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Breast cancer is the most frequent type of cancer, despite being largely 

restricted to women. Over the past few decades, cancer biologists have made great 

strides in understanding the factors that drive breast cancer tumorigenesis and 

progression. However, the significance of many factors, such as Pleiotrophin, remain 

uncharacterized.  

Pleiotrophin (Ptn), a neurite outgrowth factor and a heparin-binding cytokine, 

is reportedly expressed in many types of cancer, including breast cancer. Despite 

being identified as a secreted factor produced by breast cancer cells in 1991, its 
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functional significance in breast cancer is uncertain. Previous studies into this 

question were limited by available tools for specifically perturbing or knocking out 

Ptn genetically. Further, they were also limited in scope, focusing only on select 

characteristics of the tumor progression and the microenvironment. Curiously, 

research into Ptn’s impact in breast cancer came to a halt in 2007, leaving the very 

question of Ptn’s functional significance unanswered.  

Using pharmacologic and genetic methods, I tested the impact of Ptn 

perturbation in multiple preclinical models of breast cancer. Ptn perturbation only 

impacted primary tumor growth in a single model. In contrast, Ptn perturbation 

resulted in reduced pulmonary metastatic burden in every model tested thus far. 

This effect does not appear to be due to Ptn’s direct impact on cancer cell 

phenotype, growth, or migration. Anti-Ptn therapy did not affect epithelial-to-

mesenchymal transition of cancer cells, nor did Ptn directly promote cancer cell 

proliferation or migration in vitro.  

These results suggest that Ptn’s effects are through changes in the tumor 

microenvironment. By immunohistochemistry and flow cytometry, I observed that 

there was less neutrophil infiltration and macrophage/metastatic lesion coupling in 

vivo. This result was interesting as both neutrophils and macrophages are implicated 

in promoting pulmonary metastasis in preclinical models of breast cancer. Using a 

cytokine/chemokine array, I observed that Ptn perturbation resulted in the reduction 
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of macrophage and neutrophil chemokines, including MCP-1 and CXCL5, 

respectively.  

In contrast to previous reports, Ptn perturbation did not result in changes in 

angiogenesis, epithelial-to-mesenchymal transition, or markers of cell proliferation or 

apoptosis. Some of these reported activities may have resulted from off-target 

effects of the tools used at the time.  

Overall, the experimental strategies and specificity of the tools used in my 

thesis work have provided more accurate insights into the activity of Ptn. 

Additionally, the results suggest that Ptn is a potent driver of pulmonary metastasis 

in breast cancer and that targeting Ptn may an effective therapeutic strategy to treat 

metastatic breast cancer.  
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CHAPTER ONE 
Introduction 

 
 

The Pleiotrophin/Midkine Family of Cytokines 

 Midkine (Mdk) and pleiotrophin (Ptn) comprise a two-member family of 

heparin-binding cytokines. Mdk and Ptn are roughly 50% homologous in amino acid 

sequence in mammals 2. Mouse Mdk shares 87% homology in amino acid sequence 

with human Mdk while human PTN shares 97% amino acid sequence identity to 

mouse Ptn and shares 72% amino acid homology with Xenopus laevis 3. Mdk was 

first identified as a highly expressed factor produced during the early stage of 

retinoic acid-driven differentiation of embryonal carcinoma cells 4. In 1991, it was 

independently discovered as a growth factor in bovine brain that promoted the 

proliferation of bovine brain capillary cells in vitro 5. Ptn was first discovered as a 

heparin-binding, soluble protein present in the developing rat brain that promoted 

neurite outgrowth in vitro 6.  

 Fitting their respective scientific origins, much of the focus on the Mdk/Ptn 

family has been on the function of Mdk/Ptn in angiogenesis, the central nervous 

system, and cancer. Although Ptn and Mdk are expressed in many different cancers, 



 

 

2 
little is known about their function in this regard. Regulation and Expression of Ptn 

and Mdk 

Ptn and Mdk: General Expression Patterns 

 Mdk and Ptn are expressed widely during development, yet mice deficient in 

either Mdk or Ptn display no overt developmental defects 7. However, Mdk and Ptn 

double knockout (DKO) mice exhibit a gene dosage effect. Mice null for Ptn or Mdk 

are born at expected mendelian ratios, while DKO mice are born at 33% of the 

expected ratio 7. DKO mice also have a lower average weight and fail to gain 

significant weight on a high-calorie diet. In DKO males, 100% of individuals are 

fertile; conversely, 79% of females are sterile, which may be due to abnormal 

follicular maturation in ovaries and vaginal malformation. For more information on 

the function and expression of Mdk and Ptn in development, see Kadomatsu and 

Tsubota, 2013 8.  

 The expression of Mdk and Ptn in healthy adult mice is highly restricted. In 

adults, significant Ptn expression is limited largely to the central nervous system with 

detectable low-level expression in the breast epithelium, placental tissue, testis, 

bladder, and stomach 9,10. Conversely, Mdk is expressed in the kidney 11, gut 12, 

epidermis 13, and bronchial epithelium 14. Interestingly, Ptn is upregulated 

significantly in multiple tissues of Mdk-deficient mice, but there are no detectable 

differences of Mdk expression in Ptn-null mice 15. These results suggest that Ptn 

may compensate for the loss of Mdk, but the converse may not hold true.  
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 In the bone marrow, endothelial cells of the hematopoietic stem cell niche produce 

Ptn 16. Ptn expands long-term HSCs in vitro, and Ptn-null bone marrow has significantly less 

long-term HSCs, suggesting that Ptn is a critical HSC maintenance factor 16,17. Consistent 

with this idea, the administration of recombinant Ptn helps alleviate myelosuppression and 

greatly improves survival of lethally-irradiated mice. In this context, Ptn administration 

increased the frequency of granulocyte-erythroid-macrophage-megakaryocyte-CFUs 

(GEMM-CFUs), the multipotent progenitors of myeloid cells. Mechanistically, Ptn-driven 

expansion of bone marrow c-Kit+;Sca-1+;Lin- (KSL) cells is mediated through Ptprz1, 

leading to Ras activation in KSL cells. The deletion of Ptprz1 or Ras-inhibition perturbed Ptn 

activity in vitro and in vivo 18. Aberrant activation of Ras in hematopoietic cells can drive 

myeloproliferative disorders and leukemia, but the function of Ptn in this context is 

undetermined 19,20.  

 

Gene Expression and the Ptn/Mdk Family: Upstream and Downstream Factors 

 Mdk and Ptn expression are elevated in response to inflammatory cytokines; 

Mdk induction may be driven by nuclear factor kappa-B (NFκB) as the Mdk promoter 

contains a putative NFκB-responsive element 21. Ptn expression can be positively 

regulated by IFNβ and IFNγ 22,23. For example, in THP-1 monocytic cells and mouse 

peritoneal macrophages, IFNγ promotes Ptn expression via an IFNγ responsive 

promoter element 23. Additionally, high-molecular weight hyaluronan, an inhibitor of 

toll-like receptor 4 (Tlr4) activity, decreases the expression of Ptn in a murine model 

of Th1-type autoimmune disease, implicating Ptn as a Tlr4-responsive gene 24.  
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Tumor necrosis factor alpha (TNFα) can stimulate the expression of Mdk and 

Ptn in monocytes and tumor cells, validating Mdk/Ptn expression as effectors of 

inflammatory cytokine activity 25-27. Lymphocytes are also reported to express Mdk or 

Ptn after stimulation. For instance, Mdk expression is elevated in T cells after 

activation with anti-CD3/CD28 antibodies and in peripheral blood lymphocytes in 

response to interleukin-2 (IL-2) or IFNγ 28. However, neither CD3/CD28 activation, 

nor IL-2 or IFNγ treatment promotes Ptn expression in lymphocytes, demonstrating 

a differential regulation of Mdk and Ptn expression depending on the context. 

Overall, these data suggest that immune cells may be a significant source of 

Mdk/Ptn in inflammation and cancer.  

 Of the non-immune-affiliated cytokines, Mdk and Ptn are positively regulated 

by epidermal growth factor (EGF) 27,29 and fibroblast growth factor-10 (FGF-10) 29. 

Ptn is also upregulated by fibroblast growth factor-2 (FGF2 or bFGF) 30 and platelet-

derived growth factor 31,32, and is downregulated by vascular endothelial growth 

factor-A (VEGF-A) 33. 

 A variety of non-cytokine-related pathways can also affect the expression of 

Mdk and Ptn. For example, the activation of estrogen receptor beta (ERβ) and 

subsequent protein kinase C delta activation stimulates Mdk expression 34,35 while 

estrogen receptor alpha (ERα) can negatively regulate Mdk expression 36. Further, 

retinoic acid stimulates Mdk expression but has no effect on Ptn expression even 

though the promoters for each gene contain putative retinoic acid-responsive 
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elements 37. In contrast, progesterone and testosterone augment Ptn expression but 

not Mdk 38. Additionally, Mdk and Ptn expression are reduced in response to 

glucocorticoid receptor activity 37,39. 

 Downstream of Mdk/Ptn, there is evidence that this family can influence the 

expression of immunomodulatory cytokines. IL-1β, IL-6, and TNFα are upregulated 

in peripheral blood mononuclear cells (PBMCs) in response to Ptn 40,41. 

Furthermore, in a murine model of peritoneal fibrosis, Ptn-null mice had decreased 

IL-1β, TNFα, and TGFβ expression. Ptn also mediates the expression of VEGF-A in 

colorectal cell lines 42 and heparin-binding EGF (HB-EGF) in primary osteoblasts 43. 

In an ischemic renal injury model, Mdk was shown to stimulate the expression of the 

chemokines, macrophage inflammatory protein-2 and monocyte chemoattractant 

protein-1 (MIP2/CXCL2 and MCP-1/CCL2, respectively) 44. This supports an 

immunomodulatory function of Mdk/Ptn signaling through mediating the expression 

of cytokines and chemokines.  

 Mdk, but not Ptn, is expressed by human peripheral blood lymphocytes from 

healthy donors, and the expression of Mdk is transiently and robustly increased in T 

cells in response to CD28 activation, IL-2, IFNγ, or phytohemagglutinin (PHA) 28. 

Mdk appears to bind and interact with NCL on the surface of T lymphocytes 45. 

Furthermore, Mdk co-localizes with NCL on the cell surface and in nucleoli of PHA-

stimulated T cells, suggesting that NCL may be responsible for the internalization 

and nuclear-localization of Mdk. Mdk binds to the C-terminal RGG domain of NCL, 
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and this interaction is proteoglycan-independent 45. The binding of Mdk to NCL on T 

cells interferes with human immunodeficiency virus-1 (HIV-1) binding and 

subsequent infection, similar to the NCL-binding peptide, HB-19 28,45. Mdk 

interference with the HIV-1 infection of T cells requires the presence of extracellular 

Mdk prior to HIV-1 exposure, suggesting that Mdk/NCL binding is the primary 

mechanism in which Mdk antagonizes HIV-1 infection. Additionally, CD4neg Mdk-

producing cells can protect CD4+ non-Mdk producing cells from HIV-1 infection, 

demonstrating that the function of Mdk in blocking HIV-1 infection can be mediated 

in a paracrine fashion 28. NCL-binding and HIV-blocking activities have also been 

validated for Ptn 46. NCL-dependent cell surface binding of Ptn was inhibited in the 

presence of excess HB-19 or Mdk, suggesting that Ptn and Mdk recognize the same 

region on NCL 46. 

 In PBMCs, Ptn is mitogenic and induces the expression of IL-6, TNFα, and IL-

1β 40. The increase in these cytokines via Ptn, however, promotes HIV-1 replication 

in PBMCs infected in vitro or AIDS patient-derived PBMCs, an effect potentiated by 

IL-2 41. When lymphocytes (B and T cells) and monocytes were treated separately, 

the induction of proinflammatory cytokine production by Ptn was greatly reduced and 

no virus replication occurred 41. This suggests that Ptn’s capacity to modulate 

proinflammatory cytokine expression works via an undefined mechanism in a 

heterogenous population of immune cells that may be mediated, in part, by NCL.  
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 Mdk promotes B-cell survival in vitro and in vivo 47. This is mediated through 

Ptprz1, as B cells isolated from Ptprz1-null mice fail to respond to Mdk. Ptprz1-null B 

cells also fail to respond to macrophage migration inhibitory factor or hepatocyte 

growth factor, which may induce B cell survival through induction of Mdk expression 

47. Furthermore, Ptprz1-null mice have reduced mature B cells in the bone marrow, 

spleen, and lymph nodes, indicating an in vivo function of Mdk/Ptprz1 signaling in 

lymphoid tissue B cell survival. Given Ptn’s ability to promote cell survival upon 

Ptprz1-ligation in other cell types 18, it may also support B cell survival, underlying 

the importance of observing Mdk/Ptn biology concomitantly.  

 

Expression of Mdk/Ptn Family in Tissue Damage and Inflammatory Diseases 

 Mdk and Ptn expression are elevated after injury in many tissues, including 

brain 48,49, blood vessels 50, heart 51,52 and kidney 44. Additionally, Ptn expression is 

increased in bone marrow endothelial cells in mice exposed to total-body irradiation 

53. In a study of the toxicity of depleted uranium on peritoneal macrophages, Mdk 

was identified as a responsive gene 54. Furthermore, Ptn is increased in response to 

hydrogen peroxide 55 and the expression of Mdk and Ptn are increased after 

exposure to ethanol in vitro and in vivo 56,57. These data support the Mdk/Ptn family 

as being effectors of oxidative stress.  

 The expression of Mdk/Ptn is also stimulated by hypoxia. Human umbilical 

vein endothelial cells (HUVECs), monocytes, and PMNs show increased Mdk 



 

 

8 
expression under hypoxic conditions 58. In PMNs, this effect could be reproduced 

using cobalt chloride, indicating that Mdk is an hypoxia inducible factor 1 alpha 

(HIF1α)-responsive gene 58. Indeed, HIF1α directly drives Mdk expression via a 

hypoxia-responsive element in the Mdk promoter 59. Ptn expression is also elevated 

in response to hypoxia. For example, Ptn expression is increased in hepatic stellate 

cells and cardiomyocytes in response to hypoxia in vitro, and Ptn secretion is 

elevated by endothelial cells and macrophages in response to acute ischemic brain 

injury 49. However, unlike Mdk, it is unknown whether Ptn itself is a HIF1α-

responsive gene.  

 One function of Mdk/Ptn that is widely covered in the context of tissue 

damage is angiogenesis. In a model of hindlimb ischemia, Mdk-null mice exhibited 

impaired angiogenesis 58. Ptn, which is often cited as a pro-angiogenic factor, is only 

weekly mitogenic for endothelial cells in vitro 60. However, in a rat model of 

myocardial ischemia, Ptn promoted the development of functional blood vessels 61. 

Furthermore, there are multiple reports of Ptn promoting tumor angiogenesis, 

although in some cases it may be angiostatic (for review, see Papadimitriou et al., 

10). It is clear that Mdk and Ptn are not required for developmental angiogenesis as 

there are no apparent vascular abnormalities in Mdk- or Ptn-null mice 10, suggesting 

that the pro-angiogenic activity of Mdk/Ptn is not central to their function in tissue 

homeostasis. 
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 Mdk and Ptn are expressed in inflammatory conditions, including 

atherosclerosis 23, experimental autoimmune encephalitis 62,63, rheumatoid arthritis 

25,64,65, and in models of ischemia-reperfusion injury 44,49. Preclinical models of these 

pathological indications have yielded insight into the function of Mdk/Ptn in the 

immune system.  

 Mdk suppresses tolerogenic DC development through induction of IL-12 and 

SHP-2 by regulatory DCs (DCregs), but not conventional DCs. Further, Mdk reduces 

Stat3 activation in these cells in a SHP-2-dependent fashion. In a murine model of 

experimental autoimmune encephalitis (EAE), CD4+ and CD8+ T cells, as well as 

CD11b+ cells, express Mdk. In vitro, T cells activated with CD3 + CD28 mAbs 

express Mdk, and among T-cell subsets, Mdk is upregulated in Th1 cells. Mdk-null 

mice had superior clinical scores, explained by an increase in DCregs and regulatory 

T cells 66. However, the receptor imparting these effects was unidentified.  

 Mice null for the Mdk/Ptn receptor, Sdc4, were also studied in a murine model 

of EAE. Inverse to the Mdk-null mice, Sdc4-null mice had worse disease 67. The 

mechanism explaining the phenotype also arrived at myeloid/T-cell interactions. 

Binding of the DC receptor, DC-HIL, to Sdc4 on activated T cells reduces T-cell 

activation. When this interaction is perturbed, either by targeting DC-HIL on myeloid 

cells or Sdc4 on T cells, there is an increase in T cell activation and EAE is 

exacerbated 67. Furthermore, the suppressive effect of Sdc4 on T cell activation was 

demonstrated by direct ligation 68. Given the opposing effects of Mdk and DC-
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HIL/Sdc4 perturbation in this model, it raises the question of the functional 

consequences of Mdk binding to Sdc4 on T cells. If Mdk competes with DC-HIL for 

binding Sdc4, and does not impair T-cell activation when bound, it may function to 

potentiate T-cell activation by disrupting DC-HIL/Sdc4 interaction, thus leading to 

worse disease. This would implicate a function of Mdk in immune checkpoint 

disruption, although more research is necessary to validate this.  

 Ptn is expressed highly in the lymph nodes of MRL-lpr/lpr mice, which is a 

model of Th1-type autoimmune disease 24. In this model, there is 

lymphoaccumulation of double-negative T cells. The administration of high-

molecular weight hyaluronan, which antagonizes Tlr4 activation and perturbs 

lipopolysaccharide-mediated lethality 69, greatly reduces the enlargement of 

submandibular lymph nodes, correlating with decreased Ptn expression. Treating 

double-negative T cells isolated from this model with Ptn attenuates apoptosis, 

suggesting that the presence of Ptn in lymph nodes may support the accumulation of 

double-negative T cells, outlining a possible role for Ptn in T cell survival. If surface 

NCL promotes double-negative T-cell survival as it does in other cell types, then 

Ptn/NCL may promote survival in this context based on the following observations: 

1) The HB-19 peptide, which prevents Ptn/NCL binding, decreases the proliferation 

and migration of HUVECs in vitro in an NCL-dependent manner 70, 2) In the chick 

embyro chorioallantoic membrane (CAM) assay, Ptn is endogenously expressed 

and promotes angiogenesis mediated by NCL 71, 3) HB-19 reduces angiogenesis in 
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the CAM assay 72, 4) As stated above, the Mdk/Ptn family adheres to T cells, at least 

in part, through surface NCL, which is blocked by HB-19 45,46. Certainly more 

research is required to support this hypothesis.  

 

Mdk/Ptn Family Receptors 

 Robust heparin-binding was one of the first characteristics identified in the 

Mdk/Ptn family 6,73; thus, it comes as no surprise that the first receptors identified for 

Mdk/Ptn were heparin- and chondroitin-sulfate proteoglycans. Mdk and Ptn bind cell 

surface proteoglycans, including syndecans 1-4 (Sdc 1-4) and receptor protein 

tyrosine phosphatase beta (Ptprz1), with similar affinities. Sdc1 is primarily 

expressed on epithelial and malignant plasma cells, Sdc2 by fibroblasts and 

endothelial cells, Sdc3 is found almost exclusively in the central nervous system, 

while Sdc4 is expressed more widely 74. However, like Mdk and Ptn, the expression 

of the syndecans is also modulated by tissue damage and inflammation 75-78. In 

immune cells, the syndecans are mediators of migration, activation, and cell survival 

76,78-92 (see Table 1) and are expressed broadly. The only well-characterized 

Mdk/Ptn/Sdc interaction is between Ptn and Sdc3. Ligation of Sdc3 by Ptn promotes 

neurite outgrowth and cell migration 93,94 (Figure 1). However, the biological contexts 

and consequences for specific Mdk/Ptn/Sdc interactions are largely unknown. 
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Mdk/Ptn/Ptprz1 interactions are characterized as driving neurite outgrowth and cell 

survival 18,95 (Figure 1); an effect mediated by activation of Anaplastic Lymphoma 

Kinase (ALK), which is a substrate of Ptprz1. Ligation of Ptprz1 by Ptn prevents 

Ptprz1 from dephosphorylating ALK, thus permitting ALK activity 101. Ptprz1 was 

originally thought to be restricted to the central nervous system; however, it was 

recently identified on B cells and hematopoietic stem cells, where it functions to 

Figure 1.1. Known functions of Mdk/Ptn signaling through their receptors. Syndecans: 
Although Mdk/Ptn bind to Sdc 1, 2, and 4, the downstream effectors are unknown. Ptn binding to 
Sdc3 promotes neurite outgrowth and migration 93,94. RPTPβ (Ptprz1): Mdk/Ptn binding to RPTPβ 
promotes B cell survival, hematopoiesis, neutrite outgrowth, and migration 47,95. Integrins: Mdk can 
directly interact with α4β1 and α6β1 integrins 96, while Ptn interacts with αvβ3 97; these interactions 
promote cell migration 96-98. Lrp1: Mdk interacts with α4β1 and α6β1 while Ptn interacts with αvβ3. 
Lrp1 drives macrophage/neutrophil haptotaxis 99. Nucleolin: Mdk/Ptn interaction with nucleolin 
promotes Mdk/Ptn nuclear localization, cell migration, and survival 71,98,100.  
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promote cell survival 16,47, although ALK expression by B cells remains unreported. 

Whether Ptn or Mdk directly ligate ALK is disputed in the literature102,103, but recent 

evidence demonstrates that FAM-150A/B are bona fide ligands for ALK104-107. 

Regardless, it is clear that, at least in the presence of Ptprz1, Mdk/Ptn and ALK 

biology are intertwined17,101.  

 Non-proteoglycan receptors are also reported to interact with Mdk and Ptn. 

Mdk can directly interact with α4β1 and α6β1 integrins 96, while Ptn interacts with 

αvβ3 97 (Figure 1). On immune cells, α6β1, α4β1 and αvβ3 mediate cell migration 

and adhesion, and α4β1 is also implicated in B and T cell development 108-113. Direct 

Mdk/Ptn/integrin interactions promoting cell migration are implicated in multiple cell 

types, suggesting that these interactions perform a similar function on immune cells 

96-98.  

 Mdk has also been identified as a high-affinity ligand for low-density 

lipoprotein receptor-related protein 1 (Lrp1) 114. Lrp1 is thought to attenuate 

proinflammatory macrophage activation 115. Mdk/Lrp1 signaling also promotes cell 

survival and may stimulate polymorphonuclear cell (PMN) haptotaxis 58,114,116. Mdk 

and Ptn also bind to nucleolin (NCL), albeit with significantly lower affinity relative to 

other cell surface receptors 45,46,117. NCL is ubiquitously expressed and may be 

involved in recognition of early apoptotic cells by macrophages 118. The interaction 

between NCL and Mdk/Ptn promotes nuclear localization, endothelial cell migration, 

and cell survival 71,98,100 (Figure 1). 
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Table 1.1 Expression and reported functions of Mdk/Ptn receptors on immune cells  

Receptor  Immune cell expression pattern  Comments  

Syndecan-1  Expressed by immature DCs, pre-B cells, plasma 
cells, and thioglycollate-elicited peritoneal 
macrophages79,80,85  

Promotes macrophage migration; 
expressed on macrophages in myocardial 
infarction81,91  

  Sdc1-null mice are more susceptible to 
LPS-driven lethality88  

Syndecan-2  Monocytes and macrophages, DCs, activated T 
cells76,84,85,87,90  

Expression induced by LPS, IL-1a, or 
TNF-a on macrophages76  

  Found on synovial fluid macrophages 
from rheumatoid arthritis patients76  

  Delayed expression on activated T cells87  

Syndecan-3  Peritoneal and splenic macrophages. May also be 
expressed by monocytes and DCs at low levels85,89  

Sdc3-null mice have reduced leukocyte 
infiltration in a preclinical model of 
rheumatoid arthritis91  

Syndecan-4  Expressed on DCs, monocytes, and 
macrophages83-85 

 

Down-regulated on B cells undergoing 
isotype switching82 

 Expressed by pre-B cells and most splenic 
macrophages82  

Sdc4-null mice are more susceptible to 
LPS-mediated lethality78  

 Rapidly induced on activated T cells87,90 Binding to DC-HIL at the immunologic 
synapse perturbs T cell activation86  

 Expressed on a small subset (~10%) of splenic T 
cells82 

Neutrophil migration83  

  May regulate T cell proliferation87 

Ptprz1 Found on HSCs and B cells16,47 

 

Promotes HSC maintenance and B cell 
survival16,47  

Lrp1 Macrophages, neutrophils63,115  Promotes PMN adhesion63 

  Attenuates proinflammatory macrophage 
activation115  

Nucleolin Ubiquitously expressed117  May be involved in macrophage 
recognition of early apoptotic cells118 

α4β1 T cells, B cells, DCs, monocytes, macrophages, Implicated in migration; involved in B 
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Understanding Mdk/Ptn signaling through their respective receptors is 

hampered by the fact that Mdk/Ptn interact with numerous cell surface proteins and 

their putative receptors also interact with a variety of other ligands. Thus, elucidating 

the functional contribution of Mdk/Ptn signaling requires knowledge of potential 

receptor expression. Table 1 provides a summary of Mdk/Ptn receptor expression 

and putative function on immune cells.   

 

Mdk/Ptn Function in Myeloid Adhesion and Chemotaxis 

 Evidence from multiple models of inflammation implicates Mdk as a key factor 

in inflammatory cell infiltration. In preclinical models of kidney ischemia/reperfusion 

injury, rheumatoid arthritis 123, atherosclerosis 124,125, and EAE 126, Mdk-deficient 

mice exhibit significantly less tissue damage, which is associated with a reduction in 

leukocyte infiltration 127-129. Specifically, in models of rheumatoid arthritis 123, kidney 

inflammation 44,128,129, and atherosclerosis 124, Mdk deficiency was associated with 

reduced neutrophil and macrophage recruitment at the site of injury. Takada et al. 64 

NK cells, neutrophils, eosinophils, basophils111,113  and T cell108 

α6β1  Lymphocytes, monocytes and macrophages, 
granulocytes, neutrophils, eosinophils112  

Adhesion and migration112 

αvβ3 Monocytes, macrophages, DCs, neutrophils110  Implicated in migration and 
phagocytosis109,110  

αMβ2 (Mac-1; 
CD11b/CD18) 

Monocytes, granulocytes, macrophages, and NK 
cells119,120 

Implicated in adhesion, migration, and 
cellular activation121,122 

Listed are the purported receptors of the Mdk/Ptn family, the expression of those receptors on immune cells, 
and comments about the known functions of those receptors in immunity. 
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demonstrated that Mdk possesses chemotactic activity towards neutrophils in vitro 

130. Sato et al. 44 postulated that the reduced neutrophil and macrophage infiltration 

in Mdk-null mice in the ischemic renal injury model was due to a concomitant 

decrease in the chemokines MIP-2 and MCP-1. However, in a cisplatin-induced 

renal injury model, neutrophil recruitment was reduced in Mdk-null mice, but no 

change in a panel of chemokines was observed 128. In the latter model, macrophage 

infiltration was not significantly decreased and no change in MCP-1 was observed, 

suggesting that the stimulus for inflammation or injury may impact the expression 

and subsequent contribution of Mdk to immune cell infiltration. Perhaps the fate of 

Mdk activity rests on the expression of Mdk receptors, which may be impacted 

differentially based on the nature of the stimulus.  

 Recently, Weckbach et al. 99 gained insight into how Mdk may mediate 

neutrophil infiltration in vivo, independent of its ability to induce the expression of 

other chemokines 99. Weckbach et al. 99 observed that Mdk deficiency reduced 

leukocyte adhesion to cremaster muscle venules upon TNFα stimulation, while the 

number and velocity of rolling leukocytes was unaffected. In a hindlimb ischemia 

model, Mdk deficiency reduced PMN extravasation into inflamed tissue, which could 

be rescued by the introduction of exogenous Mdk. In an in vitro static adhesion 

assay, immobilized Mdk promoted PMN adhesion, while soluble Mdk had no effect. 

This corroborated the results from Takada et al. 64, which demonstrated that 

immobilized, not soluble, Mdk has chemotactic activity towards neutrophils 130. 
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Weckback et al. 99 observed that CD18 was not required for Mdk binding to PMN 

cells but is required for Mdk-mediated PMN adhesion. Lastly, Weckback et al. 99 

demonstrated that Lrp1 is required for binding and activity of Mdk in PMN cells, 

suggesting that signaling downstream of this receptor promotes a high-affinity 

conformation of CD18. Indeed, using an antibody that recognizes the high-affinity 

conformation of CD18 (mAb24), it was demonstrated that PMNs bound to 

immobilized Mdk possessed increased high-affinity CD18. This increase was 

perturbed by using an inhibitor of Lrp1 99. 

 Ptn may also have a direct on immune cell adhesion and recruitment. Similar 

to midkine, immobilized Ptn, not soluble, promotes migration of myeloid cells, 

suggesting that Ptn is a haptotactic factor121. Ptn haptotaxis may be mediated 

through Ptn/Mac-1 (CD11b/CD18) interaction on myeloid cells. This was 

demonstrated by the fact that Ptn-induced haptotaxis was markedly reduced in 

Mac1-null macrophages, relative to wild-type. Further, Shen et al. demonstrated that 

Ptn can directly interact with Mac-1.  

 

The Expression and Impact of Ptn and Mdk Family in Cancer 

 The Mdk/Ptn family is highly expressed in multiple human cancers, including 

breast, pancreas, lung, and hematopoietic malignancies (for review, see 10).  

In 1992, Ptn was identified as a secreted growth factor produced by the 

human breast cancer cell line, MDA-MB-231131.  
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Knowledge from preclinical models of cancer have yielded insight into the 

processes in which the Mdk/Ptn family participate. Mdk/Ptn are implicated in tumor 

angiogenesis, as proliferative drivers and factors in the resistance to apoptosis. For 

example, MCF7 cancer cells stably transfected to express high levels of Ptn grow 

robustly after in vivo injection in comparison to control transfected or untransfected 

MCF7 cells. This effect is mediated by Ptn-driven extracellular matrix remodeling, 

increased angiogenesis, and stimulation of stromal cells in the tumor 

microenvironment 132. Further, MMTV-PyMT transgenic mice engineered to 

overexpress Ptn (MMTV-PyMT-Ptn) display more rapid development of scirrhous 

carcinoma type-breast cancer foci; scirrhous carcinoma is characterized by 

increased desmoplasia and it positively correlates clinically with increased lymph 

node metastasis 133 (although this was not assessed in MMTV-PyMT mice). MMTV-

PyMT-Ptn tumors also exhibit increased extracellular matrix deposition and 

angiogenesis 132. Similarly, in the SW-13 adrenal carcinoma line, the ectopic 

expression of Ptn greatly increased tumor growth and angiogenesis in vivo 134. 

These data support a function of Ptn in tumor progression that centers on stromal 

cell activity, which may include tumor-associated myeloid cells as effectors of Ptn.  

 Mdk also drives tumor growth 135. In the Lewis lung carcinoma model, Mdk-

null mice had significantly reduced pulmonary metastasis 136. Given Mdk’s function 

in PMN recruitment (discussed below) and the ability of myeloid-derived suppressor 
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cells (MDSCs) to support metastasis, it would be interesting to see if PMN-MDSC 

numbers are reduced in Lewis lung tumors in Mdk-null mice.  

 The effect of the Mdk/Ptn family on angiogenesis is thought to be through the 

promotion of endothelial cell proliferation and tube formation 10. However, there are 

conflicting reports about the angiogenic capacity of Mdk/Ptn on primary endothelial 

cells in vitro, particularly in the context of how Mdk/Ptn affect the activity of the 

principal angiogenic growth factor, VEGF-A 10,33,58,137. Concomitant with the absence 

of vascular anomalies in Ptn-null embryos 7, this suggests that the mechanisms 

behind Ptn-mediated tumor angiogenesis may, in part, be due to its effects on other 

cell types in the tumor microenvironment. In fact, the effects of Ptn on tumor 

angiogenesis may be mediated by its effects on myeloid cells. 

 
SPECIFIC AIMS OF DISSERTATION RESEARCH 

 
 
To determine the relevance and function of Ptn in breast cancer, I developed the 

following specific aims: 

 

1. Assess the expression and functional impact of Ptn on breast cancer cells 

2. Determine the impact of Ptn-inhibition or genetic knockout in preclinical 

models of breast cancer 

 

 



 

20 

CHAPTER TWO 
Pleiotrophin Promotes Metastasis in Prelinical Models of Breast Cancer  

 
 
Introduction 

 One of the earliest papers on Ptn (1992) identified it as a factor produced and 

secreted by the MDA-MB-231 breast cancer cell line131. Naturally, this raised the 

question of its general expression and functional relevance in breast cancer. From 

1992 to 2008, there were four papers that studied the functional relevance of Ptn in 

breast cancer. Two of the studies assessed the impact of truncated forms of Ptn on 

xenograft models of breast cancer. The truncated forms of Ptn reduced MDA-MB-

231 tumor growth in vivo. The limitation of these studies is that it is uncertain what 

off-target effects overexpression of truncated Ptn may have, particularly because Ptn 

shares receptors with a plethora of other heparin-binding cytokines.  

 Both Choudhuri et al. (1997) and Chang et al. (2007) transfected MCF-7 cells 

to overexpress Ptn and observed that this increased MCF-7 xenograft growth in 

vivo. Chang et al. also compared tumor progression in wild-type MMTV-PyMT mice 

relative to MMTV-PyMT mice overexpressing Ptn. They did not observe a change in 

tumor growth or metastasis.  

 The expression and impact of Ptn in breast primary tumors remains 

controversial138. Some have reported high levels of Ptn in primary tumors while 

others have not138,139. What does appear consistent, however, is the elevation of Ptn 

levels in patient serum139. Further, there are multiple reports of upregulated Ptn 
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expression at metastatic sites in breast cancer patients, including lung140, 

bone140,141, and brain141.  

 Curiously, there have been no additional published studies on the functional 

significance of Ptn in breast cancer since 2008. Given the limitation the prior studies, 

the question of Ptn’s functional impact in breast cancer remains unanswered.  

 Using specific pharmacologic and genetic methods, I demonstrate that Ptn 

specifically promotes metastasis in preclinical models of breast cancer. To my 

knowledge, this is the first report of this activity in breast cancer, and the most 

convincing evidence for the function of Ptn in promoting metastasis in cancer. Based 

on my data, I hypothesize that this activity is through the unreported ability of Ptn to 

promote immune cell trafficking in vivo.  

 Using genetic and pharmacologic methods, we discovered that Ptn promotes 

pulmonary metastasis in multiple preclinical models of breast cancer. In vivo, Ptn 

inhibition results in reduces neutrophil recruitment at both the primary and metastatic 

sites. Further, this is correlated with a reduction in the neutrophil chemokine, 

CXCL5. As neutrophils have been recently implicated in promoting breast cancer 

metastasis142, my data implicate Ptn as an upstream factor mediating this biology. 

Additionally, I also found that Ptn inhibition reduced macrophage recruitment to 

metastatic lesions in the lung. 

Results 

Ptn is upregulated in preclinical models of breast cancer 
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 First, I tested if mouse breast cancer cell lines express Ptn in vitro. Using 

reverse transcriptase PCR, Ptn expression was undetectable (Figure 2.1A). 

Interestingly, I discovered that Ptn protein was readily detectable in mouse breast 

tumors and it is highly upregulated compared to healthy tissue (Figure 2.1B-C). 

Although expression cannot be detected in vitro, tumors formed from the breast 

cancer cell lines tested in Figure 2.1A are promoting Ptn expression in vivo.   

Ptn inhibition reduces pulmonary metastasis, but not primary tumor growth, in 

preclinical models of breast cancer  

 Using the Ptn-blocking monoclonal antibody, 3B10, I next tested the impact of 

Ptn-inhibition on the 4T1, E0771, and MMTV-PyMT preclinical models of breast 

cancer. Ptn-inhibition did not impact growth of these breast cancer cell lines in vitro 

(Figure 2.2A-C). Although these cell lines do not express Ptn, it is readily detectable 

in fetal bovine serum used in the experimental condition (data not shown). In vivo, 

Ptn inhibition did not impact primary tumor growth in these models (Figure 2.2D-F). 

These results suggest that Ptn is not a direct growth promoting factor for breast 

cancer cells.  

Conversely, I observed that anti-Ptn therapy significantly reduced pulmonary 

metastasis in the 4T1, E0771-LG, and MMTV-PyMT models of breast cancer 

(Figure 2.3). To rule out that the phenotype may be due to off-target effects of the 

antibody, I repeated the E0771-LG and MMTV-PyMT experiments in Ptn-null mice. 

Ptn-null mice are viable and exhibit no obvious developmental defects7. Similar to  
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Figure 2.1: Characterization of Ptn expression and the impact of Ptn-inhibition on primary tumor growth in 
preclinical models of breast cancer. A) Mouse breast cancer cell lines were evaluated for Ptn expression by rt-
PCR. LLC cells were used as a positive control. B) Western blot of Ptn and tubulin in wild-type fat pad or 4T1 
tumors from BALB/C mice. C) Western blot of Ptn and tubulin in mouse brain (positive control), wild-type fat pad, 
or from PyMT or E0771-LG tumors.   

Figure 2.2: Ptn-inhibition does not impact mouse breast cancer cell growth or primary tumor growth in 
preclinical models of breast cancer. A) Mouse breast cancer cell lines were evaluated for Ptn expression by rt-PCR. 
LLC cells were used as a positive control. B) Western blot of Ptn and tubulin in wild-type fat pad or 4T1 tumors from 
BALB/C mice. D-F) Mice bearing MMTV-PyMT, 4T1, or E0771-LG tumors were treated twice weekly with control 
(C44) or anti-Ptn (3B10) antibodies. When the average control group tumor size reached 1500 cubic millimeters, mice 
were euthanized and tissues were collected, weighed, and stored for further analysis.   
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3B10, pulmonary metastasis was reduced in Ptn-null mice relative to control 

(Figure 2.4). Additionally, 3B10 only reduced metastatic burden significantly relative 

to control in wild-type, but not Ptn-null mice (Figure 2.4B-D). This validates that 

3B10’s activity is on-target and provides further support for the hypothesis that Ptn is 

a pro-metastatic factor in preclinical models of breast cancer. 

Ptn does not impact angiogenesis, epithelial-to-mesenchymal transition, 

proliferative or apoptotic cell marker expression 

In order to gain insight into how Ptn-inhibition or genetic deletion impacts 

tumor biology, I characterized control- and 3B10-treated tumors using histological 

and immunohistochemical methods. First off, H&E staining did not reveal any overt 

histologic impact of Ptn-inhibition (Figure 2.5). Next, I evaluated epithelial-to-

mesenchymal transition (EMT). EMT is a phenotype in some cancers believed to 

promote metastasis143. Ptn may promote EMT in some cancers, such as prostate 

cancer144. I did not observer any changes in EMT markers in 3B10-treated mice 

compared to control (Figure 2.6a). This is corroborated by the H&E staining in which  

 

Figure 2.3: Ptn inhibition reduces pulmonary metastasis in preclinical models of breast cancer.  Mice bearing 
MMTV-PyMT, 4T1, or E0771-LG tumors were treated twice weekly with control (C44) or anti-Ptn (3B10) 
antibodies. When the average control group tumor size reached 1500 cubic millimeters, mice were euthanized and 
tissues were collected, weighed, and stored for further analysis.  A) H&E of lungs from C44- or 3B10-treated mice. 
Arrows depict examples of metastatic lesions. B-D) Quantitation of the metastatic index was performed by dividing 
the metastatic area over the total lung area. Each point represents an individual mouse. E) Macroscopic H&Es of 
lungs from C44- or 3B10-treated mice. Statistics were performed in GraphPad Prism using the unpaired T Test. P 
values are annotated on each graph.  
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Figure 2.4: Genetic deletion of Ptn recapitulates the anti-metastic effect of Ptn-inhibition in preclinical models 
of breast cancer. A) MMTV-PyMT;PTN+/+ and MMTV-PyMT;PTN-/- mice were sacked at 12 weeks of age and 
tissues were collected for further analysis. Metastatic index was performed by analyzing lung H&E sections from 
these mice. B-D) E0771-LG cells were injected into C57BL/6;PTNwt or C57BL/6;PTNwt mice. Once tumors reached 
50 mm3, mice were divided into treatment groups and treated twice weekly with control (C44) or anti-Ptn (3B10) 
antibodies. Mice were euthanized and tissue was collected for analysis once tumor burden in the control group reached 
an average of 1500 mm3. B) Quantitation of the lung metastatic index in E0771-LG tumor-bearing mice. C-D) H&Es 
of representative lungs from the E0771-LG experiment. Statistics were performed using the unpaired T test. *, p<0.05. 
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morphological changes of the cancer cells, which are expected with EMT, were not 

observed (Figure 2.5).  

Because Ptn is also implicated in angiogenesis10,60,134, I stained the tissue for 

blood vessel markers(Figure 2.6b-c). 3B10 did not reduce tumor angiogenesis in 

any models tested. This is corroborated by the fact that 3B10 did not impact primary 

Figure 2.5: PTN-inhibition or genetic knockout does not significantly impact primary tumor histology in 
preclinical models of breast cancer. H&Es were performed on primary tumors collected from mice bearing 4T1 or 
MMTV-PyMT tumors.  
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tumor growth, given that tumor growth in these models is sensitive to inhibitors of 

angiogenesis.  

To test the hypothesis that Ptn may be promoting the survival or proliferation 

of breast cancer cells at the metastatic site, I evaluated marker expression of 

apoptosis (cleaved caspace 3) and proliferation (Ki67) on pulmonary metastatic 

lesions. No changes in these markers were observed when Ptn was inhibited or 

genetically deleted (Figure 2.7).   

Ptn inhibition reduces neutrophil recruitment and macrophage/metastatic 

lesion clustering 

Thus far, my data suggested that the impact of Ptn in vivo could not be 

explained by its direct impact on breast cancer cells. Next, I looked for changes in 

the tumor stroma, starting with immune cell infiltration, given that immune cells can 

take part in the promotion or inhibition of metastatic growth.  

First, I observed that there was a trend towards decreased myeloid lineage 

cells at the metastatic site in 3B10-treated mice (Figure 2.8A-B). Among myeloid 

lineage cells, I observed that there was a trend towards decreased macrophages.   

Although the change in total macrophages wasn’t statistically significant, I 

observed reduced macrophage clustering at metastatic lesions in the lung (Figure 

2.8C-D). This was true across metastatic lesions of similar size.  

Knowing that neutrophils are another possible myeloid cell that could be 

mediating metastatic changes in preclinical models of breast cancer142, I assessed  
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Figure 2.6: Ptn inhibition does not impact angiogenesis or epithelial-to-mesenchymal transition in 
preclinical models of breast cancer. A-B) Primary tumor tissue from 4T1 tumor-bearing mice was analyzed for 
expression of EMT markers (2.6A; E-cadherin, Vimentin, and Zeb1) or angiogenesis (2.6B; CD31) using 
immunohistochemistry. C) Quantitative comparison of blood vessel density between control- vs 3B10-treated 4T1 
tumor-bearing mice.  
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the number of neutrophils at the primary and metastatic sites. By 

immunohistochemical analysis, I observed that Ptn-inhibition or genetic ablation 

resulted in a marked reduction of neutrophils in the primary tumor (Figure 2.9A-B). 

Using flow cytometry, I also observed that Ptn-inhibition reduced neutrophil number 

at the metastatic site.  

In contrast to neutrophils or macrophages, there was no change in number or 

localization of relevantlymphoid lineage immune cells, including T cells, NK cells 

(Figure 2.9D-E).  

Ptn modulates neutrophil chemokine expression and may also act as a direct 

haptotactic factor for neutrophils and macrophages 

Knowing that Ptn impacted macrophage and neutrophil recruitment in vivo, I 

performed a cytokine and chemokine array to see if changes in these factors could 

explain the phenotype (Figure 2.10A).  Notably, MCP1 and CXCL5 were top hits, 

which are macrophage and neutrophil chemotactic factors, respectively (Figure 

2.10B-D). To see if Ptn could directly modulate cytokines and chemokines, I tested 

the effect of recombinant Ptn on macrophagesin vitro. Ptn was able to directly  

 

Figure 2.7: Ptn-inhibition or genetic deletion does not impact markers of apoptosis or proliferation of 
pulmonary metastatic lesions. A-B) Metatstatic lesions in the lungs from control- or 3B10-treated mice bearing 
4T1 tumors were assessed for markers of apoptosis (2.7A; cleaved caspace 3) or proliferation (2.7B; Ki67) via 
IHC.  
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promote expression of the some of the same cytokines and chemokines that were 

changed in response to Ptn-inhibition in vivo (Figure 2.11A).   

Recent publications suggest that the Ptn/Mdk family may act directly to 

promote immune cell motility121. To test this, I performed transwell migration assays. 

I observed that Ptn could directly promote the migration of macrophages, but not 

cancer cells (Figure 2.11B-C). Overall, these data suggest to possible mechanisms, 

direct and indirect, in which Ptn may be promoting myeloid cell recruitment in 

preclinical models of breast cancer.  

Discussion 

In this study, I demonstrated that Ptn is a pro-metastatic factor in preclinical 

models of breast cancer. To the best of my knowledge, this is the first report 

claiming such activity. Further, I observed that Ptn did not impact primary tumor 

growth, in contrast to previous reports132. This may be due to the fact that previous 

studies relied on truncated Ptn or overexpression constructs, which may have 

unanticipated activities.  

 Additionally, I did not observe any impact of Ptn inhibition on tumor 

angiogenesis, epithelial-to-mesenchymal transition, or proliferative or apoptotic 

markers. Further, Ptn did not impact cancer cell growth or migration in vitro. These  

Figure 2.8: Ptn-inhibition or genetic deletion does not impact markers of apoptosis or proliferation of 
pulmonary metastatic lesions. Lungs from C44- or 3B10-treated 4T1 mice were DAB chromagen stained for CD11b 
and F4/80. B) Quantiation of this staining. C) Representative F4/80 staining at 10x magnification comparing macrophage 
density among similarly sized metastatic lesions. D) 4x images were processed to fill non-F480 regions in red and F480+ in 
black (right) to exhibit macrophage clustering.  
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Figure 2.9: Ptn promotes expression of chemotactic factors and directly promotes myeloid cell haptotaxis. A) 
Primary tumors were stained for neutrophils (S100A9) via IHC. B) Quantiation of the staining. C) Flow cytometry 
was performed using single cell suspensions from the lungs of 4T1 tumor-bearing mice. Neutrophils were identified 
as CD11b+;Ly-6c-;Ly-6g+ cells. D-E) Double staining for CD3 and Zap70 was performed on the lungs from 4T1 
tumor-bearing mice. T cells are identified as CD3+;Zap70+ and NK cells are CD3-;Zap70+. Statistics were performed 
using the unpaired T test. *, p<0.05.   
 

Figure 2.10: Ptn-inhibition reduces expression of myeloid cell chemokines in the Met-1 model of breast cancer. 
A cytokine/chemokine array (Abcam, ab133995) was used to assess changes between non-tumor bearing fat pad 
(Fat Pad), and C44- or 3B10-treated Met-1 tumors. A) An example of the raw data. B-F) Quantified changes for 
select cytokines/chemokines on the array. Statistics performed using the unpaired T test. *, p<0.05; **, p<0.01.  
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results corroborate the lack of impact of Ptn-inhibition or genetic deletion on primary 

tumor growth in vivo.   

Instead, I observed that Ptn perturbation resulted in reduced recruitment and 

altered localization of myeloid cells, including macrophages and neutrophils, in both 

the primary tumor and metastatic site. This provides the first in vivo evidence of Ptn 

mediating myeloid cell recruitment.Not only did Ptn impact cytokine and chemokine 

expression, it could also directly support macrophage migration, corroborating the 

Shen et al.’s hypothesis121. This may be through direct interaction of Ptn and the 

myeloid cell integrin, Mac1 (CD11b/CD18)121. I plan to test this hypothesis by 

repeating the immune cell migration assays in the presence or absence of a Mac1-

blocking antibody. 

While midkine was previously proven to be involved in neutrophil trafficking 

(CITATION), this is the first report demonstrating that Ptn may share this function. 

This implies some functional redundancy between Ptn and Mdk, originally suggested 

by the severe gene dosage effect observed in Ptn and Mdk double knockout mice 

(CITATION).  

Overall, my data demonstrate both the presence and importance of Ptn in 

preclinical models of breast cancer. Further, the data provide a strong rationale for 

further investigation into the mechanism behind Ptn’s pro-metastatic effects. 
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Figure 2.11: Ptn promotes expression of chemotactic factors and directly promotes myeloid cell, but not cancer cell, 
haptotaxis in vitro. A) RAW 264 macrophages were plated on petri dishes and treated for 2 hrs. For PTN treatment, the 
dishes were first coated with PTN (8 ug/mL) before plating the cells. For LPS treatment, cells were treated with 100 ng/mL 
LPS. cDNA was generated from extracted RNA and real-time PCR was performed. B) Transwell migration assay. Primary 
bone marrow derived macrophages were plated on trans wells coated with either 0, 2, 4, or 8 ug/mL PTN. After 2 hrs, 
cells were fixed, unmigrated cells were removed, and migrated cells were stained with DAPI for analysis. C) Transwell 
migration assay was performed as described in B. Migrated cells were stained with propidium iodide for analysis. Statistics 
performed using the unpaired T test. *, p<0.05; **, p<0.01; ***, p<0.001.  
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CHAPTER THREE  
Improved multiplex immunohistochemistry for immune microenvironment 

evaluation of mouse formalin-fixed paraffin-embedded tissues 
 

Immunohistochemistry (IHC) remains a critical tool for the analysis of immune 

cell dynamics in mouse models of disease. Flow cytometry (FC), used ubiquitously 

by immunology labs, provides absolute quantitation of different immune cell types. 

IHC complements FC, permitting validation of FC results and providing spatial data 

in context of intact tissue145-148. However, characterizing the immune landscape in 

formalin-fixed, paraffin-embedded (FFPE) mouse tissue remains a significant 

technical challenge for the field.  

Zinc-salt fixation has been proposed as an alternative to formalin-fixation as a 

strategy to retain tissue morphology while resulting in less epitope masking 149,150. 

Zinc-salt fixation may indeed have advantages; however, there are only limited IHC 

studies comparing the two fixation methods. Additionally, there are concerns that 

zinc-based fixatives may not penetrate tissues as effectively as formalin 151. Further, 

to the best of our knowledge, the long-term stability of zinc-fixed tissue is 

unreported. Finally, formalin-fixation remains the most common fixation method for 

mouse tissues. 

In this study, I developed an improved protocol for multiplex IHC of mouse 

FFPE tissues that met the following requirements: 1) reproducibility of staining 

across different tissues from different experiments; 2) consistent results with most 

antibodies used without laborious antibody-specific antigen retrieval optimization; 3) 
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ability to perform multiplex IHC. 

Results 

Methodological Assessment and Improvement 

Development of a More Effective Standard Antigen Retrieval Protocol 

One of the primary issues with formalin fixation is that the very chemical 

changes that induced by formalin to preserve tissue also result in modifying epitopes 

recognized by antibodies. Hypothetically, these modifications must be reversed for 

proper antibody recognition to occur. 

 In my experience, the efficacy of published antigen retrieval protocols vary 

wildly with different antibodies. To address this, I sought to develop a more 

consistent antigen-retrieval protocol. In accord with previous reports, I found that 

Tris-EDTA (pH 9.0) was optimal for most primary antibodies 152. Further, I found that 

the addition of 10% glycerol significantly enhanced antigen retrieval in multiple cases 

(Figure 3.1:A-L). Additionally, I found that adding a short 10% neutral buffered 

fixation step after deparaffinization prevented tissue folding, which can be an issue 

with higher pH buffers during heat-induced epitope retrieval (HIER). This did not 

impact epitope detection (data not shown).  

Assessment of Antibody Stripping Methods for Multiplex Staining 

In our experience, the majority of effective antibodies for mouse FFPE tissue 

are rabbit IgG. This is a major barrier to multiplex staining, as signal detection and 

amplification techniques rely the utilization of anti-rabbit IgG secondary antibodies 
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that cannot distinguish between the different rabbit primary antibodies.   

To address this, some labs produced methods for stripping off antibodies150. 

Combined with signal detection methods that are unaffected by stripping, this allows 

one to probe the tissue with one primary Ab, strip it off, then probe with another.  

To strip, some groups utilize a short HIER-like step in citrate buffer (pH 6.2), 

while others have reported success with incubating the slides in a 100 mM glycine-

tween buffer (pH 10.0) at room temperature 150. I found that the glycine buffer-based 

stripping method failed to remove the primary antibody (Figure 3.1:N, Q). In 

contrast, the short HIER-like step in citrate buffer worked effectively (Figure 3.1-O, 

R). I suspect heat-denaturing of high affinity antibodies is particularly important in 

this process.   

Impact of Antibody Stripping Methods on Subsequent Staining 

To evaluate the effect of the stripping step on antigen retrieval, we stained 

spleens after the primary antigen retrieval step (“Round 1,” Figure 3.2). Second, we 

stained different spleen sections for the same markers after performing antigen 

retrieval and a single stripping step (“Round 2,” Figure 3.2). Third, we repeated this 

on spleens that were subjected to antigen retrieval and two subsequent stripping 

steps (“Round 3,” Figure 3.2). For the three antibodies tested on spleens (CD3, 

CD19, and Pax5), we did not observe significant differences in detection before or 

after the tissue was exposed to multiple stripping steps. However, this is not the 

case for every antibody/epitope (e.g. F4/80 [D2S9R]; Figure 3.2:K-L). Thus, labs  
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Figure 3.1: Comparison of antigen retrieval buffers and antibody stripping methods. (A-L) BALB/c spleens were 
stained with antibodies specific for F4/80 (SP115; A-F) or CD8 (G-L). Spleen sections were treated with antigen retrieval 
buffer with (D-F, J-L) or without (A-C, G-I) glycerol. For detection, Bajoran Purple was used as the chromogenic 
substrate, followed by a hematoxylin counterstain. Images (A, D, G, J) were deconvoluted into their respective 
hematoxylin (C, F, I, L) and Bajoran Purple (B, E, H, K) components using ImageJ software. Slides were scanned at 
20X objective using the Hamamatsu NanoZoomer 2.0-HT. Images represent a 20X field-of-view. (M-S) Comparison of 
different antibody stripping methods. BALB/c spleens were probed for antibodies. First, tissues were treated with Pax5 
(M-O), CD3 (PA1-29547; P-R), or secondary-only (S). Next, tissue was developed with chromogen before (M, P) or 
after stripping and reprobing with secondary antibody (N, Q: glycine stripping; Q, R: citrate HIER stripping). Slides 
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Figure 3.2: Sensitivity of antibodies to multiple rounds of antigen retrieval. (A-J) BALB/c spleens were 
stained for CD3 (PA1-29547; A, D, G), CD19 (B, E, H), or Pax5 (C, F, I) after antigen retrieval (1st round; A, 
B, C) or antibody stripping (2nd round; D, E, F) or a second round of antibody stripping (3rd round; G, H, I, J). 
(K, L) BALB/c livers were stained for F4/80 (D2S9R) after antigen retrieval minus (K) or plus (L) one round 
of antibody stripping. Betazoid DAB was used as the chromogenic substrate for detection. Slides were scanned 
at 20X using the Hamamatsu NanoZoomer 2.0-HT. (A-J) Spleen images represent a 10X field-of-view. (K, L) 
Liver images represent a 40X field-of-view.  
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should perform such testing to determine the order of staining for multiplex protocols 

involving antibody stripping steps.  

Retaining Integrity of Nuclear Staining   

After the primary antigen retrieval step and multiple iterations of stripping in 

multiplex staining, I found that the nuclear signal, via DAPI or hematoxylin, is lost if 

the staining is done over a longer timeframe (hours vs days; data not shown). I suspect 

that nuclear DNA is vulnerable to environmental DNase contamination after extensive 

destruction of formalin crosslinks. This issue was resolved by adding 2 mM EDTA to 

wash buffers and antibody diluents.  

Development and Validation of an Immune Cell Antibody Panel for Mouse 

FFPE Tissue 

Immune Cell Marker and Antibody Selection 

Applying our revised protocol to test over 35 primary antibodies specific for 

mouse immune subsets, we developed a panel of lymphoid and myeloid cell 

markers (Table 3.1). These markers were chosen based on ImmGEN expression 

data (Figure 3.3, 1), previous reports 153-158, and antibody availability. Using 

chromagen and fluorescence (via tyramide signal amplification) detection methods, 

we observed that each marker produced expected staining patterns corresponding 

with known localization and expression by the respective cell types of interest 

(Figure 3.4, 159).   
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Figure 3.3: Heatmap depicting immune cell expression of markers utilized in our 
immunohistochemistry panel. Micro-array data from ImmGen showing relative expression levels of 
different markers by different cell types (http://www.immgen.org) 1. Rows represent different immune 
cell populations, grouped by cell type. Columns represent genes. 
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Antibody Validation 

To validate antibody specificity, we used two strategies. First, we stained 

tissue in which cell types/markers of interest are expected to be decreased 

compared to control. For the lymphoid panel, we stained spleens from wild-type, 

SCID, and NSG mice (Figure 3.5:A-G1). Compared to wild-type, we observed a 

decrease in lymphoid cell markers in SCID and NSG spleens. For example, CD3 

and CD19 (T cell and B cell markers, respectively) are completely absent in SCID 

and NSG tissue. As a positive control, CD11b, mostly a myeloid-lineage marker, was 

consistent across all groups (Figure 3.5:B1-D1).  

For macrophage markers, we stained livers from control- or clodronate-

liposome-treated mice, as clodronate liposomes deplete professional phagocytic 

cells, primarily macrophages 160,161. Macrophage staining was markedly reduced in 

clodronate liposome-treated mice (Figure 3.5:H1-Q1). 

For our second strategy to confirm antibody specificity, we utilized multiple 

antibodies for the same marker or cell type when possible. For example, we utilized 

two different antibodies for F4/80 (Figure 3.5:H1-K1). For B cells, we utilized two 

different B cell-specific markers, CD19 and Pax5 (Figure 3.5:J-O).  

Multiplex Staining Strategies for Specific Immune Cell Identification  

When developing the antibody panels, we found that for some cell types, 

such as DCs, neutrophils, and NK cells, antibodies for cell-specific markers were not 

available. To address this, we utilized multi-marker staining strategies.  
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Figure 3.4: Chromogen and fluorescent staining of lymphoid lineage and myeloid lineage markers. 
BALB/c spleens were stained with antibodies specific for CD3 (PA1-29547; A, B), CD4 (EPR19514; C, 
D), CD8 (E, F), Foxp3 (G, H), CD19 (I, J), and Pax5 (K, L), MHCII (M, N), CD11b (Q, R), CD11c (S, T), 
FcgR4 (U, V), CD163 (W, X), F4/80 (Y, Z), FcgR1 (A1, B1) S100a9 (C1, D1), or secondary-only (O, P, 
anti-rabbit; E1, F1, anti-rat). Betazoid DAB and Opal 570 were used as the chromogenic and fluorescent 
substrates, respectively. Chromogen-stained sections were counterstained with hematoxylin, and 
fluorescence images were counterstained with DAPI. Chromogen-stained slides were scanned at 20X using 
the Hamamatsu NanoZoomer 2.0-HT. Slides Slides with fluorescent detection were scanned at 20X using 
the Zeiss Axioscan.Z1. Images represent a 10X field-of-view. Scale bar = 250 µm for chromogen images. 
Scale bar = 200 µm for 10X fluorescent images.  
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For example, we developed a strategy to stain NK cells using CD3 and 

Zap70. CD3 is expressed by T cells, but not NK cells (Figure 3.3,1. Zap70 is 

expressed by T cells and NK cells (Figure 3.3,1. Because SCID and NSG mice lack 

T cells, CD3 staining is absent in SCID and NSG spleens compared to wild-type 

(Figure 3.5:A-C). In contrast, some Zap70+ cells remain; presumably NK cells 

(Figure 3.5:D-F). Combining these markers, we stained spleens for CD3 and Zap70 

using both chromagen and fluorescence detection methods, demonstrating the 

presence of CD3+; Zap70+ and CD3-;Zap70+ cells, corresponding to T cells and NK 

cells, respectively (Figure 3.6:A, B). In the case of chromagen staining, we first 

stained for CD3 using a dark brown chromagen (DAB), intentionally obscuring 

further staining wherever the chromagen is deposited. We subsequently performed 

Zap70 staining using a red chromagen (‘Warp Red’). Through this strategy, it is easy 

to identify Zap70 single positive cells utilizing chromagen detection (Figure 3.6:A, 

inset).  

We also developed a strategy to detect DCs. While CD11c has long been 

used as a DC marker, it is not cell-type exclusive as it is may be expressed by 

Figure 3.5: Validation of antibody specificity. (A-G1) Wild type BALB/c, SCID, or NSG spleens were probed 
with antibodies specific for CD3 (PA1-29547; A, B, C), Zap70 (D, E, F), Foxp3 (G, H, I), CD19 (J, K, L), Pax5 
(M, N, O), Eomes (P, Q, R), PD1(S, T, U), Granzyme B (V, W, X), Ox40 (Y, Z, A1), CD11b (B1, C1, D1), and 
CD3 (CD3-12; E1, F1, G1). For detection, Warp Red chromogenic substrate was used. Slides were 
counterstained with hematoxylin and scanned at 20X using Hamamatsu NanoZoomer 2.0-HT. (H1-S1) Livers 
from control- or clodronate-liposome treated BALB/c mice were stained for F4/80 (D2S9R and SP115; H1, I1 
and J1, K1, respectively), FcgR1 (L1, M1), FcgR4 (N1, O1), CD163 (P1, Q1), or secondary-only (R1, S1). Slides 
were scanned at 20X using the Hamamatsu NanoZoomer 2.0-HT. All images represent a 40X field-of-view.  
Scale bar = 100 µm for all images. 
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macrophage subsets and other immune cells (Figure 3.3, 1). MHCII (H2-Ab1) is also 

not exclusive, but it is expressed more consistently across DC subsets and is found 

on fewer cell types (Figure 3.3, 1). Because MHCII is expressed by splenic B cells 

and macrophages, we first stained for B cell and macrophage markers, Pax5 and 

CD163, respectively. By combining CD163 and Pax5 signal with the same 

chromogen or fluorophore, we demonstrate the effective use of a “dump channel” 

applied in an IHC setting (Figure 3.6:C, D). Staining for MHCII second with a 

different chromagen or fluorophore revealed a distinct population of MHCII+; Pax5-; 

CD163- cells, which we believe to be DCs (Figure 3.6:C, D).  

Next, we developed a strategy to distinguish neutrophils from macrophages. 

Using knowledge from the literature and considering the available antibodies for 

mouse targets, we stained for CD163 and FcgR4. According to ImmGen  (Figure 

3.3,1 and previous reports 154,155, FcgR4 is expressed by macrophages and 

neutrophils. This is corroborated by flow cytometric analysis (Figure 3.6:G). Based 

on this information, we expect that splenic macrophages are CD163+; FcgR4+ and 

neutrophils are CD163-; FcgR4+. Performing this multiplex staining reveals cells that 

follow these staining patterns (Figure 3.6:H, I). 

Examples of Effective Immune Cell Identification in Preclinical Models of 

Cancer  

Finally, we tested our immune panels and multiplex staining on 4T1 tumors, 

which is an immune cell-heavy model of breast cancer. We did multiplex IHC  



50 

 

 

 

 

Figure 3.6: Multiplex IHC to stain Natural Killer Cells, Dendritic cells and Neutrophils. BALB/c 
spleens were stained for (A, B) CD3 (PA1-29547, T cells) and Zap70 (T cells, NK cells); (C, D) Pax5 (B 
cells), CD163 (majorly macrophages), and MHCII (IA/IE); (H, I) F4/80 (SP115), CD163, CD11c, and 
FcgR4. (E, F) Secondary-antibody-only (without addition of primary antibody) was used for negative 
controls. Chromogenic substrates used were Betazoid DAB (brown) and Warp Red (pink). Opal 520 
(green), Opal 570 (red) and Opal 690 (white) were used for fluorescence detection. Chromogen-stained 
sections were counterstained with hematoxylin. For fluorescence detection, sections were counterstained 
with DAPI (blue). Slides were scanned at 20X using the Hamamatsu NanoZoomer 2.0-HT (chromagen 
detection) or the Zeiss Axioscan.Z1 (fluorescence detection). Images represent a 10x field-of-view. 
 (G) Total splenocytes were isolated from C57BL/6 mice. FcgR expression was evaluated on neutrophils 
(CD11b+; Ly6G+; Ly6C-), macrophages (F4/80+), and monocytes (CD11b+; Ly6c+Ly6G-). FcgR signal is 
represented by mean fluorescence intensity. Scale bar = 250 µm for chromagen-stained images. Scale bar 
= 200 µm for fluorescent images. 
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staining using chromogen and fluorescent detection methods (Figure 3.7). Figure 

3.7:AB shows CD3+; CD4+ and CD3+; CD8+ T cells. We also detected CD3-; CD4+ 

and CD3-; CD8+ cells which may be NK or DCs. Notably, all CD3+ T cells were 

labeled with either CD4 or CD8, demonstrating the specificity and sensitivity of the 

staining, as the presence of double-negative or double-positive T-lineage cells are 

unreported in this model. 

Figure 3.7:D (inset, right arrow) shows the presence of CD11c+ 

macrophages. This corresponds to tumor-associated macrophages, as resident  

tissue macrophages in the mammary fat pad are CD11c- 162.  We also can detect 

F4/80-; CD163-; CD11c+; MHCII+ DCs (Figure 3.7:D, inset, left arrow).  

Figure 3.7:JK shows quantitation of different immune cell types in 4T1 

tumors normalized to the DAPI signal. 4T1 tumors have been reported to have high 

neutrophil infiltration 142. Consistent with this, our analysis shows a high frequency of 

F4/80-; CD163-; FcgR4+ cells which are presumably neutrophils (Figure 3.7:E-F). 

Comparatively, we also found modest numbers of tissue macrophages 

(F4/80+; CD163+; CD11c-), DCs (F4/80-; CD163-; CD11c+; MHCII+) and T cells 

(CD3+; CD4+ and CD3+; CD8+), data which is consistent the findings of other groups 

163-165. In sum, this data illustrates how an effective multiplex IHC strategy can be 

exploited to investigate the immune dynamics of the tumor microenvironment. 
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Figure 3.7. Multiplex IHC staining of 4T1 tumor tissues. 4T1 primary tumors were stained for (A, B) CD3 
(PA1-29547; T cells), CD4 (EPR19514; T cells, NK cells, DCs), and CD8 (T cells, NK cells, DCs); (C, D), 
CD11c, FcgR4, and CD163+F4/80(SP115); (E, F) CD11c, MHCII (IA/IE), and CD163+F4/80(SP115). 
Chromogenic substrates used were Betazoid DAB (brown), Warp Red (pink), and Feranji Blue (blue) (A, C, 
E). Opal 520 (green), Opal 570 (red), and Opal 690 (white or orange) were used for fluorescent staining (B, D, 
F). Chromogen sections were counterstained with hematoxylin, whereas DAPI staining was used for 
fluorescence detetction.  Slides were scanned at 20X using the Hamamatsu NanoZoomer 2.0-HT (chromagen 
detection) or the Zeiss Axioscan.Z1 (fluorescence detection). Images represent a 20x field-of-view. Inset: 
Higher magnification. (B, C, D) Arrows point to CD3+;CD8+ (B), CD11c+;MHCII+ (C; D, left arrow), or 
CD163&F4/80+;CD11c+ cells (D, right arrow). (E, F) Arrows point to FcgR4+; CD11c- CD163&F4/80- cells. 
(J, K) Cell types in 4T1 tumor sections were quantitated as % area of positive cells normalized to DAPI signal. 
Scale bar = 100 µm for all images.  
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Discussion 

In this study, we produced a modified FFPE IHC protocol for mouse tissue 

that provides a more effective antigen retrieval method. Antigen retrieval has been a 

longstanding challenge in the field, often requiring different retrieval protocols for 

different epitopes 150,166,167. Our protocol works consistently well for all of the 

antibodies tested. The use of glycerol in the Tris-EDTA antigen retrieval buffer 

greatly increases the detection of multiple antigens and may be a better standard for 

mouse FFPE tissues. Also, the use of EDTA in the wash buffers prevents 

degradation of DNA by nucleases preserving nuclear morphology; a consideration 

that is absent in other multiplex protocols. Lastly, we found that treatment with 10% 

formalin immediately prior to antigen retrieval helps to maintain tissue integrity and 

reduces loss of tissue during multiple rounds of stripping and re-probing.     

We also propose a novel strategy of using multiple markers to stain for cell 

types for which unique markers/antibodies have not been identified or are not 

available commercially. This strategy can be particularly helpful to identify DCs, 

neutrophils, and NK cells in the tumor microenvironment. With new emerging 

immune regulators 168 and therapies, this strategy provides an excellent tool to 

investigate the effect of drug treatment and prognosis of disease. 

Overall, our protocol of multiplex IHC staining on mouse tissue provides an 

improved strategy for reproducible staining. Using our strategy and by properly 

planning the sequence of target antibodies, visualization of multiple epitopes is only 
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limited by the number of filter channels in the microscope. This protocol has the 

potential to improve the utility of multiplex IHC to investigate the immune system in 

vivo, including the analysis of the tumor immune microenvironment and mechanisms 

of action of immune-related drugs in preclinical models.  
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CHAPTER FOUR 
Methodology 

 

Cell Lines, Culture Conditions  

The murine breast carcinoma cell line Met-1 was a kind gift of Dr. Philipp Scherer 

(UT Southwestern). Raw 264.7 and 4T1 cells were obtained from ATCC (Manassas, 

VA). E0771-LG and F246-6 were kind gifts from Dr. Jeffrey W. Pollard (Department 

of Developmental and Molecular Biology, Albert Einstein College of Medicine, Bronx, 

NY, USA). 3B10 hybridoma cells were a kind gift of Dr. Anton Wellstein (Department 

of Oncology, Georgetown University, Washington, DC, USA).  

Cells were maintained at 37°C in a mixture of 5% CO2 and 95% air in DMEM (for 

4T1, Met-1, and F246-6) or RPMI (for E0771-LG) supplemented with 5% fetal calf 

serum (Rocky Mountain Biologicals, USA). DMEM and RPMI were obtained from 

Invitrogen (Carlsbad, CA).  

Production of 3B10 monoclonal antibody 

3B10 hybridoma cells were seeded in RPMI + 10% FBS at a concentration of 2x106 

cells/mL in T175 flasks. For passaging, cells were split once density reached 

approximately 8x106 cells/mL.  

For production, 3B10 cells were allowed to grow until viability dropped below 70%. 

Supernatant was collected and 100 mM sodium phosphate buffer (pH 8.4) and 3.2 M 
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NaCl were added. Protein A beads were equilibrated with 100 mM sodium 

phosphate buffer (pH 8.4) + 3.2 M NaCl before running 3B10 supernatant over the 

column. Once supernatant was run over the column, the column was washed with a 

decreasing concentration gradient of sodium phosphate buffer (100 mM to 10 mM; 

pH 8.4) + 3.2 M NaCl. Antibody was eluted using Pierce Gentle Ag/Ab Elution Buffer, 

pH 6.6 (ThermoFisher, 21013), dialyzed with PBS, and sterile-filtered (syringe filter; 

Whatman Puradisc, 0.2 um PVDF, 6791-1302) before use.  

Mice 

Female BALB/c (BALB/cfC3H strain) and C57BL/6 mice were purchased from the 

on-campus UT Southwestern Mouse Breeding Core (Dallas, TX). MMTV-PyMT mice 

were originally obtained from The Jackson Laboratory (Bar Harbor, ME) and were 

maintained on the FVB background. Ptnnull mice, originally produced by Muramatsu 

et al (2006)7, were a kind gift from Dr. John P. Chute (Division of 

Hematology/Oncology, Department of Medicine, University of California, Los 

Angeles, Los Angeles, CA 90095, USA). Ptnnull mice were maintained on both the 

C57BL/6 and FVB backgrounds (backcrossed onto FVB for 8 generations).    

 

Animal studies 

For the orthotopic experiments, E0771-LG cells (0.5x106) were injected into the 

mammary fat pad of 8-10 week-old female Ptn+/+ or Ptn-/- C57BL/6 mice. 4T1 cells 

(1x106) were injected in the mammary fat pad of 8 week-old female BALB/C mice. 
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Met-1 cells (1x105) were injected in the mammy fat pad of 8 week-old female FVB 

mice. Therapy was started when primary tumors reached 50 mm3.  

 

Mice were randomly assigned to treatment groups, treated with C44 (isotype control; 

200 ug, 2x/week) or 3B10 (anti-Ptn; 200 μg, 2x/week). Mice were euthanized when 

primary tumor burden reached 1500 mm3. For the transgenic experiments, female 

MMTV-PyMT mice received therapy with C44 or 3B10, starting at 8 weeks of age. 

Mice were euthanized at 14 weeks of age. Mice were monitored daily for signs of 

morbidity.  

 

Following euthanization, tissues were fixed in 10% formalin or snap frozen in liquid 

nitrogen for further studies or prepared for flow cytometry analysis.  

 

MTS Assay 

The MTS colorimetric assay was performed as previously described169. Briefly, 2000 

cells/well were plated in 96-well plates. Cells were treated with C44 (20 μg/mL) or 

3B10 (dilution series from 0.31 to 20 μg/mL). On day 5, 20 μl MTS was added, 

followed by a 2-hour incubation at 37°C, and then the absorbance was read at 490 

nm on a plate reader.  

Transwell Migration Assay 
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The bottom of 5 μm (for macrophages and neutrophils) or 8 μm (for cancer cells) 

polycarbonate transwells (Costar, Corning, NY) were coated with 1-8 μg/mL 

recombinant Ptn <source> at 37°C for 3 hrs. For the cancer cell lines (4T1, Met-1, 

E0771-LG), 5x105 cells were plated into the upper well of the chamber and allowed 

to migrate for 16 hrs. For the immune cells (macrophages and neutrophils), 1x106 

cells were plated into the upper well of the chamber and allowed to migrate for 3 hrs. 

After incubation, the wells were washed, fixed with cold methanol for 10 minutes, 

and cells on the top side of the membrane (unmigrated cells) were removed with a 

cotton swab. Remaining cells were counterstained with propidium iodide for 10 

minutes. The transwells were then cut out and placed onto glass slides for analysis.  

 

Cytokine/chemokine array 

The Mouse Cytokine Antibody Array was performed as per the manufacturer’s 

instructions (Abcam, ab133995). Briefly, tissue lysates were isolated from wild-type 

mammary fat pad (n=1) or tumor tissue from C44- or 3B10-treated Met-1 mice (n=2 

and n=3, respectively). Each membrane was exposed to 100 μg of tissue lysate from 

a single mouse. Chemiluminescent signal was detected using the Licor Odyssey 

Imaging System. Relative signal intensities for each cytokine/chemokine were 

normalized to the loading controls.  

 

Histology and immunohistochemistry 
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Histology and immunohistochemistry were performed as previously described (IHC 

paper reference): 

 

Tissue fixation and sectioning. All tissues were fixed in 10% neutral buffered 

formalin for 48 h on a shaker at room temperature. Tissues were washed and stored 

in PBS at 4°C until embedded. Paraffin embedding was performed by the UT 

Southwestern Molecular Pathology Core. Before sectioning, FFPE tissue blocks 

were incubated in 70% ethanol with 10% glycerol for 5 minutes to soften followed by 

a quick rinse in distilled water. Then, 5 μm sections were cut using a Leitz 1512 

rotary microtome and placed onto a water bath at 40°C for 2 minutes to reduce 

wrinkles. Sections were transferred to positively charged slides (#SFH1103; Biocare 

Medical) and allowed to dry overnight before staining. 

 

Deparaffinization, staining, imaging. Slides were warmed for 10 minutes in a 60°C 

oven before following the de-paraffinization protocol. The de-paraffinization and 

rehydration protocol entails incubation in xylene (3x for 5 minutes), 100% ethanol (2x 

for 2 minutes), 95% ethanol (2x for 2 minutes), 70% ethanol (2x for 2 minutes), 50% 

ethanol (2x for 2 minutes) and PBS (1x 3 minutes). To prevent sections from folding 

or falling off the slides during antigen retrieval and antibody stripping, the de-

paraffinized slides were fixed in 10% neutral buffered formalin for 30 minutes 

followed by incubation in PBS (2x for 3 minutes).  



60 

 

 

For antigen retrieval, 250 ml of antigen retrieval buffer (10 mM Tris-HCl 1 mM EDTA, 

10% glycerol, pH 9.0) was preheated to 80°C in a bucket inside a pressure cooker 

(Biocare Medical) filled with 500 ml of water. Slides were then placed inside the 

buffer and heated at 110°C for 18 minutes (~4-5 psi). Slides were allowed to cool at 

room temperature for 30 minutes followed by a PBS rinse. Tissue sections were 

surrounded by a hydrophobic barrier using a PAP pen and blocked for 10 minutes 

with 2.5% goat serum, 2.5% horse serum (Vector Laboratories) or 30 minutes 

Rodent Block M (Biocare Medical) if the secondary host was goat, horse, or rat, 

respectively.  

 

Incubation with primary antibody was performed on a shaker for 1 h at room 

temperature, or at 4°C overnight. Slides were washed in PBSt (0.05% tween + 2 mM 

EDTA; 3x for 5 minutes) before adding the ‘polymer’ HRP- or AP-conjugated 

secondary antibodies (ImmPress; Vector Laboratories). Sections were incubated 

with secondary antibody for 30 minutes on a shaker followed by one PBSt (0.2% 

tween + 2 mM EDTA) and two PBSt (0.05% tween + 2 mM EDTA) washes, 5 

minutes each. Sections were then incubated with chromogenic or tyramide signal 

amplification substrates. For multiplex staining, antibody stripping was performed in 

10 mM citrate buffer (pH 6.2, 10% glycerol) in a pressure cooker at 110°C for 2 

minutes before probing with the next primary antibody. 
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For chromogenic detection, Betazoid DAB, Warp Red, and Ferangi Blue 

(BDB2004L, WR806S, and FB813H respectively; Biocare Medical) were used. 

Substrate incubation time was determined by monitoring signal development using a 

microscope. After developing with chromogenic substrates, slides were 

counterstained with hematoxylin. Bluing was performed by running tap water over 

the slides for 30 seconds. Slides were cover-slipped using VectaMount (H-5501, 

Vector Laboratories) and scanned at 20X using the Hamamatsu NanoZoomer 2.0-

HT.   

 

For fluorescence detection, we used tyramide signal amplification (OPAL; 

#NEL797001KT; PerkinElmer). The following fluorophores were used: OPAL 520, 

OPAL 570, and OPAL 690. DAPI was used for nuclear counterstaining. To reduce 

the auto-fluorescence, slides were incubated at the end in TrueBlack Lipofuscin 

Autofluorescence Quencher (#23007; Biotium) diluted 20-fold in 70% ethanol for 30 

seconds. Slides were cover-slipped using ProLong Gold (#P36931, Life 

Technologies). Slides were scanned at 20X using the Zeiss Axioscan.Z1 (Whole 

Brain Microscopy Facility, UT Southwestern). DAPI, AF488 (for OPAL520), AF555 

(for OPAL570) and AF660 (for OPAL 690) channels were used to acquire images. 

The exposure time for image acquisition was between 5 to 100 milliseconds. Image 

analysis was performed using ImageJ.  
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Real-time quantitative PCR 

Total RNA was extracted using the Qiagen RNeasy Mini Kit (Qiagen, 74106). cDNA 

was produced from RNA using the Bio-Rad iScript cDNA Synthesis Kit. Expression 

of <genes> were assessed and detected using SYBR green (Bio-Rad). For primers, 

see Supplemental Table X.  

 

Flow cytometry 

Flow cytometric analysis was performed as previously described169: 

Tumors were digested with a cocktail containing collagenase I (45 μ/ml; Worth- 

ington), collagenase II (15 μ/ml; Worthington), collagenase III (45 μ/ml; 

Worthington), collagenase IV (45 μ/ml; Worthington), elastase (0.075 μ/ml; 

Worthington), hyaluronidase (30 μ/ml; MilliporeSigma), and DNase type I (25 μ/ml; 

MilliporeSigma) for 40 minutes at 37°C and passed through a 70-μm cell strainer 

(Fal- con). Splenocytes were isolated from spleens and passed through a 70-μm cell 

strainer (Falcon). Suspensions were washed twice with PBS and stained with 

Fixable Viability Dye (Thermo Fisher) for 1 hour. The cell suspensions were then 

washed and stained with antibodies detecting CD11b (BD Bioscience, 557657), Ly-

6C (BD Bioscience, 562728), Ly-6G (BD Bioscience, 740953), F4/80 (Biolegend, 

123132), CD274 (PD-L1, BD Bioscience, 563369), CD11c (BD Bioscience, 564079), 

I-A/I-E (BD Bioscience, 562009), CD3 (BD Biosci- ence, 553061), CD4 (BD 



63 

 

Bioscience, 562891), CD8 (BD Bioscience, 563332), CD279 (PD-1, BD Bioscience, 

563059), CD152 (CTLA-4, BD Bioscience, 565778), and CD25 (IL-2 receptor α, BD 

Bioscience, 562694) for 1 hour at 4°C. Surface-stained cells were fixed, 

permeabilized, and stained for intracellular markers arginase 1 (R&D Systems, 

IC5868P), iNOS (Thermo Fisher, 17-5920-82), FoxP3 (BD Bioscience, 560401), and 

Ki67 (Biolegend, 652404). Cells were analyzed using FACS LSRFortessa SORP, 

and analysis was performed using FlowJo, with the help of the Moody Foundation 

flow cytometry facility at University of Texas Southwestern Medical Center.  

Statistics 

Data are reported as the mean ± SD. Statistical analysis was performed using 

GraphPad Prism For comparisons of two groups, a 2-tailed student’s T test. If the 

data did not fit a normal distribution, Kruskall-Wallace non-parametric test was 

performed instead.  

Study Approval 

Animal experiments in this study were approved by and performed in accordance 

with the Institutional Animal Care and Use Committee at the University of Texas 

Southwestern Medical Center at Dallas.  
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APPENDIX A 
PTN and in vitro assays 

 
 It is now well-known that many experiments in the biology literature are 

unrepeatable. There are a plethora of factors that contribute to this issues, 

including experimental stringency (or lack thereof), contaminating factors, and 

variability in reagent quality.  Also, key components of protocols may 

undocumented.  

 In the Ptn and Mdk field, there are many published reports of in vitro 

activities that are simply unrepeatable5,31. Perhaps unsurprisingly, there is a lack 

of published reports discussing such negative data. Despite this, numerous labs 

dedicated to the study of the Ptn/Mdk family are aware of this issue. For 

example, at the 2018 Midkine Symposium in Munich, Germany, there was a 

dedicated session towards discussion of the lack of robust in vitro functional 

assays concerning the Ptn/Mdk cytokine family. Out of this session came no 

definitive answers.  

 The irreproducibility of Ptn in vitro assays plagued the original direction of 

my thesis work. In this section, I will share some of my results in my attempts to 

repeat results from the literature.  

I sought out a way to validate that our recombinant Ptn was functional. I 

performed a thorough review of the Ptn literature focusing on in vitro assays used 

to detect Ptn activity. During the 1990s, multiple labs reported that Ptn promotes 
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proliferation of NIH3T3 fibroblasts in vitro. Thus, I sought to use this assay as a 

positive control. I first titrated recombinant PTN to test it’s efficacy over a wide 

range of concentration. I did not observe potentiation of NIH3T3 cell proliferation 

(Appendix A: Figure 1a). To test if PTN’s activity may be cell density-

dependent, I repeated the experiment, keeping PTN constant and titrating the 

number of plated cells. No change was observed (Appendix A: Figure 1b). I 

repeated these experiments with different timepoints and different media 

formulations +/- FBS, but still no proliferative activity was observed (data not 

shown). Some have suggested that Ptn may require proteolytic processing, with 

enzymes like plasmin, to produce “active” forms of the protein10,97. To test this, I 

first digested recombinant Ptn for different time points (Appendix A: Figure 1c). 

This produced cleaved products of various sizes dependent on incubation time 

(increasing from left to right). No proliferative activity was observed in any of the 

plasmin-processed fractions (Appendix A: Figure 1d).  

 It was suggested to us by a collaborator that mammalian cell-produced 

PTN was active, and during heparin-sepharose purification, there are lower MW 

PTN products that are most active. Thus, I produced PTN in HEK293 cells, 

fractionated the conditioned media over a heparin-sepharose column using a salt 

gradient, and tested the fractions for activity  (Appendix A: Figure 2). PTN was 

detected most prominently in fraction 28 (black arrow). None of the PTN-

containing fractions (F24-F27) exhibited proliferative activity  (Appendix A: 
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Figure 2c). As expected, the positive control, bFGF, worked effectively. 

Fractions 20-23 had cytotoxic activity. Mass spec analysis reveals that this could 

be due to the presence of HMGB1, which can be cytotoxic in an extracellular 

context. A prominent band is detected in fraction 21, corresponding to the known 

molecular weight of HMGB1 (~25 kDa).  This is also supported by the fact that 

the fractions with cytotoxic activity correspond to those which come off the 

column with when the gradient reaches ~600 mM NaCl, supported by previous 

reports170. I have yet to confirm whether or not PTN overexpression is causing 

HMGB1 secretion by the transfected HEK293 cells, but given that extracellular 

HMGB1 can function as a chemotactic signal171, it may be worth investigating.  

 I also repeated these assays with other cell types, including cancer cells 

and immune cells. No proliferative activity was seen (data not shown).  

Interestingly, Himburg et al. (2010) reported that Ptn can promote HSC 

growth in vitro, but this activity is very conditional, requiring the presence of three 

additional soluble factors: thrombopoietin, stem cell factor, and Fl3-ligand16. 

Recently, there was published example of conditional chemotactic activity for 

Ptn. When Qin et al. (2017) performed a proteomic screen for chemoattractants 

produced by neural precursor cells, they identified 8 differentially expressed 

proteins relative to control172. Ptn was one of the top hits. They observed, 

however, that no single factor, including Ptn, could reproduce the chemotactic 

activity of the NPC conditioned-media. Qin et al. then tested all possible 
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combinations of the 8 factors and observed that the activity required the 

presence of Ptn, SPARC, SPARCL1, and Hsp90B. Qin et al. observed that these 

proteins form a heterotetramer required for activity172. The conditional 

requirements of these reported assays suggests that the irreproducibility issues 

in the field are far from accidental.  
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Appendix Figure A1: Testing the mitogenicity of recombinant Ptn. A) MTS assay of 3T3 cells treated with titrated 
recombinatn Ptn. B) Ptn concentration was constant and 3T3 cell number was titrated to determine if Ptn effects are cell 
density dependent. C,D) Recombinant Ptn was treated with plasmin for various time points. Digested fragments were 
used to determine if any proteolytically processed fragments had activity.  
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Appendix Figure A2: Production, purification, and testing of mammalian cell produced recombinant Ptn. A 
Ptn-expression vector was transfected into Hek293 cells. 3 days post transfection, conditioned media was collected 
and run over a heparin-sepharose column. Protein was eluted using a salt concentration gradient. A) Coomassie blue 
staining of SDS-PAGE gels. Each lane represents a fraction. The red arrow points to what is assumed to be Hmgb1. 
The black arrow is Ptn. B) Fractions were tested for mitogenicity on NIH3T3 cells. C) Mass spec of F21 to identify 
the cytotoxic factor.  
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