function is independent of lymphatic 

vessel count in mammary gland.  

 

HFD significantly increased lymphatic pulsing activity, independent of weaning status, to a 

similar extent that tumor initiation did. To determine if this increase in lymphatic functionality 

was due to increased lymphatic vessel density, lymphatic vessels were individually annotated 

in the mammary glands from the multiparous mice cores for structural and functional analysis, 

using the algorithms created with the imagescope software. Tissue microarray multiplex 

immunofluorescence effectively stained for 12 markers across 2 panels including CD31, IBA-

1, alpha-SMA, podoplanin, vimentin, CK19, CD163, CD11b, CCR7, CD11c and CCL21 on the 

tumor and mammary gland tissue (Figure 6, Supplemental Figure 1). Lymphatic endothelial 

marker podoplanin (PDPN) was used to identify lymphatics. There were no significant 

differences in PDPN-positive cells detected across all four treatment groups, and the HFD vs. 

LFD mice had significantly decreased PDPN+ lymphatic cells (Figure 7A, P=N.S., Figure 7B 

P=0.02). The average number of lymphatic vessels were identified by manual annotation in 

the mammary gland core sections across the treatment groups; LF NW, LF FW, HF NW and 

HF FW, were 18.3, 3.3, 7.7 and 8, respectively (Table 9, P=NS). HFD fed mice vs. LFD had 

significantly fewer PDPN+ lymphatic vessels (Figure 7B, P=0.02, representative images, 

Figure 7D, 7E). Thus, increased lymphatic function was associated with decreased detected 

vessels. 
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Figure 6: Tissue microarray multiplex immunofluorescence effectively stained for 12 
markers across two panels on mammary gland tissue and tumors. 

 

 

Figure 6: Tissue microarray multiplex immunofluorescence effectively stained for 12 
markers across two panels on mammary gland tissue and tumors. Tumor stroma 
interface (20X) demonstrating panel A staining CD31 (teal), IBA-1 (green), Alpha-SMA 
(yellow), Podoplanin (red), Vimentin (white), CK19 (magenta) (A). Tumor section (20X) 
demonstrating panel B staining CD163 (teal), CD11b (green), CCR7 (yellow), CD11c (red), 
CCL21 (white) and CK19 (magenta) (B). 
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Table 9: Average number of lymphatic vessels in each mammary gland core quantified for 
each treatment group.   
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Figure 7: HFD promotes lymphatic functionality independent of the number of lymphatic 
vessels  
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Figure 7. HFD promotes lymphatic functionality independent of the number of 
lymphatic vessels. The lymphatic vessels in HFD postpartum mice express tumor infiltrating 
immune cells that promote lymphangiogenesis and lymphoinvasion. There were no significant 
differences in PDPN-positive cells across all the treatment groups, LFD mice had significantly 
increased PDPN+ lymphatic cells (Figure 7A, P=N.S., Figure 7B P=0.0153). The multiplex IF 
images show increased density of PDPN+ lymphatic vessels (red fluorophore) in the 
mammary gland sections in the low-fat diet mice, compared to the high-fat diet mice (Figure 
7D, 7E). HFFW mice had the highest concentration of PDPN+IBA-1+ co-expressing cells in 
the lymphatic vessels (Figure 7F, P=N.S.). The HFD mice demonstrated increased 
PDPN+IBA-1+ lymphatic cells, similarly the FW mice had higher PDPN+IBA-1+ lymphatic 
cells compared to the NW mice (Figure 7G, 7H, P=N.S.). The lymphatic vessels in the HFFW 
versus LFFW mammary gland demonstrated noticeable infiltration of IBA-1+ macrophages 
(Figure 7I and 7J, P=N.S.). HFD and forced weaning synergistically increased PDPN-positive 
ductal macrophages (Figure 7K, P<0.0001, 7L P<0.0001, 7M P=0.002). This increased 
presence of PDPN+ macrophages in the FW duct was illustrated by the yellow fluorophore 
(representing combination of red PDPN, and green IBA-1 fluorophores) in the duct compared 
to the NW duct (Figure 7N, 7O). 
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Expression of mammary duct-infiltrating monocyte-derived species and 

lymphangiogenic PoEMs  

 

Next, we sought to determine the mammary-duct infiltrating monocyte populations using 

manually annotated epithelial ductal structures. The HFFW mice had the highest 

concentration of PDPN+IBA-1+ (PoEMs) co-expressing cells in the lymphatic vessels (Figure 

7F and 7G, P=NS), but was low overall and not statistically significant. Next, we explored the 

PDPN expressing ductal macrophages by quantifying the PDPN-positive ductal macrophages 

(PoEMs) populations. Similar to the lymphatic vessels, HFD and forced weaning increased 

ductal PoEMs (Figure 7L, P<0.0001 and Figure 7M P=0.002). This increased presence of 

PDPN+ macrophages in the FW duct was illustrated by the yellow fluorophore in the duct 

compared to the NW duct (Figure 7N, 7O). This significant increase in PDPN+ macrophage 

populations in the HFFW ducts could inform the changes diet and weaning induce in the 

breast microenvironment, facilitating LVSI in IBC patients. Further, ductal epithelial cells 

expressed significantly higher PDPN-positive cells in HFD mice (Figure 8B, P=0.006), in 

addition the FW mice expressed significantly higher ductal PDPN-positive cells (Figure 8C, 

P<0.001). Increased PDPN+ ductal cells were illustrated in the mammary ducts observed in 

the FW mice versus NW mice (Figure 8D, 8E). Additionally, alpha-SMA expressing ductal 

cells did not significantly vary across all the treatment groups, nor by diet (Figure 8F, 8G, 

P=N.S.). However, forced weaning did significantly increase the alpha-SMA-positive ductal 

cells (Figure 8H, P=0.001). We evaluated the lobular types in these mice based on criteria 

established by the Schedin group, with type 1, 2 and 3 defined as 11 to 15, >15 to 50, and 

>50-acini per lobule respectively, and type 4 defined as terminally differentiated milk-secreting 

lobule. Our results from assessing the lobular types using H&E slides from the multiparous 

mice were inconclusive.  
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Figure 8: High fat diet and forced weaning synergistically significantly increased PDPN-
positive ductal cells. 
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Figure 8. High fat diet and forced weaning synergistically significantly increased PDPN-
positive ductal cells. The ductal cells expressed significantly higher PDPN-positive cells in 
HFD mice (Figure 8A, P=N.S., Figure 8B, P=0.0058), in addition the FW mice expressed 
significantly higher ductal PDPN-positive cells (Figure 8C, P=0.0004). Increased PDPN+ (red 
fluorophore) ductal cells were illustrated in the mammary ducts observed in the FW mice 
versus NW mice (Figure 8D, 8E). Alpha-SMA expressing ductal cells did not significantly vary 
across all the treatment groups, nor by diet (Figure 8F, 6G, P=N.S.). However, forced-weaning 
did significantly increase the alpha-SMA-positive ductal cells (Figure 8H, P=0.0015). 
Increased alpha-SMA+ (yellow fluorophore) ductal cells were illustrated in the mammary ducts 
observed in the FW mice versus NW mice (Figure 8I, 8J). 

 

 

HFD also increased the ductal IBA-1 cell expression, independent of weaning status. (9A, 

P<0.0001 and P=0.0002, 9B, P<0.0001). These differences are illustrated in the postpartum 

mammary ducts from LFD vs. HFD mice. The positive IBA-1 ductal cells in and around the 

ductal epithelium, are higher in high fat ducts (9D, 9E). Additionally, although the CD163-

positive ductal cell populations were generally low across all the mammary gland, the HFD 

mice had significantly higher CD163-positive ductal cells, independent of weaning status (9F, 

P=0.01, P=0.003, and 9G, P<0.0001 respectively). These differences are shown in the 

postpartum mammary ducts from LFD vs. HFD mice, HFD ducts demonstrated increased 

CD163-positive ductal cells in and around the ductal epithelium (Figure 9H, 9I). The ductal 

CD11c-positive cells were significantly higher in HFD mice (9L, P<0.001). Weaning status did 

not affect ductal CD11c-positive cells (Figure 9M, P=N.S.). The higher expression of ductal 

CD11c+ cells were demonstrated in the HFD ducts, compared to the LFD ducts (9N, 9O). 
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Figure 9: High fat diet significantly increased mammary ductal immune cell inflammation. 

 



 65 

 

Figure 9. High fat diet significantly increased mammary ductal immune cell 
inflammation. HFD increased the ductal IBA-1 cell expression, independent of weaning 
status, this was demonstrated between the LFNW vs. HFNW mice, and the LFFW vs. HFFW 
mice. (Figure 9A, P<0.0001 and P=0.0002, Figure 9B, P<0.0001 respectively). Weaning 
status did not influence the ductal IBA-1 cell populations (Figure 9C, P=N.S.). These 
differences are illustrated in the postpartum mammary ducts from LFD vs. HFD mice (Figure 
9D, 9E). HFD mice had significantly higher CD163-positive ductal cells, across the NW and 
FW groups (9F, P=0.01, P=0.003, respectively). HFD significantly increased the ductal CD163 
cell populations (Figure 9F, P<0.0001), independent of weaning status (Figure 9G, P=N.S.). 
These differences are shown in the postpartum mammary ducts from LFD vs. HFD mice 
(Figure 9I, 9J). The ductal CD11c-positive cells were significantly higher in HFD mice (Figure 
9K P=N.S., Figure 9L, P<0.001). Weaning status did not affect ductal CD11c-positive cells 
(Figure 9M, P=N.S.). The higher expression of ductal CD11c+ (red fluorophore) cells were 
demonstrated in the HFD ducts, compared to the LFD ducts (Figure 9N, 9O). 
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Supplemental Figure 1: Multiplex Immunofluorescence was conducted on IBC tumor 
sections from the multiparous mice. 
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Supplemental figure 1: Multiplex Immunofluorescence was conducted on IBC tumor 
sections from the multiparous mice. HFD increased the CCR7 expression in tumors, forced 
weaning also increased the CCR7+ tumors (A, B). HFD increased the CD31+ tumors (C). The 
LFD mice had a higher PDPN+ tumor cells (E), weaning did not impact the PDPN+ tumor cells 
(F). The LFD mice had higher IBA-1+ tumors cells (G), weaning did not impact the IBA-1+ 
tumor cells (H). The LFD mice had higher CCL21+ tumors cells (I), weaning did not impact 
the CCL21+ tumor cells (J). Correlations between CCR7+ tumor cells and pre-tumor lymphatic 
pulsing were assessed. The LFFW and HFFW IBC tumors demonstrated a strong association 
between the CCR7 tumor expression levels and the pre-tumor lymphatic pulsing rates in these 
mice (K, L). 
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DISCUSSION 

 

HFD increased lymphatic function, assessed as pulsing post-mammary gland, in nulliparous 

and multi-parous mice prior to tumor initiation. Further, function trended towards a direct 

correlation with tumor growth. IBA-1 and CD163+ macrophages and CD11c+ dendritic cells 

in mammary gland ducts were also more prevalent in HFD animals. While weaning timing did 

not impact lymphatic pulsing or tumor growth in this model, this is the first study to model the 

combination of risk factors simultaneously as experienced by patients.  HFD was also 

associated with increased lymphangiogenic PDPN+ macrophages in lymphatic vessels and 

mammary ducts of HFD as well as FW mice, highlighting a potential synergy in risk factors for 

further study. Lastly, prevalence of cells expressing CCL21, a ligand for lymphatic traffic 

homing, was directly correlated to pulsing, and may suggest a role for CCL21 in lymphatic 

function in addition to trafficking. This is the first report that high fat diet promotes xenograft 

growth of an IBC cell line. Interestingly, in these multiparous mice, all but one animal 

developed IBC-like skin invasion, potentially suggesting compared to nulliparous historical 

controls [9], that pregnancy induces a microenvironment that induces IBC-like skin invasion 

independent of weaning and diet. We suggest that further study of the role of inflammatory 

infiltrates and CCL21 in inducing lymphatic function and promoting CCR7-positive tumor 

growth are warranted.  

C-C- chemokine receptor type 7 (CCR7), a member of a chemokine receptor family, 

expressed on mature leukocytes and T-cells, induces the leukocyte homing towards CCL21 

expressing lymph nodes  across a chemotaxis gradient [63], [124], [125], [126], [127]. CCR7 

staining in the tumors from these mice was elevated in high fat and forced weaned mice. 

Further, CCR7 staining in tumors was strongly correlated with pre-tumor lymphatic pulsing 

(Supplemental Figure 1). Studies have shown that obesity promotes the accumulation of 

CCR7-positive macrophages and dendritic cells in adipose tissue in close proximity to lymph 
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nodes [128]. Melanoma studies have demonstrated that metastatic melanoma tumor cells 

express CCR7, which mediates chemotactic metastasis towards proximal lymphatics, 

resulting in lymphoinvasion [93], [129].  

Other studies have reported the opposite phenomenon, where HFD or obesity cause 

lymphatic dysfunction characterized by the reduced ability transport lymph, leaky vessels, and 

change in the expression of lymphatic endothelial cell markers [130], [131]. Blum et al. 

explored the effects of a chronic high fat diet on lymphatic function and vasculature in three 

strains, including mice models for primary lymphedema, using in vivo NIRF lymphatic imaging. 

They demonstrated that across all groups, HFD was associated with impaired collecting 

lymphatic vessels, reduced lymphatic contractile activity, and even a reduced response to 

mechanostimulation. Further, the primary lymphedema mice model (K14-VEGF-C) had 

expanded dermal lymphatic vessels which decreased the spread of the lymphatic tracer in 

HFD mice [130]. Notably, in this study they quantified the lymphatic contractile activity in the 

collecting vessels in the limb, near the entrance to popliteal lymph node. Similarly, a separate 

study used obesity-resistant and obesity-prone mice strains, to assess how high fat diet-

induced obesity effect lymphatic function. This study concluded that only obesity-prone mice, 

but not obesity-resistant mice on high fat diet had impaired lymphatic function, increased 

perilymphatic inflammation, and altered LEC gene expression [131].  There could be several 

reasons for the diverging results from the effects of obesity on lymphatic activity in mice 

models; including the amount of time the mice were given specialized diet prior to imaging, or 

the mice strain used, and more specifically if they were immunocompetent models. 

Additionally, it is critical to distinguish which vessels were being assessed. The effects of 

regional heterogeneity of lymphatic vessels on lymphatic contractile function have been 

published [132]. Studies have demonstrated using collecting lymphatic vessels from rats, 
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regional variations in lymphatic contractile responses to physical stimuli, and exposure to 

certain conditions and environments [133],[134]. 

Clinical studies in patients have also presented conflicting data, inferring obesity presents as 

a risk, however etiology in lymphatic disorders is not established.  One study which sought to 

characterize obesity as a novel cause of lower-extremities lymphedema with obese patients 

(BMI>30 kg/m2), without any potential cause for lymphedema were evaluated with a 

lymphoscintigram [135]. They reported that patients with BMI>60 kg/m2 had lower extremity 

lymphedema, whereas every patient with BMI<50 kg/m2 had normal lymphatic function [135], 

[136]. Concurrently, a separate clinical study which evaluated patients with pitting odema, 

compared obese patients, non-obese and patients with idiopathic oedema using 

lymphoscintigraphy. They concluded that obese patients and those with idiopathic oedema 

had fewer and milder lymphoscintigraphic abnormalities, emphasizing that these structural 

lymphoscintigraphic abnormalities in clinical oedema are not caused by obesity [137]. 

Next, our study aimed to determine how risk-factor primed microenvironments would facilitate 

the tumor growth and lymphatic activity and vasculature following triple-negative parental IBC 

SUM149 tumor cells orthotopic inoculation into the #4 mammary gland fat pad. Lymphatic 

pulsing activity significantly increased following triple-negative IBC SUM149 tumor cells 

inoculation. Tumor initiation significantly increased the dermal lymphatic pulsing activity 

across all 4 mice groups independent of diet or weaning status. Agollah et al. 2014, 

demonstrated that immunocompromised mice imaged using In vivo near infra-red lymphatic 

imaging for up to 11 weeks prior to orthotopic SUM149 IBC tumor inoculation, and post-tumor 

inoculations. Mice with the IBC tumors demonstrated altered lymphatic drainage patterns 

resulting in the rerouting of lymphatic drainage, as a result of lymphatic obstruction during 

tumor growth [87]. 
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Studies have established that not pregnancy, but the post-partum period in women increases 

the risk of developing breast cancer [67]. The breast undergoes dramatic remodeling following 

pregnancy and lactation during involution, the breast remodeling to its pre-pregnant state 

following weaning. During the process of involution, programmed cell death eliminates about 

90% of the secretory mammary epithelium, produced for lactation, within the breast 

microenvironment. Changes in the breast occur including immune cell infiltration, stromal 

remodeling, M2 macrophages, fibroblast activation, fibrillar extracellular matrix deposition. 

The process of involution involves several tumor-promoting signals in the mammary 

epithelium and stroma [67], [138].  Studies have also shown that postweaning mammary 

glands have increased lymphangiogenesis [139]. Jindal et al. investigated these changes in 

the breast microenvironment using breast biopsies from healthy, young women collected prior 

to pregnancy, during lactation and postweaning. An increase in CD45+ immune cells in the 

breast lobules peaked at 0.5 months post-weaning and persisted for more than 12 months 

post-weaning. Further, they identified several lymphatic vessels with CK18+ epithelial cell 

debris, as CK18+ epithelial cells were not fully enclosed by the basal myoepithelial cells, 

during involution, allowing dying epithelial cells to escape the acinar structures and enter 

lymphatic vessels [70]. Additionally, they showed that lymphatic density and function peaked 

1 month postweaning, and remained higher than pre-pregnancy levels up to 24 months post-

weaning. This suggests that changes that occur during pregnancy, and in preparation for 

lactation persist beyond involution, modifying the breast microenvironment eliciting pro-

tumorigenic signals.  

Normal adjacent tissue in IBC patients is enriched with mammary stem cell populations and 

macrophage infiltration. Thus, IBC normal tissue unique from normal non-IBC tissue, has an 

increased tumorigenic stem cell signature and a disease-specific tumor signature [140].  

Macrophages are a dominant immune cell population in the mammary duct. A unique 
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population of tissue-resident ductal macrophages form a tight network with the epithelium, 

and thus constantly surveil the epithelium [138], [141]. Ductal macrophages proliferate during 

pregnancy to increase the epithelium for lactation, and facilitate phagocytosis of the milk 

producing cells following lactations [141]. These remodeling signals in ductal macrophage are 

like those seen mammary tumor macrophages. We investigated the macrophage populations 

in the post-partum mammary glands, we showed that HFD increased the IBA-1+ ductal cell 

populations, independent of weaning status (Figure 9). Similarly, the HFD increased the M2 

macrophage, CD163+ cells, ductal cell populations, independent of weaning status. This is 

consistent with studies investigating post-lactational involution demonstrating an influx of 

macrophages, characterized by M2 macrophages in rodents and humans [138]. M2 

macrophage populations increase during pregnancy and involution and return to nulliparous 

levels following full regression in the mammary glands. However, the persisting changes of 

M2 macrophages could contribute to a pro-tumorigenic microenvironment, promoting breast 

cancer in post-partum women [138]. Additionally, we have previously demonstrated in 

preclinical models that M2-educated mesenchymal stem cells promote IBC growth. Inhibiting 

macrophage recruitment in vivo inhibited the IBC tumor growth, tumor recurrence and skin 

invasion [122]. Although we assessed the long-term effects of weaning in postpartum 

mammary glands, it is critical to characterize how these persisting changes may contribute to 

a conducive microenvironment for IBC growth.   

Skin symptoms are attributed to the IBC tumor emboli disseminating into the dermal 

lymphatics in the breast, with tumor emboli clogging the dermal lymphatics. Studies have 

determined that the presence of inflammatory breast carcinoma in the breast, induces the 

formation of new lymphatic vessels, promoting lymphangiogenesis [1].  Van der Auwera and 

colleagues compared the lymphangiogenic potential in IBC versus non-IBC, concluding 

increased proliferation of peripheral lymphatic endothelial cells around the tumors [71]. The 
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lymphatic system, is composed of an extensive network of lymphatic vessels, made up of 

lymph absorbing initial lymphatic capillaries, collecting lymphatic vessels which transport the 

lymph, and lymph nodes and lymphoid organs which are responsible for facilitating immune 

responses [77], [142]. Lymph propulsion requires a combination of extrinsic and intrinsic 

forces to move lymph against a hydrostatic pressure gradient. This requires action-potential 

stimulated, lymphatic contractile activity synchronized along the lymphangiongion, with 

functional intraluminal valves to prevent backflow [77], [142], [143]. In a study, assessing 

breast lymphatic mapping, they demonstrated that lymphatic collectors were identified in the 

subcutaneous tissue, and all superficial lymphatic vessels in their breast dissections entered 

the lymph node in the axilla [144]. Similarly, in a study using magnetic resonance 

lymphography, they demonstrated that following intradermal injections, the lymphatics in the 

fourth and fifth mammary glands drained into the inguinal and proper axillary nodes [145]. 

Additionally, our lymphatic pulsing imaging from the fourth mammary gland demonstrated 

lymph fluid being propelled towards the axilla lymph node.  

Interestingly, we identified PDPN-expressing macrophages (PoEMs) in our postpartum 

mammary glands. These PoEMs can integrate into the lymphatic vasculature, promoting neo-

lymphangiogenesis. Studies have shown that in breast cancer patients, the association of 

PoEMs with tumor lymphatic vessels correlates to increased lymph node and distant organ 

metastasis [146]. The Bieniasz-Krzywiec research group, published that among mammary 

tumor-infiltrating immune cells, the highest expression of PDPN was found in tumor 

associated macrophages (TAMs). When PDPN-expressing macrophages (PoEMs) are 

proximal to lymphatics, these PoEMs stimulate local matrix remodeling, and promote 

lymphatic vessel growth and lymphoinvasion [147]. Thus, we sought to determine whether the 

synergy between obesity and never-breastfeeding would result in IBC progression, and 

increased lymphangiogenesis and lymphoinvasion. Interestingly, our data showed HFD and 
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forced weaning increased PDPN+ macrophages in lymphatic vessels. Similarly, High fat diet 

and forced weaning significantly increased PoEMs in the ducts. Studies have shown that 

mammary lymphatic vessels are spatially closely associated with the epithelial ducts. The 

lymphatic vessel density increases during pregnancy with the extensive expansion of the 

epithelial tree. This correlation suggests the mammary epithelial elicits pro-lymphangiogenic 

signals [69].The significantly increased PDPN+ macrophage in the high fat, forced weaned 

ducts could inform the changes diet and weaning induce in the breast microenvironment, 

facilitating LVSI in IBC patients. Despite the difference not being significant, which could be 

due to low experimental animals/groups resulting in less power for statistical significance, it is 

still critical to note that this trend of PoEMs, PDPN+ IBA-1+ cells in our mice models could 

inform the LVSI associated with IBC. Having more animals in each treatment group would 

have increased the statistical power and could have confirmed the trend of increased PDPN-

expressing macrophages in high fat, forced weaned mice.   

The quantification of PDPN-positive cells in the lymphatics of these mammary glands 

demonstrated that HFD promotes lymphatic functionality, independent of the number of 

lymphatic vessels. In fact, the LFD mice had significantly increased PDPN expressing cells in 

the mammary lymphatic vessels. This is consistent with the literature exploring the effects of 

both HFD and obesity on lymphatic pulsing activity, and lymphatic vessel density and 

vasculature. Studies have shown that HFD-induced obese mice have decreased lymphatic 

density, reduced lymphatic endothelial cell proliferation and reduced collecting vessel 

pumping capacity [148].   

We also reported that the forced weaned ductal cells expressed significantly higher alpha-

SMA, compared to the nursed weaned group. The mammary myoepithelial cells which are 

specialized smooth-muscle-like epithelial cells express alpha-SMA, which in response to 

oxytocin facilitates contractions of myoepithelial cells, facilitating milk ejection during lactation 
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[149]. The myoepithelial cell contractions reduce the alveolar lumen in the mammary glands. 

We evaluated the lobular types in these mice based on criteria established by the Schedin 

group [150], analysis of the lobular types using H&E slides from the multiparous mice were 

inconclusive. There is an increase in lobular composition and lobular complexity during 

pregnancy and lactation. However, lobular composition was not significantly different after a 

year and was indistinguishable after 18 months from the nulliparous group [150]. In a separate 

study, they highlight that mammary stromal remodeling in rodents is increasingly activated 

day 4-8 after weaning, in particular in forced-weaned mice they found that the mammary 

fibroblasts were more abundant [151]. Although we see the impact of weaning on the ductal 

alpha-SMA levels, we were not able to evaluate this impact on tumor growth. A limitation to 

our study was that we were not able to address the impact of alpha-SMA on tumor growth. 

This was partly due to immunocompromised mice model we used to assess the pregnancy 

and diet-induced changes in the mammary microenvironment, which remained 

immunosuppressive to the human IBC tumor initiated into the mice.  

A limitation of this study was that the effects of weaning on the breast microenvironment were 

assessed several months after involution. This could suggest that we didn’t capture the 

immediate changes in the microenvironment following involution, instead we assessed the 

persisting changes. However, these functional signals which persist months after involution 

could be facilitating IBC progression and lymphoinvasion. Elder et al. studied how immune 

cells in the mammary gland microenvironment promote lymphangiogenesis during post-

partum mammary gland involution, and even breast cancer. They characterized that activated 

macrophages expressed lymphatic marker, (LYVE-1) during involution, and this peaked at 

day 6 of involution, at peak lymphatic density. In addition, PDPN-expressing macrophages 

were characterized, and promoted lymphangiogenesis [146]. Further, tumor cells inoculated 

into mammary glands at day 1 of involution, micrometastasized and were identified in the 
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axillary nodes at day 4 and day 6 of involution, suggesting early in an involuting mammary 

gland lymphatics can facilitate metastasis [146]. Additionally, there could be several reasons 

for the diverging results from the effects of obesity on lymphatic activity in mice models; 

including the amount of time the mice were given specialized diet prior to imaging, or the mice 

strain used and more specifically if they were immunocompetent models. It is critical to 

distinguish which vessels were being assessed. 

 In conclusion, we demonstrated for the first time that a high fat diet increased lymphatic 

function independent of weaning status in this model. Tumor initiation prompted further 

increased lymphatic pulsing activity beyond that observed after HFD across all 

groups.  Further, we reported for the first time that HFD promoted SUM149 IBC tumor growth 

in immunocompromised mice. The increase in lymphatic contractile activity and functionality, 

was independent of lymphatic vessel density. However, we found that lymphatic pulsing was 

correlated to LEC marker CCL21, a ligand of a leukocyte trafficking receptor CCR7 found on 

macrophages and dendritic cells. We also demonstrated that a high fat diet promoted 

significant inflammation of specific mammary tumor-infiltrating immune cells such as 

macrophages, M2 macrophages and dendritic cells in the mammary ducts. In addition, 

PDPN+ macrophage (PoEMs) populations were elevated in the lymphatic vessels, and 

significantly increased in the high fat diet, forced weaned mammary glands. This suggests 

that the long term, persisting changes in the microenvironment from never-breast feeding and 

high fat diet synergistically promote IBC tumor growth, and lymphovascular skin 

invasion. Further, these persisting changes in the microenvironment, and their impact on the 

inflammatory infiltrates, and CCL21 in inducing lymphatic function and promoting tumor 

growth warrant further study. 
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Chapter 5: CCR7 is highly expressed in Inflammatory breast cancer, and breast cancer 

cell lines. 
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ABSTRACT 

 

Background: Inflammatory breast cancer is an aggressive breast cancer characterized by 

florid congestion of lymphovascular spaces by tumor emboli. CCR7 is an immune cell receptor 

that mediates immune cell trafficking into lymphatics that can be expressed on tumor cells. 

An RNA-seq screen of tumor promoting mammary glands in mice identified CCR7 as an 

upregulated signal in mammary glands that promoted IBC-like skin invasion. We hypothesized 

this expression in pre-tumor glands may reflect a role for CCR7 based trafficking of tumor 

cells to lymphatics. Thus, we examined the expression of CCR7 in IBC and non-IBC cell lines 

and IBC patient tumors to determine the prevalence of this receptor in IBC tumor cells. 

Methods: Tumor samples from the IBC consortium database were stratified as CCR7-high 

when expression in tumor was greater than or equal to the median, otherwise, the sample 

was classified as CCR7-low in the normal breast samples.  Mann-Whitney tests were used 

when two groups were compared, and one-way analysis of variance was used for multiple 

experimental groups. Black lines in each group indicate median ± SD, and p values of <0.05 

were considered significant. Spearman rank correlation coefficient was used to measure the 

strength of the association between CCR7, and its ligand CCL21 with lymphatic marker, 

LYVE-1. A P value of < 0.05 was considered significant. GRAPHPAD software (GraphPad 

Prism 8, La Jolla, CA, USA) was used. Descriptive statistics were examined for representation 

by receptor subtype.  An IBC tissue microarray from post-chemotherapy mastectomy 

specimens of 39 patients, each with three replicates was subjected to immunohistochemical 

staining for CCR7 (Invitrogen, catalog number MA5-31992) performed using a Leica Bond RX 

autostainer with an incubation time of 60 minutes at 1:15,000 after 20 minutes of heat-induced 

antigen retrieval at pH 6.0. In 15 cases, there were no residual tumor cells observed in the 

cores. Staining was scored by an expert IBC pathologist for intensity and percent tumor 

stained. Protein lysates from IBC and non-IBC cell lines of multiple subtypes were subjected 
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to immunoblotting using anti-CCR7 (R&D systems). In addition, a panel of MCF7 cell lines 

including sublines resistant to standard therapies were assessed. 

Results: In publicly available gene expression datasets, CCR7 expression is present in all 

subtypes, enriched in HER2+ and basal subtypes, and increased in IBC compared to non-

IBC.  Among 24 IBC patient cores with tumor in the tissue, 23 (96%) expressed CCR7 in 

tumor, 15 with complete membranous staining and 9 with incomplete membranous staining. 

In one case with tumor emboli in the core, the emboli were strongly CCR7 positive. Among 

the 23 positive cases, 21 were 3+ intensity while 2 were 2+. Nine CCR7+ cases were estrogen 

receptor (ER) ER+, 8 ER-, and 6 unknown. HER2 status is pending. CCR7 staining was strong 

in all lines examined including MCF7, SUM149, SUM190, MDA-IBC3, KLP4, MDA-231 and 

SUM159. MCF7 sublines resistant to tamoxifen, palbociclib, or abemaciclib had increased 

expression compared to MCF7 parental cells. 

Conclusions: CCR7 gene expression is increased in IBC versus non-IBC cases, but is highly 

expressed in both groups. CCR7 expression is present across tumor subtypes in IBC cell lines 

and in both ER+ and ER- IBC patient tumors. Given developing novel pharmacologic targeting 

of CCR7, this target warrants further investigation in IBC and other breast cancers. 
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INTRODUCTION 

 

Inflammatory breast cancer is a rare, but highly lethal form of breast cancer [10]. IBC rapidly 

progresses with unique clinical presentations, including erythema, breast swelling, nipple 

inversion, skin changes and peau d’orange [3]. These skin symptoms are attributed to IBC 

tumor emboli disseminating into the dermal lymphatics in the breast, with tumor emboli 

clogging the dermal lymphatics [1]. This phenomenon is called lympho-vascular space 

invasion (LVSI) and while present across all breast cancer subtypes in IBC and non-IBC, it is 

thought to be florid and as such complicit in the onset of IBC and propensity to metastasize. 

Given this key role of tumor cell trafficking to lymphatics in IBC, we identified CCR7 on a pilot 

comparative genomics screen for pre-tumor conditions that promoted IBC-like symptoms 

(Supplemental Table 1) as a gene of interest.  

IBC is diagnosed at a later stage, partly due to limitations of mammography in detecting the 

scattered distribution of tumor throughout the breast [96]. Difficulty detecting tumor emboli, in 

combination with clinical features of IBC being mistaken for skin diseases such as mastitis, 

contribute to delayed diagnosis and treatment [9]. The recommended therapeutic guidelines 

for IBC patients encompass a trimodality approach entailing systemic therapy, surgery and 

radiation [4]. Clinical trials in IBC have explored neoadjuvant treatments with carboplatin and 

paclitaxel, in combination with antiangiogenic therapies [152]. Despite the advancements in 

clinical trials with immunotherapies, such as neoadjuvant pembrolizumab (PD-1 antagonist) 

in combination with chemotherapy in early-stage triple negative breast cancer [41], these 

advancements in IBC treatment have not been achieved. Studies have reported that PDL1 

expression in IBC was higher than non-IBC, and even 38% overexpressed in IBC compared 

to normal breast samples [153]. Highlighting the potential for PD-1/PD-L1 therapies in IBC. 

Ongoing clinical trials are investigating the effects of neoadjuvant chemotherapy with PD-1 

blockade (nivolumab) in IBC patients [154]. IBC tumors have a unique, heterogeneous 
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immune landscape, which is not well understood. Further impeding on the development of 

clinically available therapies [155].  Thus, it is important to identify therapeutic targets and 

options for IBC patients. 

CCR7 is an immune cell receptor that mediates immune cell trafficking into lymphatics using 

chemotactic signals, that can be expressed on tumor cells [156], [157], [158]. CCR7 ligands, 

CCL19 and CCL21, signal through the CCR7 receptor found on immune cells [159]. Studies 

have highlighted that CCR7 contributes to lymph node metastasis, and have even found that 

CCR7 and VEGF-C (a lymphangiogenic marker) synergistically promote tumor spread into 

the lymphatics  [159]. Multiple clinical studies have reported that CCR7 facilitates lymph node 

metastasis in breast cancer patients [96]. In a triple-negative (TN)-BC study, CCR7 knocked 

down in TNBC cell lines significantly reduced proliferation, migration and invasion. Similarly, 

the in vivo orthotopic models demonstrated reduced tumor metastasis [97]. Thus, CCR7 is an 

attractive candidate mediator of the IBC phenotype and LVSI in general. 

Herein, we conducted immunohistochemistry staining on IBC patient tissue, mostly containing 

tumors to determine CCR7 expression levels. CCR7 tumor staining was assessed by an 

expert pathologist to determine staining positivity, and to evaluate whether the staining was 

stromal or tumor. Further, we analyzed both IBC and non-IBC patient data from the IBC 

consortium database to determine CCR7 and CCL21 expression across patient samples. 

Further, we sought to differentiate subtype-specific expression levels.  
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RESULTS 

 

In a previous study conducted in the Woodard lab, similar to the multiparous study conducted 

in chapter 4, postpartum mice were put on a specialized diet to determine the role of a risk-

factor primed microenvironment on tumor progression and skin invasion (Supplemental Table 

1). RNA isolated from the tissue of high fat forced weaned (HFFW) animal and low-fat nursed 

(LFNW) animals were used to undergo RNA sequencing for molecular target discovery. In a 

comparative analysis, RNA sequencing data demonstrated in high fat, forced weaned mice 

an upregulation in an inflammatory response, specifically lymphocyte activation markers, 

adaptive immune responses, and hall mark inflammatory responses such as T cell activation. 

This included the lymphocyte homing chemokine receptor, CCR7 (P<0.0001). The mice in 

this experiment had undergone two rounds of pregnancy and were put on a specialized diet 

after 8 months. Subsequently, after 1-month tumors were inoculated into 64 mice, only 31 

grew palpable tumors. The tumors were resected to determine local recurrence of the tumor. 

Most of the mice in the HFFW group experienced skin invasion (65%, 11/17). This is when 

the tumor protrudes into the skin causing loss of hair, followed by the blistering and bleeding 

of the skin, P = 0.08.  
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Figure 10: CCR7 and CCL21 are highly expressed in IBC patient samples. 

 

 

Figure 10: CCR7 and CCL21 are highly expressed in IBC patient samples. CCR7 levels 

were significantly higher in IBC patient samples compared to non-IBC (Figure 10A, P=0.0007), 

breast cancer subtype-specific expression reported CCR7 levels were higher in HER2+ and 

basal subtypes compared to the luminal subtypes (Figure 10B, P=0.0161 and P=0.0002, 

respectively). CCR7 levels compared based on ER positivity showed CCR7 levels were higher 

in ER- patients (Figure 10C). Similar analysis was performed for CCL21, revealing CCL21 

levels were significantly higher in IBC patients compared to non-IBC (P=0.0018), and was not 

significantly different across IBC subtypes (Figure 10 D-F). CCR7 had strong association with 

its lymphatic ligand, CCL21 (Figure 10G, P<0.0001), and lymphangiogenic marker, LYVE-1 

(Figure 10H, P<0.0001).  
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We sought to determine CCR7 expression in IBC patient samples, and differentiate subtype-

specific expression levels. Comparative analyses using CCR7 levels in IBC vs. non-IBC 

patient samples, demonstrated that CCR7 levels were significantly higher in IBC patient 

samples compared to non-IBC (Figure 10A, P=0.0007). HER2+ and basal subtypes had 

higher levels of CCR7 compared to the luminal subtypes (Figure 10B, P=0.0002 and 

P=0.0161, respectively). When normalized for estrogen receptor status, the breast cancer 

samples with estrogen negative receptor status had significantly higher CCR7 expression 

(Figure 10C, P=0.0098). Similarly, we found that IBC patient samples had higher CCL21 

expression, and the HER2+ subtypes had the higher CCL21 expression compared to the 

luminal subtypes (Figure 10D, P=0.0018 and 10E, P=0.0423 and P=0.0366, respectively). 

Next, we sought to determine the correlation between the CCR7 and ligand, CCL21 and 

lymphatic marker LYVE-1 expression using Spearman rank correlation coefficient analysis. 

CCR7 had strong association with its lymphatic ligand, CCL21, and lymphangiogenic marker, 

LYVE-1 in breast cancer patients (Figure 10G, P<0.0001, 10H, P<0.0001).  

 

Immunohistological staining targeting CCR7 revealed 24 out of the 39 human IBC sections 

evaluated had tumors in them (Figure 11).  Table 10, reveals the CCR7 positivity, membrane 

versus non-membranous staining patterns, ER status and the % of the tumor stained. 23 out 

of the 24 IBC tumor sections evaluated were positive for CCR7, 15 of which were completely 

membranous (Figure 11B), and 8 which were incompletely membranous (Figure 11C). An 

expert IBC pathologist determined 21 samples had 3+ staining, the highest intensity staining, 

compared to 2 samples with 2+ staining intensities. Further, the pathologist also determined 

the percentage of the tumor stained for CCR7. 14 of the samples were determined 100% 

stained for CCR7, 2 samples were determined 90% stained, 4 samples were 80% stained, 
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while 2 samples were 50% stained, and only 1 IBC tumor sample was determined 10% 

stained. CCR7 staining was identified and reported in ER- and ER+ cases (Table 10). 

 

 

Table 10: CCR7 Pathology results and ER status for all tumor samples. 
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Figure 11: Demonstration of pathologist categorizing and scoring CCR7 expression in 

IBC patient tumors. 
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Figure 12: In vitro analysis of CCR7 expression in IBC and non-IBC cell lines.  

 

 

Figure 12: In vitro analysis of CCR7 expression in IBC and non-IBC cell lines. Protein 

lysates from both IBC and non-IBC cell lines expressed high levels of CCR7 in vitro. SUM149, 

SUM159, SUM190, KPL4, IBC3 and MDA-231 all express CCR7 (Figure 12A). MCF7 drug 

resistant cell lines have increased CCR7 expression compared to parental MCF7 (Figure 

12B). 

 

We examined CCR7 protein expression in IBC cell lines SUM149 (triple negative), SUM190 

(HER2+), KPL4 (HER2+) and IBC3 (HER2+) and non-IBC MDA-231 (triple negative) and 

SUM159 (metaplastic triple negative). All of the cell lines we assessed highly expressed CCR7 

(Figure 12A). Further, we assessed the CCR7 expression levels in MCF7 parental and drug 

resistant sub-cell lines (Figure 12B). MCF-7 therapy resistant cell lines including MCF7 TAM: 

tamoxifen-resistant, ACR: abemaciclib-resistant, PCR: palbociclib-resistant and TAM-ACR or 

TAM-PCR: double-resistant, respectively have increased CCR7 expression compared to 

parental MCF7 cells.   
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DISCUSSION 

 

We report that CCR7 and its ligand CCL21 are expressed across breast cancer subtypes, 

however specifically enriched in IBC based on gene expression data. Immunohistochemical 

staining for CCR7 identified 23/24 IBC patients as CCR7 positive. Further, we report that 

CCR7 expression across a range of IBC and non-IBC cell lines, with increased expression in 

drug resistant sublines of MCF7 compared to parental MCF7. These studies demonstrate a 

strikingly consistent expression of CCR7 across breast cancer including aggressive subtypes. 

This work prompts interest in CCR7 as a potential antibody-directed conjugate target and 

further work is warranted to investigate the potential biologic significance of CCR7.  

The CCR7 receptor, is a member of the C-C Chemokine receptor family. It is characterized 

as a G protein coupled receptor (GPCR), which mediates physiological responses to external 

stimuli. GPCRs are defined as integral membrane proteins made up of seven transmembrane 

consisting of alpha-helical segments with alternating intracellular and extracellular loop 

regions [160].  CCR7 is expressed on immune cells including B cells, T cells and mature 

dendritic cells. Preclinical studies have reported that CCR7-deficient mice demonstrate 

impaired T cell migration to lymphoid tissue, where dendritic cells failed to enter lymphatic 

vessels following inflammatory stimuli [161].  CCR7 has two ligands, CCL19 and CCL21, 

which is found on the surface of endothelial cells, and high endothelial venules. CCL21 has a 

uniquely long C-terminal which supports the regular binding to glycosaminoglycans. This 

localizes chemokines on cell surfaces facilitating cell signaling and trafficking direction [162]. 

This binding is critical for CCL21 presentation on the surface of endothelial cells [162]. The 

binding of CCR7 and CCL21, mediates immune cell trafficking towards the lymphoid organs 

[163].  

In line with this, we demonstrated using In vitro models, that MCF-7 drug resistant cell lines 

expressed increased CCR7, including Tamoxifen-resistant cell lines. Tamoxifen is an 
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estrogen receptor-targeted therapy [164]. CCR7 expression was also demonstrated in MCF7 

resistant cell lines to Abemaciclib and Palbociclib, which are cyclin-dependent kinase 4/6 

(CDK 4/6) inhibitors used for advanced metastatic breast cancers both in HER2-positive and 

negative patients [165], [166]. CDK 4/6 inhibitors function by interrupting the intracellular and 

mitogenic hormone signals which promote tumor cell proliferation [167]. CDK 4/6 inhibitors 

are increasingly effective in combination with drugs that inhibit the downstream estrogen-

dependent stimulation of cancer cells [168]. This highlights that CCR7 could be driving the 

biology in aggressive breast cancer, proving the therapeutic potential that targeting CCR7 

presents for breast cancers.  

Highly aggressive cancers are frequently characterized by tumor cell emboli within the 

lymphatic and blood vasculature (LVSI). IBC presentation of swelling and erythema have been 

attributed to the clogging the lymphatics in the breast and skin, thus we expected and found 

higher CCR7 in IBC cases. Approximately 40% of breast cancer patients are characterized 

by LVSI, making LVSI-related mechanisms highly pertinent for understanding breast cancer 

biology. In clinical studies, CCR7 has been determined as a biological marker to predict lymph 

node metastasis in breast cancer patients [169]. Further, cytoplasmic CCR7 staining in small 

breast cancer tumor biopsies were predictive of increased lymph node metastasis [170]. In a 

separate study, this group identified that CCR7 positive tumors in patients with axillary node 

positive, primary breast cancer had increased skin relapses [169]. The role of the 

CCR7/CCL21 axis in facilitating tumor-induced lymphangiogenesis in breast cancer has been 

established [171].   CCR7 mRNA expression from human breast cancer tissue have 

demonstrated positive correlations with the expression levels of lymphatic markers including 

LYVE-1, podoplanin, PROX-1 and VEGF-C [98]. These studies together with the broad 

expression of CCR7 we describe here, further support work exploring functional significance 

of CCR7 in aggressive breast cancers.  
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CCR7 may be important even in the absence of functional tumor driver activity, however. 

Antibody-drug conjugates (ADC) are an emerging important therapeutic in breast cancer. 

ADCs are mainly composed of a monoclonal antibody (mAbs) covalently bonded to a cytotoxic 

drug through a chemical linker, this optimizes a highly specific targetable efficiency with a 

functional killing effect [172].  Unfortunately, breast cancer patients with low levels of human 

epidermal growth factor 2 (HER2) amplification, have not benefitted from the overarching 

HER2 therapy such as trastuzumab [173]. A recent innovative phase II study demonstrated 

that Trastuzumab Deruxtecan, a new antibody-drug conjugate of humanized anti-HER2 

monoclonal antibody, bonded to a topoisomerase I inhibitor significantly improved 

progression-free and overall survival in metastatic HER2-low breast cancer patients [173]. 

This type of strategy may be targeted to CCR7 if toxicity were manageable. Encouragingly, 

Catapult therapeutics reported a phase I study for CAP-100, a clinical anti-CCR7 antibody, for 

refractory chronic lymphocytic leukemia (CLL), thus toxicity will be determined in the near 

future [174]. If drug safety and efficacy profiles are approved, this could serve as a systemic 

therapeutic option in IBC clinics. 

In conclusion, we demonstrated that CCR7 is highly expressed in IBC patient tumor samples, 

at significantly higher levels than non-IBC patients. Further, the HER-2 enriched, and basal 

IBC subtypes expressed the highest levels of CCR7. We also report that CCR7 was highly 

expressed in vitro in both IBC and non-IBC cell lines. Interestingly, CDK 4/6 inhibitor and 

estrogen receptor targeted therapy-resistant breast cancer cell lines demonstrate increased 

CCR7. Thus, we hypothesize CCR7 could be driving the tumor biology in aggressive breast 

cancers, but may present a potential therapeutic target for future studies regardless. Further, 

a limitation to our study examining the CCR7 expression in human IBC patient tumors, was 

that the IBC tumor subtype information was incomplete. IBC is enriched for the HER2+ and 
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triple-negative subtypes, which could account for the increased CCR7 gene expression in IBC 

vs non-IBC, and further multi-variable analysis is warranted to normalize for this. 
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Supplemental Table 1: Summary of the top genes that were upregulated in the HFFW mice 
compared to LFNW (P<0.001). 

    

 
Summary of RNA seq. data from HFFW vs. LFNW 

Genes Base Mean log2 Fold change p-Value (P<0.0001) 

Ighv1-26 165.797204 22.25563045 0.000182978 

Spata31d1b 39.4636733 8.424334005 0.000241624 

Il12b 30.7713411 8.068198279 0.000886685 

Insm1 29.4147357 7.997222111 0.000612921 

Cd8a 27.9913383 7.922255857 0.000723384 

Cd6 104.892631 7.378322096 5.08306E-06 

Ccr7 291.915488 6.859435671 3.39246E-12 

Ccl22 135.683209 6.755298559 1.40766E-07 

Hspb7 59.3229159 6.550739505 0.000678533 

Myoz2 58.9094566 6.540565624 0.000694307 

Agbl1 52.7172517 6.378670751 0.000811456 

Themis 122.32809 6.00937726 1.84537E-08 

Slamf1 37.2576219 5.885766124 0.000927621 

Dscaml1 79.6459264 5.390123547 1.78668E-06 

Mmp25 191.796882 5.241329186 3.28762E-10 

Marco 348.325955 5.193593494 5.14953E-14 

Cacna1b 91.9109527 5.176006645 2.52299E-07 

Cd3d 44.6376134 5.129416569 0.000242098 

Slc4a8 524.891111 5.104599983 8.92405E-21 

Pcdh15 178.819502 4.965311389 7.3126E-11 

Slco5a1 209.746164 4.905047569 1.19947E-11 

H2-M2 376.525775 4.814578991 4.77966E-13 

Cd3g 109.437307 4.086124066 5.39172E-07 

Cd3e 137.931993 3.928287358 5.31146E-08 

Zap70 142.514625 3.873711303 4.48582E-08 
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Mreg 225.465639 3.858607279 1.35835E-09 

Insrr 55.7292709 3.84251368 0.000233306 

Cd163l1 537.706813 3.838252056 8.29936E-12 

Ntrk1 55.1812203 3.828066416 0.000267151 

Eomes 73.8840993 3.826527781 7.10322E-05 

Cxcr2 35.5051312 3.772742296 0.002554572 

 

 

Supplemental figure 1: Summary of the top genes that were upregulated in the HFFW mice 

compared to LFNW (P<0.001). The fold change in the gene expression levels comparing 

HFFW versus LFNW mice, demonstrated an upregulation in inflammatory response genes, 

increased T-cell and lymphocyte activation and differentiation, hallmark inflammatory 

responses and key markers in adaptive immune response. Additionally, the fold change also 

showed a downregulation in pubertal mammary gland development genes.  
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Chapter 6: Discussion 
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DISCUSSION 

 

In this study, we sought to understand how changes in the breast microenvironment prior to 

tumor initiation facilitated IBC progression and signs of lymphovascular invasion. We showed 

that a triad of IBC clinical symptoms (derived clinically but attributed to clogged lymphatics), 

including swollen involved breast, nipple change and diffuse skin change, independently 

predicted overall survival (OS). Further, we found that the classic presentation was strongly 

associated with smoking, post-menopausal status and metastatic disease. Herein, we sought 

to determine the biological drivers and risk factors associated with IBC, contributing to a 

tumor-promoting microenvironment, and further lymphangiogenesis. We demonstrated for the 

first time using in vivo Near infra-red fluorescence (NIRF) imaging, that a HFD significantly 

increases the lymphatic pulsing activity in immunocompromised mice. We also report for the 

first time that IBC tumor drives lymphatic pulsing, and that a HFD promotes IBC tumor growth. 

We found that HFD increased mammary gland immune cell infiltration in the mammary ducts. 

We also identified that a HFD and forced weaning increased the unique macrophage 

populations in the lymphatic vessels and mammary glands of these mice. Interestingly, we 

found that CCR7+ IBC tumors correlated with the pre-tumor lymphatic pulsing rate. This 

finding is interesting as CCR7 is expressed across IBC patient tumors and IBC cell lines, 

proving its therapeutic potential. 

As previously mentioned, there are no unique genomic drivers in IBC compared to non-IBC, 

which drive the aggressive phenotype of IBC [49], [38]. IBC is a rapidly progressing, 

aggressive breast cancer, with limited understanding of this disease and even fewer 

intervention or preventative care options. Therefore, identifying stromal changes in the breast 

microenvironment which contribute to IBC provide a pathway to improved treatment options 

and patient outcomes. It is essential to study how the “pre-tumor” biology following events 

such as pregnancy, inform IBC tumor occurrence and progression. In this study, we used 
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established IBC risk factors to model the effects of diet and weaning status in the 

microenvironment to determine changes that occur in the breast, promoting tumor growth and 

metastasis [12], [13], [18]. Although, we assessed the long-term persisting weaning impacts, 

studies have highlighted that dynamic events such as involution in the breast, functionally 

change the breast environment. These functional changes provide insight into de novo 

changes that occur throughout a woman’s life, leading to an IBC diagnosis. Further, as this 

study highlighted, studying the risk factor-induced changes in the mammary gland’s 

microenvironment led to the identification of CCR7 as a potential therapeutic molecular target.  

This warrants the inquires around how to effectively study IBC, to improve the therapeutic 

options and outcomes for patients. In the simplest terms, we have to shift and expand our 

investigative paradigm to better understand this complex and highly heterogenous disease. 

This can be achieved through establishing this overlap between “pre-tumor” biology in a 

normal breast microenvironment and tumor occurrence (Figure 13). In this thesis, we 

discussed critical risk factors including reproductive traits and lifestyle factors which contribute 

to breast cancer. Several pre-clinical and clinical studies have examined how immune cells in 

the breast microenvironment such as macrophage and immune cell infiltration contribute to 

breast cancer. Studies in IBC and aggressive breast cancers have shown obesity recruits and 

activates macrophages via the CCL2/CXCL12 signaling pathway, facilitating CCL2 

chemokine-induced macrophage expansion, supporting the growth of tumors enriched in 

macrophages [175], [176]. Further, a separate study investigated the link between higher 

frequencies of TNBC rates and obesity. Demonstrating that HFD fed mice experienced faster 

tumor growth and metastasis, with obesity stimulating hypoxia-promoting tumor progression. 

Immunological differences in the HFD mice revealed fewer M1 macrophages, and more 

tumor-associated neutrophils compared to the normal diet fed mice [177]. Risk factors such 

as pregnancy and involution elicit signals which change the biology in the breast. The 
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remodeling programs that are utilized following lactation in murine mammary glands, 

resemble wound–healing programs [178]. The weaning-induced mammary gland 

microenvironment is remodeled with activated fibrillar collagen, high matrix metalloproteinase 

activity, and the infiltration of immune cells such as macrophages and neutrophils [178]. Thus, 

these changes following pregnancy and lactation persist in the microenvironment even after 

the initial post-partum stages [70]. Elevated immune infiltration and lymphatic density persist 

months, and even years following pregnancy in the normal breast [70]. This highlights that 

further work is warranted to understand how these “pre-tumor” signals in the normal breast 

provide a conducive microenvironment for IBC initiation and lymphovascular invasion. 
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Figure 13: A summary of overlapping “pre-tumor” signals in the normal breast and the IBC 
tumor microenvironment. 

  

 

Figure 13: A summary of overlapping “pre-tumor” signals in the normal breast and the 
IBC tumor microenvironment. The IBC risk factors we studied, obesity and the role of 
pregnancy and involution, induce stromal changes (blue) which mimic a tumor-promoting 
microenvironment, demonstrating a conducive environment for IBC progression and further 
lymphovascular invasion.  

 

In recent years, the increase in comprehensive gene analyses studies have facilitated the 

translating of the IBC genomic landscape into applicable molecular therapies. However, 

several factors have hindered illustrating the genomic landscape of IBC. A recent single 

sample gene enrichment analysis (ssGSEA) of IBC evaluated the epithelial-mesenchymal 

transition (EMT) phenotypes in IBC versus non-IBC samples. The results demonstrated a 

higher heterogeneity across the EMT spectrum in IBC, characterizing the unique 

microenvironment in IBC [179]. A separate study reported that IBC patients have a higher 
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frequency of circulating tumor cells clusters, possessing stem-like characteristics with 

increased metastatic capacity contributing to worse survival [179]. Further, a recent whole-

exome sequencing study highlighted the somatic mutations and intra-tumoral heterogeneity 

in IBC samples versus normal breast samples. They identified KMT2C, a histone 

methyltransferase which contributes to oncogenic estrogen receptor signaling in breast 

cancer [180], [181], as the most frequently mutated gene [182]. Most critically, their analysis 

highlighted that even amongst the IBC samples, there were various sub-clonal structures and 

varying levels of intra-tumoral heterogeneity [182].  This looming reality of genomic 

heterogeneity among IBC tumors, underscores the difficulty of developing therapies for this 

rare disease, and emphasizes the urgency for improved therapeutic options. 

Despite these limitations, researchers sought to establish the molecular hallmarks of IBC [49], 

[183], [184]. Various genomic studies have attempted to map out the molecular footprint of 

IBC to improve the therapeutic options for IBC patients. Comprehensive genome-wide gene 

expression profiling comparing IBC versus non-IBC identified differentially activated pathways 

in IBC including HER2, MYC and VEGF. This led to the rise of targeted therapies as using 

Anti-VEGFR and Anti-HER2 have further improved pCR to 35% [37]. However, the impact of 

Anti-HER2 targeted therapies only extends to 24% of IBC patients [24]. A clinical study 

assessing the use of Trastuzumab in HER2-positive IBC emphasized the obstacles in patient 

care, including Trastuzumab-induced cardiotoxicity characterized by cardiac dysfunction, and 

risk factors such as diabetes, hypertension and age associated with the therapy [185], [186]. 

Alternatively, IBC gene-expression profiling revealed the attenuation of TGF-beta and P53 

[49]. The TGF-beta signaling in tumor cells promotes single cell motility, facilitating invasion 

into the lymphatic vessels [187]. This finding could predict prognosis for IBC patients [10]. 

However, upon further examining, this finding was limited to the HER-2-positive subtype [1]. 

Additional studies have also highlighted clinically relevant genomic alterations in IBC, 
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including the amplification of TP53, MYC and ER. MYC amplification have been characterized 

in aggressive breast cancers. Pre-clinical studies have even demonstrated the therapeutic 

potential of CDK (Cyclin-dependent kinase) inhibitors in MYC overexpressing tumors [188]. 

Despite advancements in identifying molecular targets, the success in translating these 

findings into clinical settings for IBC patients has been sparce. Limitations in these treatments 

range from inconsistent patient responses in clinical trials, to treatment efficacy diminishing 

due to the tumor cells ability to suppress apoptotic signals, mitigating cell death [4], [67]. 

Overall, IBC is still not well understood, and increased research is required to advance 

preventative care and therapeutic options to save lives. There is a critical need and urgency 

to characterize this aggressive, and highly lethal disease to improve outcomes and overall 

survival for all patients. 

In conclusion, the work of this dissertation highlighted the aggressiveness of IBC, and the 

significance of understanding this disease to provide improved treatment options. Thus, we 

emphasized the importance of studying the breast microenvironment as it can unveil unique 

functional and molecular signals, uncovering new markers and avenues for improved 

therapeutics and patient care. Most importantly, understanding how changes in the breast 

microenvironment elicit pre-tumor signals, can inform the trajectory of future research to 

improve interventions and prevention strategies, to ultimately reduce IBC incidence. 
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