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Abstract 

Globally breast cancer has the highest rates of incidence and mortality among women, and 

the progression of localized breast cancer to metastatic disease is associated with a stark decrease 

in survival. Although robust advances have been made in the treatment of localized disease, few 

effective therapies exist to treat metastasis. As such, distant spread marks the disease stage where 

treatment no longer has curative intent, and disease progression leads to mortality. Decreased 

survival, as a result of metastatic progression, emphasizes the necessity for developing diagnostic 

and therapeutic strategies to manage metastatic disease, and I hypothesize that the 

microenvironment of the metastatic niche can serve as a target for these strategies. 

In Chapter 2 and Chapter 3 I present studies investigating the utility of cargo-free PLG 

nanoparticles (NPs) that, upon intravenous delivery, can be internalized by myeloid cells, altering 

their impact on an anti-tumor immune response at the metastatic niche. We demonstrated that NPs 

reduce metastatic colonization of the lungs in a murine model of metastatic triple negative breast 

cancer (mTNBC). The NPs were found to modulate the immune microenvironment of the lungs, 

skewing myeloid cells toward inflammatory, anti-tumor phenotypes through single cell RNA 

sequencing. We then found that the reduced metastatic spread was dependent on mature T-cells. 

Finally, NPs were administered in a primary tumor (PT) resection model and shown to clear 

established metastatic lesions when delivered as an adjuvant therapy, following surgical resection.  

Immunomodulatory therapies have become an integral component of cancer management, 

along with surgery, chemotherapy, and radiation therapy. Furthermore, the treatment of TNBC 

with immune checkpoint blockade (ICB) therapy, a T-cell-targeting immunotherapy, has shown 
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robust improvements in patient outcomes. However, while ICB-sensitive patients experience 

durable responses to therapy, there are no effective biomarkers available to predict ICB-response 

or stratify ICB-sensitivity from resistance. Our lab has previously investigated the utility of a 

microporous PCL scaffold that integrates with the host upon surgical implantation, finding that the 

immune milieu of the implant recapitulates key features of the native metastatic niche. We have 

shown that gene expressions from the implant microenvironment can be longitudinally probed to 

monitor 1) progression of cancer and 2) response to a PT resection. As such, in Chapter 4, I 

investigate the hypothesis that the microporous implant can be longitudinally probed to glean 

insight into ICB-response. Divergent responses to therapy were observed when treating murine 

TNBC with anti-PD-1, and gene expressions at the implant were probed to monitor ICB-sensitivity 

versus resistance. Differential lymphocyte and myeloid cell responses were identified for the 

divergent therapy responses. Finally, implant-derived gene expressions were probed before ICB 

administration, illuminating predictive analytes for ICB-response prior to initiating therapy.  

Overall this dissertation demonstrates the potential for applying engineered materials to 1) 

treat metastatic disease by modulating cancer-associated myeloid cells with the goal of enhancing 

anti-tumor T-cell surveillance and 2) stratify divergent ICB-responses and investigate mechanisms 

underlying therapy sensitivity versus resistance. 
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Chapter 1  

Introduction 

1.1 Background on Metastatic Breast Cancer 

Cancer is the second leading cause of death in the United States, and breast cancer has the 

highest rates of incidence and mortality in women worldwide [1,2]. While there is a 99% five-year 

relative survival rate for localized breast cancer, survival drops to 29% for metastatic disease [1]. 

Although robust advances have been made in the treatment of localized breast cancer, few 

efficacious therapies exist to treat metastasis, or the spread of cancer from a primary tumor (PT) 

to distal sites [3,4]. Both the 1) scarcity of treatments to manage metastasis and 2) disparity in 

outcomes between primary and metastatic disease has sparked considerable interest in leveraging 

the immune system as a novel treatment [5]. In fact, as of 2020, there were 6,281 active clinical 

trials investigating immunotherapies, of which over 60% of these were for T-cell-targeted 

immunomodulators [6]. 

1.2 Background on Immuno-Oncology 

1.2.1 Immune Dysregulation in Cancer 

Dysregulated immune cells are integral to the initiation and progression of the metastatic 

niche [7]. Whereas the immune system of a healthy individual utilizes both innate and adaptive 

immune surveillance mechanisms to suppress neoplastic cells, cancer-induced immune 

dysregulation suppresses many of these mechanisms and drives the formation of aberrant, pro-

tumor immune cells [7–10]. Tumor-secreted factors induce the formation of immature, 
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immunosuppressive myeloid cells, largely neutrophils and monocytes, which play a vital role in 

both the initiation and progression of a metastasis [11–13]. These immature myeloid cells have 

been shown to secrete arginase-1, IL-17, TGFβ, IL-10, and reactive oxygen species, such as 

nitric oxide and hydrogen peroxide, which can inhibit T-cell proliferation and function [14–17]. 

Monocyte-derived tumor-associated macrophages have additionally been shown to suppress T-

cell-mediated immune surveillance through their secretion of IL-10, CCL22, and TGF-ꞵ; 

dysregulated MHC; and their surface expression of PD-L1, B7-H4 and HIF-1α [18–22]. 

Additionally, cancer-associated neutrophils and monocytes have also been shown to facilitate the 

formation of a pre-metastatic niche, arrival of disseminated tumor cells to the metastatic niche, 

and the suppression of adaptive immunity to promote the progression of metastatic disease 

[10,23–26]. 

1.2.2 Immunosuppression and T-cell Checkpoints 

Cytotoxic CD8+ T-cells are some of the most powerful mediators of anti-cancer immune 

responses [27]. In a healthy individual, cytotoxic T-cells are able to detect and eliminate neoplastic, 

pre-cancerous cells [28]. CD4+T-cells aid in this process by helping to augment cytotoxic CD8+T-

cell responses through multivariate effector function [29]. Despite T-cell-mediated 

immunosurveillance, some neoplastic cells evade surveillance and form cancerous lesions. At the 

tumor microenvironment, much of the immune landscape is polarized as a result of multifaceted 

interactions within the cancerous milieu [30]. Cytotoxic T-lymphocyte-associated antigen 4 

(CTLA-4) and programmed death 1 (PD1) are two immune checkpoint receptors that function as 

negative regulators of T-cell function [31,32]. CTLA-4 regulates T-cell activity, primary in lymph 

nodes, and plays a vital role in establishing peripheral tolerance [33]. PD-1 is a protein upregulated 

on activated T-cells that regulates T-cell function following an inflammatory response, to prevent 
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T-cell hyperactivity in a healthy individual [34,35]. Ligation of PD-1 with programmed death 

ligand-1 (PD-L1) inhibits T-cell activity, and the exploitation of PD-1:PD-L1 ligation within the 

tumor microenvironment to suppress T-cell-mediated surveillance has made it a target of great 

clinical interest [36]. PD-1 activation on a CD8+ T-cell negatively regulates the signals 

downstream of the TCR receptor. Specifically, PD-1 ligation on T-cells impacts the T-cell receptor 

signaling cascade, targeting downstream effectors including the ZAP70, P13K-AKT, and RAS 

signaling pathways, inhibiting the activation of T-cell activation-associated transcription factors 

[37,38].  

Inflammatory cytokines such as interferons (IFN) α, β and γ are potent drivers of PD-L1 

expression [37], and can impact T-cell exhaustion within the context of cancer [39]. IFN-γ has 

been found to directly induce PD-L1 expression by both cancer cells and stromal cells at the tumor 

microenvironment [37,40]. Cancer cells can also carry mutations that cause them to express high 

levels of PD-L1, despite low levels of inflammation [37]. While T-cells have been the focus of 

investigations into PD-1/PD-L1 signaling, it is important to note that innate immune cells can have 

a profound impact on these pathways. For example, tumor associated macrophages (TAMs) can 

secrete cytokines that increase PD-1 and PD-L1 expression [41]. TAM-derived IFN-γ, IL-1β, 

TNF-α, TGF-β, IL-6 and IL-18 have all been shown to suppress T-cell function [41]. 

Counterintuitively, TAMs have also been found to express PD-1, which has shown negative 

correlation with macrophage-mediated cancer cell phagocytosis [42]. In general, a myriad of cells 

within the tumor microenvironment, including cancer cells, immature myeloid cells, and 

macrophages have been implicated in leveraging T-cell checkpoints to induce anergy among anti-

tumor T-cells [43,44]. 
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1.3 Targeting Myeloid Cell-Mediated Immunosuppression in Cancer 

1.3.1 Overview of Targeting Myeloid Cells in Cancer 

Recently, precision therapies that enable the directed treatment of metastatic disease have 

begun to be incorporated into clinical practice. These therapies aim to directly target metastatic 

tumor cells, as with PARP inhibitors, or to augment an adaptive immune response, as with immune 

checkpoint inhibitors and CAR T-cells [45,46]. Novel immunotherapies targeting pro-tumor 

myeloid cells in the metastatic niche have also begun to emerge recently. Cancer-associated 

myeloid cells have been directly associated with poor clinical outcomes, and thus serve as highly 

compelling therapeutic targets [47,48]. Approaches targeting myeloid cells include the depletion 

of pro-tumor populations and the inhibition of signaling molecules driving their recruitment to 

metastatic sites [49]. In murine models, depletion of pro-tumor myeloid cell populations has been 

shown to enhance anti-tumor immunity, impair angiogenesis, and inhibit the seeding of metastases 

[50–52]. Likewise, targeted inhibition of CCL2 signaling has been shown to block the recruitment 

of pro-tumor monocytes to the lung and inhibit metastasis [25]. While these immunotherapy 

strategies have shown early promise, non-specific cell depletion or systemic inhibition of a 

signaling pathway has demonstrated mixed results in clinical trials due to the heterogeneity among 

myeloid cell populations [53]. Some inflammatory subsets of neutrophils and macrophages have 

been found to possess immune-stimulating and anti-tumor behavior, motivating the development 

of therapies to skew myeloid cell progenitors towards anti-tumor phenotypes [17,54–57]. 

1.3.2 Nanoparticle-Mediated Immunomodulation 

Nanoparticles (NPs) are an emerging technology for targeting pathological inflammation 

in cancer and other diseases. Traditionally, nanoparticles have been investigated as vehicles for 
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the targeted delivery of chemotherapies and other pharmaceuticals to tumors [58]. Nanoparticles 

are believed to home to tumors as a result of increased vascular permeability and poor lymphatic 

drainage in a phenomenon termed the enhanced permeability and retention (EPR) effect [59]. In 

addition, NPs can be targeted towards tumor cells with surface modifications such as transferrin 

or folate [60]. Recently, cargo-free polymer NPs have been found to modulate immune cell 

behavior in a manner dependent on their physical and chemical properties [61–63]. Upon 

intravenous delivery, nanoparticles are largely phagocytosed by myeloid cells, such as 

macrophages, neutrophils, and dendritic cells, and predominantly home to the liver, spleen, and 

lymph nodes [64]. NP administration has been shown to alter myeloid cell phenotype and redirect 

myeloid cell trafficking away from sites of inflammation toward the spleen [65]. Our lab has 

previously shown the efficacy of drug-free nanoparticles to mitigate pathological inflammation by 

modulating myeloid cells in models of traumatic injury and autoimmune disease [66,67]. Notably, 

we have also shown that cargo-free poly(lactide-co-glycolide) (PLG) NPs modulate myeloid cells 

and inhibit primary tumor growth in a murine model of breast cancer [68]. Our nanoparticle 

platform was recently found to be well-tolerated in a Phase 2a clinical trial, demonstrating the 

translational potential of nanoparticles [69]. 

The engineering properties of nanoparticles, including their size, charge, and polymer 

composition, play an integral role the internalization and function of NPs [70]. In a study of cargo-

free nanoparticles, with the goal of eliciting anti-inflammatory action against innate immune cells 

challenged by TLR agonists, our lab found that NP-mediated immunomodulation was dependent 

on their physicochemical properties [61]. Several formulations of PLG and poly(lactic acid) (PLA) 

NPs were investigated to this end. The authors first found that PLG and PLA particles prepared 

with PEMA as a surfactant possessed a more negative surface charge and were associated with 
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more rapid uptake by cells in vitro, as compared to NPs prepared with PVA as a surfactant, which 

were less negatively charged. In addition to cellular uptake, researchers in the study also found 

that particle formulation significantly impacted the immunomodulatory effect of nanoparticle 

administration on cytokine secretion by innate immune cells. Finally, this study investigated cargo-

free NPs in vivo, finding that the charge and formulation of the particles played a significant role 

in the quantity and breadth of association with innate immune cells, as well as murine survival in 

response to inflammatory challenge. Our lab followed this investigation by studying the role of 

tunable material properties on NP-mediated immunomodulation in a murine model of breast 

cancer [68]. Surfactant type and PLG molecular weight were tested in an in vitro assay for 

internalization by innate immune cells. This study found that altering the charge and molecular 

weight of NPs significantly impacted internalization, specifically that PEMA-High NPs exhibited 

the maximal internalization by innate immune cells. Notably, the ability to tune the properties of 

NPs for the desired internalization and biodistribution makes them a highly modular therapy 

candidate for targeting the immune system. 

1.4 Immune Checkpoint Blockade in Cancer 

1.4.1 Clinical Trials for Checkpoint Inhibition in Breast Cancer 

Immune checkpoint blockade (ICB), or the inhibition of T-cell checkpoints, has become 

the most successful immunotherapy in a variety of tumors and was awarded the 2018 Nobel Prize 

in Physiology or Medicine. Specifically, the treatment of triple negative breast cancer (TNBC) 

with ICB has shown improvements in outcomes [71]. TNBC is a more immunogenic BC subtype 

and has thus been a focus of ICB clinical efforts [72–74]. Pembrolizumab, a monoclonal antibody 

(Ab) against PD-1 (aPD-1), was the first ICB studied in advanced, PD-L1+ TNBC [75]. This phase 

1b clinical trial (KEYNOTE-012) of pembrolizumab showed an 18.5% overall response rate 
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(ORR) for PD-L1+ advanced TNBC patients receiving aPD-1. In the follow-up phase II study 

(KEYNOTE-086), investigators evaluated first-line pembrolizumab in patients with PD-L1+ 

mTNBC [76]. Whereas the previous phase 1 trial was conducted in a heavily pretreated population, 

the phase II study found a 21.4% objective response rate (ORR), 10.4 month median duration of 

response, 2.1 month progression free survival (PFS), and 18.0 month overall survival (OS) among 

the first-line ICB-receiving patients. Interestingly, among the heavily pretreated arm of this phase 

II study, investigators found a 5.3% ORR, 2.0 month PFS, and 9.0 month OS, indicating that aPD-

1 monotherapy was less effective as a second- or third-line treatment [77]. The randomized, open-

label, phase 3 trial of pembrolizumab found that the ICB performed similarly as effective, and had 

reduced grade 3-4 adverse events, as compared to the gold standard chemotherapy in mTNBC 

patients [78].  

While the majority of ICB trials have been focused on the safety and clinical activity of 

aPD-1 in breast cancer, studies have been investigated into targeting PD-L1 [74]. Atezolizumab 

and avelumab are both anti-PD-L1 (aPD-L1) ICB monoclonal Abs with the goal of inhibiting PD-

1:PD-L1 ligation. In the first phase 1 study of atezolizumab in mTNBC patients, a higher ORR 

was seen in the first-line (24%), as compared to the second-line setting (6%), and also for patients 

with PD-L1 expression of at least 1% on tumor-infiltrating immune cells (12% ORR), in contrast 

to < 1% PD-L1+ immune cells (0% ORR) [79]. The Phase 1b JAVELIN study of avelumab 

investigated its activity in heavily pretreated metastatic breast cancer patients [80]. Investigators 

found a 3.0% ORR in overall breast cancer patients, and a 5.2% ORR in patients with TNBC. A 

higher ORR was also observed in breast cancer patients with PD-L1+ tumor-infiltrating immune 

cells (16.7%) versus the PD-L1- cohort (1.6%).   



 8 

Recently, ICB has been investigated as a neoadjuvant therapy, prior to surgical resection, 

in stage 2 or stage 3 TNBC, with the goal of improving pathological complete response and 

decreasing disease progression following surgery. The phase 3 KEYNOTE-522 trial studied the 

efficacy of neoadjuvant pembrolizumab in previously untreated stage 2 or stage 3 TNBC patients 

[81]. Randomized patients were assigned to receive pembrolizumab plus chemotherapy or placebo 

plus chemotherapy as their neoadjuvant therapy. After surgery, patients received either adjuvant 

pembrolizumab or placebo. Investigators observed that early TNBC patients receiving ICB had 

higher pathological complete responses (64.8%), versus the placebo cohort (51.2%), and reduced 

disease progression (7.4% versus 11.8% of patients).  

The summary of current clinical evidence has shown that the most effective contexts for 

treating breast cancer with ICB is either in the early TNBC setting to augment surgical resection, 

or as a first-line therapy in treating metastatic TNBC. Additionally, the clinical trials-to-date have 

shown the greatest efficacy of ICB monotherapy 1) in TNBC versus other BC subtypes, 2) as an 

early-line therapy (neoadjuvant for early TNBC or first-line for mTNBC), and 3) in PD-L1+ 

tumors [82]. While breast cancer patients that are sensitive to ICB therapy have incredible 

responses, only about 10-20% of PD-L1+ mTNBC patients benefit from ICB. As such, there is a 

great need for biomarkers to stratify patients based on response. 

1.4.2 Biomarkers for Checkpoint Inhibition 

One of the greatest limitations of PD-1/PD-L1 blockade is the lack of biomarkers to 

accurately predict response to therapy. While many biomarkers have been investigated in pre-

clinical studies as predictors for aPD-1/aPD-L1 response, very few are used clinically [83]. The 

most widely used biomarker for aPD-1/aPD-L1 is PD-L1 expression, which can be measured 

though immunohistochemistry (IHC) [83]. Many TNBC trials, including the Impassion130 and 
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Keynote520 trials, have used PD-L1 expression as a biomarker to stratify between ICB-sensitive 

and ICB-resistant patient populations [84,85]. The Impassion130 trial investigated PD-L1-

expression on tumor infiltrating lymphocytes, while the Keynote520 trial studied the PD-L1 

combined positive score (CPS), which was calculated by dividing the total number of PD-L1+ 

cells by the total number of tumor cells. A score of more than 1% was defined as the cut off for 

positivity, in both cases. While both trials found that PD-L1+ patients had a significantly higher 

ORR, as compared to PD-L1- patients, the majority of PD-L1+ patients were resistant to ICB 

(74.6% for the Impassion130 trial and 51.6% for the Keynote520 trials), showing that PD-L1 

expression is not the only factor driving ICB-response. Furthermore, some PD-L1- patients 

showed ICB-sensitivity. Although PD-L1 expression is currently the most utilized ICB-response-

associated biomarker, it is greatly limited in its ability to predict response.  

High tumor mutational burden (TMB) is another ICB biomarker utilized in solid tumors, 

which acquired its FDA approval based on the results of the Keynote-158 trial [86]. This trial 

tested the efficacy of pembrolizumab in patients with high microsatellite instability and mismatch 

repair-deficiency in non-colorectal cancers. As T-cells survey self- and non-self-antigens, it is 

hypothesized that higher TMB increases the T-cell-recognition of tumor cell, and thus provides 

biological insight as an ICB biomarker [87]. However, while some studies have shown that higher 

TMB is associated with improved ICB response in TNBC, as with PD-L1 expression, TMB alone 

cannot accurately stratify between ICB-sensitivity and resistance [88]. There is also limited 

information about its efficacy in TNBC. Although additional biomarkers, such as tumor infiltrating 

leukocytes (TIL), have been pursued, they have shown limited clinical efficacy in predicting 

response [87]. Tumor-derived gene signatures have also been pursued for predicting ICB-response. 

Genomic assays like Oncotype DX are currently emerging as powerful tools to help clinicians 
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make treatment decisions [89]. However, most genomic assays have failed to provide predictive 

insight into ICB-response in TNBC [90]. There are some tumor-derived gene panels, like 

FoundationOne, that are used in the clinic to predict ICB-response, however they mainly test for 

biomarkers like TMB, and as such, suffer from the same limitations as directly measuring TMB, 

while often being less sensitive [91]. In addition to the lack of effective ICB biomarkers, there are 

limitations associated with relying on primary tumor (PT) biopsies for identifying biomarkers 

predictive of ICB. While a PT biopsy can offer insight into the local tumor microenvironment, it 

offers little information about systemic changes that influence treatment efficacy. Examples of this 

include dynamic changes in the immune cell millieu at lymphoid tissues or metastatic lesions. 

1.4.3 Liquid Biopsy for Immunotherapy Biomarkers 

IHC analysis of the PT for biomarkers has typically been used to determine patient 

eligibility when treating metastatic disease, as biopsying a metastatic lesion within the lungs or 

brain, for example, is anatomically challenging and the spatial heterogeneity of biomarker 

expression makes this technique additionally impractical. As a result of recent technological 

advancements in cellular- and molecular-capture methods, as well as the emergence of highly 

sensitive sequencing modalities, liquid biopsies have been pursued to replace conventional IHC 

[92]. Liquid biopsy has garnered much interest as it is minimally invasive, cost-effective, and can 

be used for repeat measurements throughout the evaluation and treatment of a patient [92–95]. 

Liquid biopsy-derived circulating tumor cells (CTCs), circulating cell-free DNA (cfDNA), and 

circulating tumor DNA (ctDNA) have all been pursued as biomarker candidates [92].   

Quantification of cfDNA levels has been investigated, as high levels of cfDNA in 

circulation have been correlated with tumor burden [96]. Moreover, mutation profiling of cfDNA 

has been studied as inclusion criteria for immunotherapies, with variable results. One study found 
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that copy number variations in cfDNA were predictive for clinical outcomes for PD-1 inhibition 

in cervical cancer [97]. Conversely, another report showed that copy number variations provided 

no value in predicting ICB-response in several cancer types [98]. While these contradictory results 

may be resolved with improved cfDNA-isolation and detection, they fail to consider that ICB 

targets cell-surface receptors, and thus ignore key mechanistic insight into ICB function and 

efficacy [99].  

CTCs, in contrast to cell-free DNA, are intact cells that have potentially detectable extra- 

and intra-cellular biomarkers. PD-L1 positivity on CTCs has been investigated for various 

cancers, including non-small cell lung cancer, melanoma, and breast cancer [92]. Unfortunately, 

these studies have had conflicting results, with some reports demonstrating a correlation between 

clinical response to aPD-L1 for patients with PD-L1+ CTCs, while others show no predictive 

value for PD-L1 expression on CTCs [100–103]. Because aPD-1/aPD-L1 administration also 

abrogates PD-1 ligation with PD-L1 expressed on non-tumor cells (e.g., T cells, B cells, DCs, 

macrophages) at the tumor microenvironment, probing for PD-L1 on tumor cells in the 

peripheral blood may explain the lack of efficacy in gleaning ICB-biomarkers from CTCs [36]. 

Moreover, CTCs are known to harbor genetic and phenotypic discordances from tumor cells in 

both the PT and metastatic lesions, further blurring the utility of CTCs for biomarker detection 

[104]. Lastly, CTCs are found in low numbers in the blood and have poor expression of tumor-

specific surface markers, which are necessary for enrichment, making them technologically 

challenging to isolate and study [92]. 
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Chapter 2  

Cargo-Free Immunomodulatory Nanoparticles Combined with Anti-PD-1 Antibody for 

Treating Metastatic Breast Cancer 

The material in this chapter has been adapted with minor modifications from the following 

article: 

Y. Zhang, K.R. Hughes, R.M. Raghani, J. Ma, S. Orbach, J.S. Jeruss, L.D. Shea, Cargo-

free immunomodulatory nanoparticles combined with anti-PD-1 antibody for treating 

metastatic breast cancer, Biomaterials. (2021) 

2.1 Abstract 

The presence of immunosuppressive innate immune cells such as myeloid derived 

suppressor cells (MDSCs), Ly6C-high monocytes, and tumor-associated macrophages (TAMs) 

at a tumor can inhibit effector T cell and NK cell function. Immune checkpoint blockade using 

anti-PD-1 antibody aims to overcome the immune suppressive environment, yet only a fraction 

of patients responds. Herein, we test the hypothesis that cargo-free PLG nanoparticles 

administered intravenously can divert circulating immune cells from the tumor 

microenvironment to enhance the efficacy of anti-PD-1 immunotherapy in the 4T1 mouse model 

of metastatic triple-negative breast cancer. In vitro studies demonstrate that these nanoparticles 

decrease the expression of MCP-1 by 5-fold and increase the expression of TNF-𝛼 by more than 

2-fold upon uptake by innate immune cells. Intravenous administration of particles results in 

internalization by MDSCs and monocytes, with particles detected in the liver, lung, spleen, and 

primary tumor. Nanoparticle delivery decreased the abundance of MDSCs in circulation and in 
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the lung, the latter being the primary metastatic site. Combined with anti-PD-1 antibody, 

nanoparticles significantly slowed tumor growth and resulted in a survival benefit. Gene 

expression analysis by GSEA indicated inflammatory myeloid cell pathways were 

downregulated in the lung and upregulated in the spleen and tumor. Upregulation of extrinsic 

apoptotic pathways was also observed in the primary tumor. Collectively, these results 

demonstrate that cargo-free PLG nanoparticles can reprogram immune cell responses and alter 

the tumor microenvironment in vivo to overcome the local immune suppression attributed to 

myeloid cells and enhance the efficacy of anti-PD-1 therapy. 

2.2 Introduction 

Tumor progression is aided in part by the function of innate immune cells, which can be 

induced toward an immune suppressive function by tumor-secreted factors [105]. Disease-induced 

cell types found at the primary tumor or metastatic niche include inflammatory monocytes 

(CD11b+ Ly6C-hi cells in mice), tumor-associated macrophages (TAMs), and myeloid-derived 

suppressor cells (MDSCs). Circulating inflammatory monocytes differentiate into tumor-

associated macrophages (TAMS) in tissues, and have immunosuppressive phenotypes and induce 

angiogenesis to aid metastasis [106,107]. Additionally, myeloid cell recruitment has been shown 

to be critical for metastatic progression [108]. MDSCs are a class of neutrophil that has been 

implicated in aiding tumor growth and metastasis, especially to the lung [109,110]. These cells 

normally serve to regulate the immune response to pathogens, but in the context of cancer, MDSCs 

secrete factors, including immunosuppressive cytokines and reactive oxygen species (ROS), to 

inhibit anti-tumor T cell and NK cell function [111]. These cells contribute to the failure of immune 

checkpoint blockade or T-cell immunotherapies [112].  
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The immunosuppression and pro-tumor functions of myeloid cells have been the targets of 

numerous therapies to alter either their numbers or phenotypes. Small molecule inhibitors have 

been applied to inhibit cytokine secretion that recruits myeloid cells [113,114] or T cell function 

[112,115], or repolarizing cells such as tumor-associated macrophages [116]. Small molecule 

inhibitors of specific protein activators of MDSCs and TAMs have been shown to reduce their 

number and abrogate disease [117,118]. Depletion of one or more cell types has also been studied 

in this context [117,119,120]. However, the large number of cells, cytokines, and other factors that 

contribute to the immune suppression limit the efficacy of therapies that target a single cell or 

protein [121]. In addition, myeloid cell phenotypes within various tissues are distinct [122], which 

motivates the development of therapies that can elicit a tissue-dependent response. 

An emerging approach for modulating innate immune cell response in tissues are 

nanoparticles administered intravenously that target circulating immune cells. Cargo-free polymer 

nanoparticles (NPs) have been shown to redirect the trafficking of phagocytic innate immune cells 

upon, and moderate the disease-induced aberrant behavior of these cells. NPs have highly negative 

surface charge that result in internalization through scavenger receptors including MARCO [123], 

and the specificity and biodistribution of polymeric NPs can be tuned with changes to the polymer 

backbone. As such, internalization of NPs is not limited to targeting ligands [124], and they do not 

induce systemic responses in multiple tissue as with steroids or NSAIDs. The therapeutic benefit 

of these NPs has been demonstrated in West Nile virus infection, ischemic reperfusion injury 

[123], traumatic brain injury [125], as well as in spinal cord injury [126]. These injuries are 

associated with increased inflammation, which contrasts with cancer that is associated with 

immune suppression to limit immune cell killing of tumor cells [127].   
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In this report, we test the hypothesis that cargo-free PLG nanoparticles administered 

intravenously divert circulating immune cells from the tumor microenvironment or metastatic 

sites, altering the immune responses and enhancing the efficacy of anti-PD1 immunotherapy. In 

the orthotopic 4T1 mouse model of metastatic triple negative breast cancer, disease-induced 

myeloid cells rapidly increase in number systemically with disease progression [128] and 

metastatic 4T1 cells readily colonize the lung due to the host of factors secreted by aberrant 

monocytes, macrophages, and MDSCs. These myeloid cells have also been shown to directly 

contribute to resistance to anti-PD-1 and anti-CTLA-4 in the 4T1 model [117]. The cell types 

and biodistribution of nanoparticles are analyzed, and the impact of the particles on the cell 

phenotypes are analyzed both in vitro and in vivo. Particle administration is investigated with 

respect to the growth of the primary tumor and survival. Finally, the impact of nanoparticles on 

gene expression within the primary tumor and metastatic site is analyzed. Reprogramming innate 

immune cell responses within the primary tumor and metastatic tissues represents a new 

opportunity for this class of nanoparticles that target innate cells in circulation, which has the 

potential to improve the therapeutic benefit of anti-PD-1 and other immunotherapies. 

2.3 Results 

2.3.1 Nanoparticle internalization by innate immune cells 

PLG nanoparticle internalization by tumor-induced immune cells was initially investigated 

in vitro. By varying the surfactant type and PLG molecular weight, three fluorescently-labeled 

PLG NP formulations were synthesized (Figure 2-1A): PEMA-coated low-molecular weight 

(PEMA-Low), PEMA-coated high-molecular weight (PEMA-High), and PVA-coated high-

molecular weight (PVA-High). These NPs were incubated with blood leukocytes from tumor-

bearing mice at 5 µg/mL and 50 µg/mL NP concentration (Figures 2-1B, 2-S2). Because PEMA-
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High NPs exhibited the maximal internalization at both concentrations, subsequent studies were 

performed with PEMA-High NPs. Myeloid-derived suppressor cells (MDSCs, CD11b+/Ly6Clo/-

/Ly6G+) and other myeloid cells (CD11b+/Ly6C-/Ly6G-) showed increased Cy5.5-NP 

internalization at 50 µg/mL relative to 5 µg/mL (Figure 2-1C), whereas the increased 

concentration had no effect on the number of Cy5.5-NP+ monocytes as a percentage of total cells. 

As MDSCs comprise a large majority of immune cells in circulation, internalization was also 

quantified as the percentage of Cy5.5-NP+ cells relative to the number of single cells for each cell 

subtype (Figure 2-1D). At 5 µg/mL, nearly all monocytes are NP+ (89.4 ± 5.4%) while a lower 

percentage of MDSCs and other myeloid cells have lower relative internalization (23.7 ± 10.4% 

and 72.3 ± 14.5%, respectively). When the NP+ cell numbers are increased at 50 µg/mL, nearly all 

cells are Cy5.5-NP+ in all three cell populations (99.3 ± 0.5% of MDSCs, 99.9 ± 0.1% of 

monocytes, and 99.6 ± 0.2% of other myeloid cells). Taken together, these data demonstrate that 

monocytes more readily internalize NPs than other myeloid subtypes at low concentrations, yet 

nearly all MDSCs and other myeloid cells have internalized NPs.  
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The biodistribution and in vivo internalization by myeloid cell subsets was next studied 

following intravenous injection of Cy5.5-NPs. Assessment of whole-organ fluorescence (Figure 

2-2A, 2-2B, 2-S3A) indicated that Cy5.5-NPs accumulated primarily in the liver and spleen, and 

Cy5.5-NPs were detected in these organs through 48 hours post injection. NPs accumulated in the 

lung at 12 hours, yet the majority was cleared from the lung by 48 hours. Relatively low levels of 

Figure 2-1. Cy5.5-NPs are internalized by innate immune cells and are distributed in disease-relevant tissues. (A) 

Three NP formulations with combinations of surfactant and PLG molecular weight were tested for internalization in 

vitro. (B) Blood leukocytes from 4T1 tumor-bearing mice at 21 days post inoculation were incubated in vitro with 

each formulation at 5 µg/mL and 50 µg/mL, and internalization was quantified. PEMA-High NPs exhibited high 

internalization at both concentrations, and subsequent studies were performed with the PEMA-High NPs. 

Internalization was quantified (C and D) for myeloid cell subtypes (C) as a percentage of all cells and (D) as a 
percentage of each cell subtype. CD11b+/Ly6Clo/-/Ly6G+ cells (MDSCs) and CD11b+/Ly6C-/Ly6G- cells (other 

myeloid cells) showed increased internalization with increase in NP concentration, while monocytes did not. These 

data indicate that monocytes more readily internalize NPs compared to MDSCs and other myeloid cells. A 2-way 

ANOVA with Tukey’s multiple comparisons test was performed (A and B), bars show mean ± SEM for n = 3 

biological replicates per condition, where ** p < 0.01, *** p < 0.001, ns, not significant. 
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Cy5.5-NPs were detected in the tumor. The cell types within these organs that were associated 

with NPs was quantified by flow cytometry and each NP+ cell type was shown as a percentage of 

all NP+ cells within each organ (Figure 2-2B, 2-S3B). Monocytes comprised the largest population 

of NP+ myeloid cells in all organs (37.6 ± 7.9%, 46.3 ± 7.9%, 26.6 ± 4.3%, 7.6 ± 2.4% in tumor, 

lung, spleen, and liver, respectively) compared to MDSCs (15.6 ± 5.3%, 34.8 ± 10.0%, 7.8 ± 2.0%, 

3.6 ± 0.7% in tumor, lung, spleen, and liver, respectively) and macrophages (19.5 ± 7.7%, 3.3 ± 

0.5%, 3.5 ± 0.8%, 4.0 ± 0.9% in tumor, lung, spleen, and liver, respectively). 

 

2.3.2 Nanoparticle administration alters immune cell distribution in blood and organs 

We next investigated whether the intravenously delivered NPs would influence the 

distribution of innate immune cells in circulation and at the primary tumor or metastatic sites (i.e., 

lung). The analysis of blood 12 hours following a single dose of NPs revealed that the proportion 

of MDSCs decreased from 82.5 ± 2.8% to 63.5 ± 13.9% (Figure 2-3A). No significant change was 

observed in the percentage of macrophages (CD11b+/F4/80+), monocytes, or dendritic cells (DCs, 

CD11c+) in the blood with NP administration (Figure 2-3A). The accumulation of cells within the 

primary tumor and metastatic sites was analyzed following 6 consecutive days of NP 

A

C
o

n
tr

o
l

1
2
 H

r
4
8
 H

r

Spleen Lung PT Liver
2.5

2.0

1.5  x 108

1.0

0.5

P
T

Lung

S
ple

en

Liv
er

0

20

40

60

%
 o

f 
P

a
rt

ic
le

+
 C

e
ll
s

Particle+ Cells per Organ 

MDSCs

Monocytes

Macrophages

B

Figure 2-2. In vivo distribution of Cy5.5-NPs. (A) Ex vivo imaging following i.v. injection of 1 mg of Cy5.5-NPs 
shows they primarily accumulate in spleen and liver, and are detectable for more than 48 hours post injection. (B) 
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administration. The quantity of MDSCs as a percentage of all single cells in the lung (Figure 2-

3B) decreased with NP administration (30.0 ± 3.7% for PBS vs. 21.1 ± 6.2% for NP), consistent 

with a decrease observed in the blood (Figure 2-3A). No significant differences in myeloid cell 

proportions were observed in the spleen or primary tumor (Figure 2-3C and 2-3D). 

 

2.3.3 Synergistic therapeutic effect observed in nanoparticles combined with anti-PD-1 

The therapeutic efficacy of NPs against 4T1 tumor growth and metastasis was next 

investigated. Mice were inoculated with orthotopic 4T1 tumors and placed in one of four treatment 

groups: 1) PBS control, 2) anti-PD-1 antibody only, 3) NPs only, and 4) NPs + anti-PD-1 (Figure 

Figure 2-3. In vivo administration of cargo-free NPs reduced the proportion of MDSCs in circulation and at 

metastatic organs. (A) Tumor-bearing mice at were administered i.v. 1 mg of NPs in 200 µL of PBS or the 

equivalent volume of PBS only (n = 4 per group), and innate immune cells were quantified in the blood 12 hours 

post injection by flow cytometry. (B-D) NPs were administered at a dose of 1 mg/200 µL for 6 days to allow for 

accumulation and uptake of NPs (n = 4 PBS control, n = 5 NP). Flow cytometry quantification of immune cells in 

the lung (B), spleen (C), and primary tumor (D) was performed on day 10 post inoculation. Decrease in MDSCs 
observed in the blood (A) and lung (C) with NP administration. A 2-way ANOVA with Tukey’s multiple 

comparisons test was performed (A-D), bars show mean ± SEM, where *** p < 0.001, and **** p < 0.0001. 
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2-4A).  Average tumor size was decreased for combination NPs + anti-PD-1 (V = 1240 ± 298 

mm3, volume increase of 16.0 ± 6.7 compared to initial tumor volume) compared to PBS control 

(V = 1940 ± 431 mm3; volume increase by 28.4 ± 12.4; p = 0.038), but was not decreased for either 

monotherapy (V = 1630 ± 578 mm3, volume increase by 23.2 ± 8.3 for anti-PD-1; V = 1690 ± 575 

mm3, volume increase by 21.5 ± 5.4 for NPs) (Figure 2-4B). Survival, based on body condition 

and tumor appearance, was monitored after day 22 post inoculation (Figure 2-4C). Median 

survival was 24 days for the PBS and anti-PD-1 groups, 25 days for NPs alone, and 28 days for 

NPs + anti-PD-1 combination treatment. A survival benefit was observed for the combination 

treatment cohort compared to cohorts treated with PBS (p = 0.001), and compared to cohorts 

treated with either anti-PD-1 or NP monotherapy (p = 0.015 and p = 0.030, respectively). Taken 
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together, these data indicate an additive or synergistic therapeutic effect by combining NPs and 

anti-PD-1 antibody. 

2.3.4 Nanoparticle internalization results in upregulation of inflammatory pathways 

The mechanism by which NP administration may reduce tumor growth and metastasis was 

investigated in vitro by analyzing secretion of multiple cytokines associated with tumor 

progression following nanoparticle treatment. Mice were first treated with anti-PD-1 antibody post 

inoculation (Figure 2-5A), and splenocytes were then isolated from healthy and tumor-bearing 

mice (with and without anti-PD-1 treatment) at day 14 post inoculation. Splenocytes from tumor-

bearing (Tumor+) mice secreted elevated amounts of the cytokine interleukin 6 (IL-6), 

granulocyte-macrophage colony-stimulating factor (GM-CSF), monocyte chemoattractant protein 

Figure 2-4. NPs + anti-PD-1 combination therapy delays 4T1 tumor growth and reduces metastasis. 4T1-bearing 

mice were treated with PBS (control), anti-PD-1 (aPD-1), NPs (particles), or combination therapy (particles + aPD-

1). (A) Schematic of disease model and treatment. (B) Tumor volumes, and (C) survival curves are shown for the 

four treatment conditions (control, n = 7; aPD-1, n = 9; particles, n = 8, particles + aPD-1, n = 9), indicating a 

therapeutic benefit for particles + aPD-1 but not for either monotherapy compared to control. Two-way ANOVA 
with Tukey’s multiple comparisons tests were performed. Bars show mean ± SEM where * p < 0.05 compared to 

control (B), and where * p < 0.05 compared to particles + aPD-1 (C). 
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1 (MCP-1), and tumor necrosis factor alpha (TNF-𝛼), but not transforming growth factor beta 

(TGF-𝛽) relative to those of Tumor- mice (Figure 2-5B-F). Treatment of these cells with NPs 

significantly decreased secretion of MCP-1 (Figure 2-5D) and increased TNF- 𝛼 secretion (Figure 

2-5E). This effect is amplified with the addition of anti-PD-1 (Tumor+ 𝛼PD-1+). No alteration in 

cytokine expression was observed for NP treatment for production of IL-6 (Figure 2-5B) or TGF-

𝛽 (Figure 2-5F) in tumor-bearing mice with or without anti-PD-1. Increased granulocyte-

macrophage colony-stimulating factor (GM-CSF) production was observed with NP treatment 

only in the Tumor+ 𝛼PD-1+ group (Figure 2-5C). Notably, NP treatment increased TNF-𝛼 

production by more than 2-fold in tumor-bearing mice both with and without anti-PD-1 (Figure 

2-5E). The production of MCP-1 is also greatly increased in tumor-bearing mice, yet there is a 

nearly 5-fold decrease in secreted MCP-1 with NP treatment in both the Tumor+ and Tumor+ 𝛼PD-

1+ groups. We sought to identify the source of the produced cytokines, and thus Gr1+ cells were 

sorted by MACS and cytokine analysis was performed. Gr1+ cells were the focus as they are the 

predominant cell type in the disease model. These studies indicate an increased expression of TNF-

α by the Gr1+ cells (Figure 2-S4), consistent with the analysis of single cell data sets. However, 

the increase in MCP-1 was not observed for the Gr1+ cells, indicating an alternative cell type. 

These data indicate that NPs can alter the production of inflammatory cytokines and that anti-PD-

1 contributes to additional changes in cytokine levels. 
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2.3.5 Tissue-specific deactivation of disease-relevant pathways in vivo 

Gene expression within the primary tumor, spleen, and the lung, the primary metastatic site 

was analyzed at day 14 post inoculation to assess the impact of NP and anti-PD-1 treatment on 

these tissues. Gene expression at the spleen was analyzed to provide a relative measure of systemic 

immune changes, which could then be compared to the tissue specific responses within the primary 

tumor and lung. Differential gene expression was evaluated for each tissue compared to the PBS 

control group (Figures 2-6A - 2-6C). In addition, pathway changes were investigated using Gene 

Figure 2-5. Reprogramming of inflammatory response by NP treatment in vitro. (A) Schematic and timeline of the 
study. Splenocytes from tumor-bearing mice that were treated with or without aPD-1 and incubated with NPs. (B-F) 

Cytokine secretion as measured by ELISA for splenocytes isolated from healthy (tumor-), tumor-bearing (tumor+), 

and in vivo aPD-1-treated (tumor+ aPD-1+) mice. Splenocytes were treated in vitro with (particle+) or without 

(particle-) NPs. Notably, there was a large decrease in the production of the MDSC-recruiting chemokine MCP-1 

(D) and an increase in the production of proinflammatory TNF-𝛼 (C). 2-way ANOVA with Tukey’s multiple 

comparisons tests were performed. Bars show mean ± SEM where * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001 compared to particle- control (n = 4 per condition). 
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Set Enrichment Analysis (GSEA) for a total of 5,944 gene sets were examined (Figure 2-S5). 

Furthermore, we subcategorized the pathway changes into those that would be supportive of tumor 

progression versus those that would inhibit tumor progression (Figure 2-S6). The spleen and 

tumor had a substantially larger number of pathways that were predicted to have upregulated 

activity relative to those that would be downregulated, though the number of pathways that would 

be predicted to be supportive of tumor progression relative to those that would inhibit tumor 

progression were more similar. Gene sets that showed the greatest enrichment (positive or 

negative) for immune cells in all data sets were obtained and condensed into a list of 14 disease-

relevant pathways (Figures 2-6D, 2-6E). Pathways with normalized enrichment score (NES) > 1.3 

or NES < -1.3 were considered differentially expressed compared to untreated control. Relative to 

no treatment, the spleen and lung had a similar NES for 9 of the 14 pathways, with the differences 

associated with innate and adaptive immune cell responses. NP treatment resulted in 

downregulation of pathways associated with pro-tumor innate cells. The impact of NPs was 

distinct within the lung, the primary metastatic site, relative to the spleen or primary tumor. In the 

lung, the number of pathways predicted to have downregulated activity was substantially larger 

than the number predicted to be upregulated, which also associated with an increased in the activity 

of pathways associated with anti-tumor activity relative to pro-tumor activity. For the 14 common 

pathways, only 4 were similar between the lung and the spleen or primary tumor.  

The RNAseq data was also analyzed by comparing the NP + anti-PD-1 condition to NP 

alone in order to more effectively isolate the impact of the additional anti-PD-1 treatment. A list 

of 15 disease-relevant pathways were identified (Figure 2-6F). As before, the spleen and primary 

tumor had many similarities, and the lung was the most distinct with most pathways having a 

negative NES. With the primary tumor, an increased expression was observed for many pathways 
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associated with activation of the immune system for both adaptive and innate immune cells, which 

is consistent with the decreased tumor growth that was observed and also the expected effects of 

treatment with anti-PD-1. Within the lung, most of these 15 pathways had a negative NES. Based 

on the differential response of the lung relative to the primary tumor and spleen, we also analyzed 

the cell types present within the lung at day 14 for differences in cell types for the conditions 

(Figure 2-S7). For NP treatment with and without anti-PD-1, the number of neutrophils, 

macrophages, T cells, B cells, and NK cells was similar, suggesting that the RNAseq results 

indicate a differential phenotype and do not result from the accumulation of differential cell types.  

Analysis of the tumor cell numbers within the lung indicate an accumulation on the order of 100 

cells within the lung, indicate of early stage metastasis, that was not significantly different between 

conditions (Figure 2-S8). 
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2.4 Discussion 

In this study, cargo-free PLG NPs were investigated for systemic delivery and therapeutic 

efficacy in the 4T1 mouse model of metastatic breast cancer. Innate immune cells, such as MDSCs, 

inflammatory monocytes, and TAMs have been revealed to support pro-tumor functions at the 

primary tumor and metastatic niche. The cells have been widely studied for their potential as 

biomarkers for early diagnostics of cancer and metastasis [129–133]. Furthermore, the therapeutic 

benefit of immunotherapies such as immune checkpoint blockade (ICB) and CAR T-cells, which 

primarily aim to improve the adaptive anti-tumor immune response, are limited by the presence of 

these immunosuppressive innate cells [117,119,120]. As such, targeting of these innate immune 

cells has emerged as a potential cancer immunotherapy. The data presented here demonstrate that 

NPs delivered systemically alter the phenotype of the pro-tumor innate immune cells at the primary 

tumor, resulting in a therapeutic benefit when combined with anti-PD-1 that is targeting the 

adaptive immune cells. 

Previous studies have targeted innate immune cells with antibodies or small molecules 

against cell surface receptors or their ligands. MDSC depletion with antibodies either against Gr1 

or Ly6G has been reported to have a therapeutic benefit in multiple cancer models [134,135]. In 

the 4T1 model, diversion or depletion of MDSCs has resulted in a survival benefit following 

resection of the primary tumor [128,136]. Inhibiting MDSC activation resulted in total elimination 

of tumors in mice treated with combination anti-PD-1 and anti-CTLA-4 [117]. Alternatively, small 

Figure 2-6. Tissue-specific in vivo reprogramming by NP and aPD-1 treatment. (A-C) Gene expression by RNAseq 

was performed on spleen, tumor, and lung tissue from mice treated with PBS, NPs, or NPs + aPD-1 (n = 3 per 

condition), and differential gene expression between the control and NP groups or the control and NP + aPD-1 

groups were analyzed. Phenotypic differences were analyzed by Gene Set Enrichment Analysis. (D and E) Pathway 

enrichment for NP and NP and aPD-1 treated mice as shown by normalized enrichment score (NES) compared with 

PBS for the given gene sets. (F) Pathway enrichment for NP + aPD-1 compared with NP alone was also analyzed. 
Pathways with NES > 1.3 or NES < -1.3 were considered differentially expressed. Changes in the tumor largely 

reflected systemic changes as seen in the spleen, with positive enrichment of immune cell function, whereas the lung 

showed negative enrichment in many of these pathways. 
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molecule inhibitors of myeloid cell recruitment and activation have also proven to be effective for 

targeting specific myeloid cells and improving the efficacy of immuno-, chemo-, and radio-

therapies. However, there have been several reports of adverse effects of existing therapies. 

Stopping CCL2 inhibition has been shown to accelerate breast cancer metastasis [137]. CSF1R 

inhibition delays tumor growth [118], yet also promoted metastasis by diminishing the amount of 

IL-15 and reducing the number of NK cells [138]. The NPs reported here do not deplete the 

immune cell as can occur with antibodies, and do not contain an active pharmaceutical ingredient. 

No adverse effects were observed for NP treated animals in these studies, suggesting that NPs may 

provide an opportunity to enhance outcomes and improve safety by avoiding off target effects. 

These NPs are based on a formulation that completed both Phase I and Phase II clinical trials in 

celiac disease (NCTG03486990, NCT03738475), supporting the safety of these particles for 

translation. In addition, human MDSCs cannot be targeted with the same antibodies due to 

differences between mouse and human surface proteins [109,139,140]. NPs may provide an 

opportunity to modify human MDSCs based on a similar functionality between human and mice. 

Administration of cargo-free PLG NPs intravenously in the cancer model leads to their 

subsequent association with monocytes, MDSCs, and other myeloid cells (Figure 2-2B), which 

results in a reduction in the percentage of myeloid cells present in the blood and lung (Figure 2-

3). These NPs have been previously employed in animal models of trauma and autoimmune 

disease, and have been able to reduce inflammation that is associated with loss of function 

[126,141]. Intravenous administration leads to NP accumulation primarily in the spleen and liver, 

and to a lesser extent in the lung for the first 48 hours post injection. Previous reports have 

suggested that intravenous NP administration diverted inflammatory cells to the spleen [123,142], 

while others have observed granulocyte trafficking to the liver in several inflammatory disease 



 29 

models [143]. While NP administration reduced levels of MDSCs within the blood and lung, the 

primary tumor had stable levels of MDSCs, which were the lowest relative to other tissues at 

approximately 5% of single cells. This relatively low abundance would suggest a low level of 

MDSC recruitment. Furthermore, the lifetime of MDSCs can be up to 4 times longer in tumors 

relative to blood [144], which is also consistent with a low level of recruitment and may explain 

why the nanoparticles that divert a fraction of the circulating cells did not substantially impact the 

abundance of MDSCs within the primary tumor.  

Herein, the NPs were applied to a model of cancer progression, which is typically 

associated with immune suppression to enable the tumor cells to escape destruction by the immune 

system. The NPs can target the innate cells and the ICB can primarily target the adaptive immune 

cell responses. A greater percentage of Ly6C-hi monocytes was observed to internalize NPs 

relative to MDSCs and other myeloid cells, though no significant decrease in monocytes was 

observed in tissues. These monocytes are thought to be precursors to TAMs [106], and previous 

studies found decreased metastatic seeding in the lung when monocyte recruitment was inhibited 

[145]. The lower level of association with MDSCs is consistent with a decreased capacity for 

phagocytosis  [146], yet confirms previous findings that MDSCs can still be targeted through 

particle internalization [147]. The difference in NP uptake may also be explained in part by 

physicochemical properties of the NPs. Preferential internalization by specific cell types was 

reported to be a function of the surfactant used for NP manufacturing [148] or polymer properties 

[141]. In addition, nanoparticle size and surface charge influence internalization by myeloid cells 

[149], and selectivity can be achieved without targeting moieties [150,151].   

Reduced primary tumor growth was observed in the 4T1 model with combination NP and 

anti-PD-1 treatment (Figure 2-4). Interestingly, the NP administration was applied for only 12 
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days, yet administration impacted tumor growth over longer time frames. NP internalization 

induces phenotypic changes in the myeloid cells, with the response dependent upon the status of 

the immune system. PLG nanoparticles have been applied to reduce inflammation in spinal cord 

injury, yet the NPs appear to induce inflammatory pathways both in vitro and in vivo in the 4T1 

model (Figure 2-5). In vitro studies of NP internalization indicated upregulation of two 

immunostimulatory cytokines TNF-𝛼 and GM-CSF. These cytokines have relatively nuanced roles 

in cancer progression. Neutralization of systemic GM-CSF with “cytokine sponges” has been 

reported to enhance the efficacy of anti-PD-1 treatment [152]. Conversely, combinations of GM-

CSF, IL-6, and TNF-𝛼 have also been shown to inhibit human T cell activation in vitro, though 

solid tumors that contained MDSCs were found to consistently downregulate GM-CSF [139]. NP 

treatment in vitro also resulted in a decrease in the production of MCP-1 (CCL2), which is a critical 

cytokine associated with MDSC function [145]. Reviewing single cell data from the 4T1 model, 

macrophages and monocytes appear to be the predominant cell type expressing MCP-1 [153]. 

Signaling within the tumor microenvironment is complex, and the survival advantage provided by 

these particles warrant further investigation in the mechanisms of action. 

NP treatment led to substantial changes in the gene expression systemically and within the 

primary tumor, which may contribute to the delayed tumor growth and the survival benefit. The 

percentage of MDSCs within the primary tumor was not significantly reduced with NP treatment, 

yet the phenotype of the immune cells was altered both in vivo (Figure 2-6) and in vitro (Figure 

2-S4), consistent with a report that MDSC alteration unrelated to recruitment can have a significant 

impact in the 4T1 model [154]. MDSCs are increasingly being appreciated for their ability to 

modulate and contribute to tumor development, as they secrete a variety of cytokines that are 

associated with pro- and anti-inflammatory phenotypes. The influence of these cytokines on cancer 
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progression is complex. ARG-1, inducible NO synthase, reactive oxygen species, S100A8/9, and 

PD-L1 are generally immunosuppressive in their ability to inhibit DC, NK and T cell activity, 

while S100A8/9, TGF-β, IL-10 promote the function of Tregs and TAMs, which are present at a 

metastatic niche [155–158]. TNF-𝛼 is implicated in tumor progression in a variety of contexts, and 

has been observed to contribute to MDSC necroptosis [159–161]. Due, in part, to their role in 

cancer progression, MDSCs have become a target of biomaterial strategies to modulate multiple 

stages of tumorigenesis [162–165]. MDSCs share a considerable number of phenotypic and 

functional roles with neutrophils [166,167], which have been reported to exhibit altered trafficking, 

phenotype, and cytokine secretion following various size-, charge-, and shape-dependent 

biomaterial interactions [168–171]. The mechanisms by which these highly-negatively charged 

NPs specifically influence MDSC function have not been fully elucidated, yet are likely to involve 

multiple complex interactions that modulate the cell phenotype. As seen in Figure 2-6, NP 

delivery alters a number of innate immune cell processes such as myeloid cell differentiation, 

cytokine secretion, and signaling that can impact multiple aspects of the adaptive immune 

response. Addition of anti-PD-1 along with NP administration provided an opportunity to target 

both the innate and adaptive immune suppression. The addition of anti-PD-1 with NP 

administration further enhanced pathways associated with myeloid cell function and also enhanced 

a number of pathways associated with T cell and natural killer cell responses. Anti-PD-1 led to 

downregulated negative regulation of T cell proliferation, which is consistent with findings that 

PD-1 downregulates T cell proliferation [172]. The impact of the NP and anti-PD-1 within the 

lung was distinct, which may be due to the relatively small numbers of tumor cells in the organs 

at the time points analyzed. 
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In conclusion, we report that PLG NPs delivered systemically to target circulating immune 

cells improve the efficacy of ICB. The NPs are well-tolerated and the absence of an active 

pharmaceutical ingredient may reduce off target effects. The NPs reprogram innate immune cell 

phenotypes by altering their trafficking and expression of key cytokines, which altered the 

microenvironment of the primary tumor. Modulating the innate cell responses by the NPs 

combined with ICB therapy that targets the adaptive responses contributes to an improved 

therapeutic outcome. PLG NPs that target circulating innate immune cells may provide novel 

therapeutic strategies in cancer, used either alone or to complement current or emerging T-cell-

targeted immunotherapies. 

2.5 Methods 

2.5.1 Nanoparticle fabrication 

Particles were synthesized as previously described [173,174]. Briefly, high-molecular 

weight (acid-terminated, inherent viscosity 0.55-75 dL/g, Lactel) or low-molecular weight (acid-

terminated, inherent viscosity 0.15-0.25 dL/g, Lactel) PLG polymer were dissolved at 20% w/v in 

dichlormethane. The dissolved polymer was added to either 1% w/v (poly(ethylene-alt-maleic 

anhydride) (PEMA, MW 400,000, Polysciences, Inc) or 2% w/v polyvinylalcohol (PVA, MW 

30,000-70,000, Polysciences, Inc) solution and the mixture was sonicated using a Cole-Parmer 

CPX130 Ultrasonic Processor to form the nanoparticles. The nanoparticle solution was poured 

immediately into stirring 0.5% w/v PEMA or 0.5% w/v PVA and organic solvent was evaporated 

overnight. The nanoparticles were then pelleted by centrifugation, the remaining solution was 

removed, and the nanoparticle pellet was resuspended in DI water. Nanoparticles were lyophilized 

for storage following three of these washes in DI water. To fabricate fluorescent nanoparticles, 

acid-terminated 50:50 Poly(DL-Lactide-co-Glycolide)(PLG) polymer (acid-terminated, inherent 
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viscosity 0.55-75 dL/g, Lactel) was first conjugated with cyanine 5.5 amine dye (Lumiprobe) using 

N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) (Sigma-Aldrich)/N-

hydroxysuccinimide (NHS) (Thermo Fisher Scientific) chemistry. Unconjugated polymer and 

cyanine 5.5-conjugated polymer were then combined at 99:1 weight ratio. Polymer solution was 

used to make nanoparticles as described above.  

2.5.2 Tumor cell culture and inoculation 

4T1-luc2-tdTomato cells (Perkin Elmer) were expanded in RPMI 1640 + GlutaMAX 

(Thermo Fisher Scientific) with 10% FBS for 5 days at 37°C and 5% CO2 prior to inoculation. 

Cells were removed from culture flasks by incubation with trypsin for 10 minutes at 37°C and 

resuspended in RPMI 1640. Cells were then pelleted by centrifugation at 300 x g and washed with 

DPBS, and resuspended at 1 x 107 cells/mL of DPBS. Orthotopic tumor inoculations were 

performed by injection of 5 x 105 tumor cells resuspended in 50 μL DPBS (Life Technologies) 

into the fourth right mammary fat pad of 8- to 10-week-old female BALB/c mice (Jackson 

Laboratory). The cell line was confirmed to be pathogen free and authenticated by short tandem 

repeat DNA analysis and compared to the ATCC STR profile database (DDC Medical). 

2.5.3 Nanoparticle and anti-PD-1 treatment 

Nanoparticles were resuspended in DPBS (Life Technologies) at 1 mg in 200 μL and 

passed through a 35 μm filter mesh prior to intravenous administration via tail vein injection. 

Control animals received 200 μL of DPBS intravenously. InVivoMab anti-mouse anti-PD-1 

(CD279) antibody (clone RMP1-14, Bio X Cell) was diluted in DPBS to a final concentration of 

1 mg/mL immediately prior to i.p. injection. For therapeutic efficacy studies, NPs and anti-PD-1 

were administered once every 3 days, for a total of 4 doses. For short-term nanoparticle 
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biodistribution studies, a single dose of Cy5.5-NPs  at 1mg in 200 µL of PBS was administered 

prior to organ explant at 12 or 48 hours post-inoculation. For studies of NP accumulation in tissues, 

Cy5.5-NPs were administered at a dose of 1 mg/200 µL for 6 days to allow for accumulation of 

NPs and to observe potential NP-induced cell trafficking (n = 4 PBS control, n = 5 NP). Organs 

were explanted at day 10 post inoculation and innate immune cell distribution was quantified by 

flow cytometry. For studies of NPs and blood-based immune cell distribution, a single dose of NPs 

at 1 mg/200 µL was administered and flow cytometry analysis of blood was performed 12 hours 

post injection. 

2.5.4 Tumor size measurement and survival monitoring 

Tumors were measured using standard electronic calipers (VWR) while mice were 

anesthetized with 2% v/v% isoflurane. Tumor volume was calculated as V = 0.5 x L x W2, where 

L is the length of the longest dimension of the tumor and W is the length of the tumor perpendicular 

to the longest dimension. Mice were monitored for tumor size and body conditioning to determine 

survival. Mice were euthanized if any of the following criteria were met: tumor size of > 2cm in 

any dimension, ulceration of more than 50% of the visible tumor area, partial paralysis due to 

tumor invasion of hind limb muscle, labored breathing, ascites, lethargy, or visible weight loss.  

2.5.5 Ex-vivo fluorescence and bioluminescence imaging 

Short-term nanoparticle distribution was measured in explanted whole organs following a 

single particle injection, with analysis of the organs after 12 or 48 hours using an IVIS Lumina 

LTE imaging system (Caliper Life Science). Fluorescence signal intensity at 675/700 Ex/Em is 

reported as photon flux in total photon count/cm2/steradian. Metastatic tumor burden of luciferase-

expressing tumor cells in explanted lungs was measured by bioluminescence imaging with the 
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IVIS. Briefly, lungs were incubated in 50 μM d-luciferin (Caliper) at room temperature for 10 

minutes prior to imaging in the IVIS. Bioluminescence signal intensity is reported as integrated 

light flux (photons/sec) as calculated by the Living Image Software (Caliper Life Sciences). 

2.5.6 Flow cytometry 

Flow cytometry was performed on primary cells obtained from explanted organs. Spleens, 

lungs, primary tumors, and livers were minced and enzyme digested with Liberase TL or TM 

(Roche), then filtered through a 70 μm cell strainer (Corning) to obtain a cell suspension. Whole 

blood was collected by cardiac puncture using a 23 guage needle (BD) attached to a 1 mL BD 

Luer-Lok syringe and mixed with 10 v/v% 25 mM EDTA (Life Technologies). Red blood cell 

lysis of whole blood, spleens, and lungs was performed with ACK Lysing Buffer (Life 

Technologies). Cells were pelleted by centrifugation at 400 x g for 5 minutes and resuspended in 

MACS buffer. NP+ cells were identified by Cy5.5 fluorescence signal. Nonspecific staining was 

blocked with anti-CD16/32 (Biolegend) and samples were stained for innate immune markers with 

anti-mouse CD45 AF700, F4/80 PE-Cy7, Ly6G PacBlue, Ly6C FITC (Biologend), and CD11b 

BV510 (BD Biosciences). For adaptive immune markers, samples were stained with anti-mouse 

CD45 AF700, CD4 V500, CD8 FITC, CD19 PacBlue, and CD49b PE-Cy7 (Biolegend). Stained 

samples were analyzed using the MoFlo Astrios Flow Cytometer or CytoFLEX (Beckman 

Coulter), and data were processed using FlowJo (BD) with the gating strategies shown in Figure 

2-S1. 

2.5.7 In vitro nanoparticle uptake and ELISA 

Single cell suspensions were isolated from spleens and whole blood of tumor-bearing mice 

at 14 or 21 days post tumor inoculation as described above. For nanoparticle uptake assays, cells 
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were resuspended in RPMI 1640 media with 10% FBS and seeded in 24-well plates at 1 x 106 cells 

per well. NPs were resuspended in DPBS at 1 mg/mL and added to the wells. Uptake was 

characterized following a 30 minute incubation at 37ºC by flow cytometry as described above. For 

cytokine secretion assays, cells were resuspended in RPMI 1640 media and seeded in 96-well 

plates at 2.5 x 105 cells per well. For the evaluation of cytokine secretion by Gr1+ cells, Gr1+ 

splenocytes were sorted using the Myeloid-Derived Suppressor Cell Isolation Kit (Miltenyi 

Biotec), and cells were counted and resuspended in media. NPs were resuspended as described 

above and added to each well. Following incubation for 18 hours, cells were pelleted at 1,000 x g 

for 5 minutes and the supernatant was removed and diluted 4x for quantification of cytokine 

secretion by ELISA, which was performed by the Cancer Center Immunology Core at the 

University of Michigan.  

2.5.8 Gene expression analysis by RNA-seq 

Explanted tissues were flash-frozen by submerging them in isopentane on dry ice, and 

homogenized in TRIzol reagent (Thermo Fisher Scientific). RNA was extracted from each tissue 

sample with the Direct-zol RNA spin column kit (Zymo Research). Purified RNA concentration 

was measured by UV spectroscopy using a Nanodrop 2000c (Thermo Scientific) to confirm all 

samples had concentrations ≥ 10 ng/μL. RNA quality control, QuantSeq 3’ mRNA-seq library 

prep and quality control, and sequencing were performed by the Advanced Genomics Core at the 

University of Michigan. Samples were sequenced using the Illumina NextSeq 550 sequencer, and 

sequences were aligned to Gene Symbols. Raw sequencing counts were normalized and 

differential gene expression was calculated in R and using DESeq2 [175] [176]. For pathway 

analysis, mouse gene symbols for counts obtained through RNA-seq were first converted to human 

gene symbols using the biomaRt package in R. Gene Set Enrichment Analysis (GSEA) was 
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performed on DESeq2-normalized counts and the corresponding human gene symbols for a total 

of 5,944 MsigDB gene sets (Hallmark, Reactome, PID, and Gene Ontology (GO)). A positive 

normalized enrichment score (NES) indicates enrichment in the treated cohort compared with PBS 

control. In comparisons between the two treatment groups, a positive NES indicates enrichment in 

the combination (NP + anti-PD-1) treatment group compared with the nanoparticle (NP) treatment 

group. 

2.5.9 Statistical analysis 

One-way or two-way ANOVA and Tukey’s multiple comparisons tests were performed 

on groups with more than 2 conditions. Two-tailed unpaired t test was used for single 

comparisons between two conditions. Median survival and survival curves were analyzed with 

the log-rank (Mantel-Cox) test for statistical significance. Following normalization of RNA-seq 

gene expression data with DESeq2, genes with adjusted p-value < 0.1 were considered 

differentially expressed. Statistical analyses were performed using Prism 8 (GraphPad Software) 

and R. A p-value < 0.05 was considered to be statistically significant and all values are expressed 

in mean ± standard deviation (SD). Error bars on plotted data represent standard error of the 

mean (SEM). 



 38 

2.6 Supplementary Figures 
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Figure 2-S5. Gene set enrichment (GSEA) heatmap for a set of 5,944 pathway changes for lung, spleen, and tumor 

compared with tissues from PBS-treated mice. Pathway changes in the spleen were more similar to those in the 

tumor. The lung showed broad downregulation of immune-related pathways. 
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Figure 2-S6. Flow cytometry analysis of immune cell types (CD11b+ Ly6C+ monocytes, CD11b+ F4/80+ 

macrophages, CD11b+ Ly6G+ MDSCs, CD19+ B cells, CD8+ T cells, CD4+ T cells, and CD49b+ NK cells) 

present at the lung on Day 14 post inoculation. 
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Chapter 3  

Cargo-Free Nanoparticles Alleviate Myeloid Cell-Induced Immunosuppression and Inhibit 

Metastatic Colonization 

The material in this chapter has been adapted with minor modifications from the following 

article: 

R.M. Raghani *, J.A. Ma*, Y. Zhang, S. Orbach, J. Wang, M. Zeinali, S. Nagrath, T. 

Murthy, A. Elhofy, J.S. Jeruss, L.D. Shea, Cargo-free nanoparticles alleviate myeloid 

cell-induced immunosuppression and inhibit metastatic colonization, In Preparation. 

* These authors contributed equally to this work 

3.1 Introduction 

Few therapies exist to effectively treat metastatic disease, and as such, distant recurrence 

often marks the disease stage where treatment no longer has curative intent, and disease 

progression leads to mortality [3]. The stark disparity in outcomes between primary and metastatic 

disease necessitates investigating novel strategies for targeting the microenvironments that support 

metastatic colonization and the subsequent progression of disease. Aberrant monocytes, 

neutrophils, and macrophages have been shown to suppress anti-tumor immunity during cancer 

progression [15–19,21,22]. Recently, novel immunotherapy approaches targeting pro-tumor 

myeloid cells in metastatic cancer have begun to emerge with the goal of promoting an anti-tumor 

immune response [49–52]. Cargo-free nanoparticles have been shown to be immunomodulatory 

and their function tunable by modifying their physical and chemical properties [61–63]. Upon 

intravenous delivery, nanoparticles are largely taken up by myeloid cells, such as macrophages, 
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neutrophils, and dendritic cells, and nanoparticle administration has been shown to both alter 

myeloid cell phenotype and redirect myeloid cell trafficking away from sites of inflammation 

[64,65]. Our lab previously demonstrated that naked nanoparticles can mitigate pathological 

inflammation by targeting myeloid cells in models of traumatic injury and autoimmune disease, 

[66,67]. 

 In this report, we investigate the hypothesis that cargo-free PLG nanoparticles administered 

intravenously can reduce metastatic colonization of the lungs by targeting the immunosuppressive, 

myeloid cell mediators of metastatic progression. In an orthotopic murine model of metastatic 

triple negative breast cancer (4T1), metastatic 4T1 cells seed and colonize the lungs over the course 

of disease progression, orchestrated in part by the recruitment of aberrant myeloid cells to the lungs 

[26,177]. The impact of nanoparticles on circulating tumor cells, pulmonary metastasis, and the 

lung microenvironment are analyzed in vivo. Gene expression changes among distinct leukocyte 

populations within the metastatic niche, resulting from nanoparticle administration, are 

investigated with single cell RNA sequencing (scRNA-seq). Finally, the efficacy of nanoparticle 

delivery on tumor cell clearance is studied in a T-cell-deficient model (RAG-1 KO) and as an 

adjuvant therapy in a primary tumor resection model. Our cargo-free nanoparticles provide a novel 

platform for modulating cancer-associated myeloid cells and enhancing anti-tumor T-cell 

surveillance, and as such, demonstrate great potential as an adjuvant therapy for treating metastatic 

breast cancer. 

3.2 Results 

3.2.1 Nanoparticle administration reduces tumor growth and metastatic dissemination 

 We investigated the efficacy of PLG nanoparticles (NPs) to inhibit tumor progression in 

the 4T1 model of murine, metastatic triple negative breast cancer (mTNBC). As neutrophils and 
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macrophages are known to promote tumor development, we first investigated the hypothesis that 

NP immunomodulation would disrupt the growth of primary tumors [178]. Mice were 

orthotopically inoculated with 4T1 cells and intravenously injected with NPs starting 1, 2, and 4 

days post-tumor inoculation to study how NPs disrupt tumor formation at varying stages of 

engraftment (Figure 3-1A). 4T1 tumor cells are hypothesized to begin engrafting 1 day after 

inoculation, complete engraftment by 2 days, and will have established into palpable tumors by 4 

days post-inoculation. At 21 days after inoculation, mice injected with NPs starting 1 day after 

inoculation demonstrated a 54% reduction in tumor volume (p<0.05) compared to mice injected 

with saline (Figure 3-1B). Initiating NP administration day 2 post-tumor inoculation showed a 

37% reduction in primary tumor size (p<0.05). However, while mice injected with NPs starting 4 

days after inoculation trended towards smaller tumors (32% reduction in 21 day tumor size), this 

difference was not significantly different from mice receiving saline (p=0.068). Mice treated with 

NPs starting 1 day after inoculation had significantly smaller tumor volumes at day 21 compared 

to mice treated starting 2 days (28% reduction, p<0.05) or 4 days (33%, p<0.05) after inoculation. 

As such, we concluded that earlier administration was more effective at disrupting tumor growth.  

NP administration is also effective at reducing tumor cell dissemination and metastasis. 

During the metastatic cascade, tumor cells must extravasate from a primary tumor, survive in 

circulation, and home to a metastatic niche, which is most commonly in the lung in the 4T1 model. 

Mice treated with NPs trended toward reduced numbers of circulating tumor cells at 21 days after 

inoculation (p=0.06), with an 86% reduction in total CTCs (Figure 3-1C) and a 95% reduction in 

CTCs in clusters with CD45+ immune cells (p=0.16) (Figure 3-S1B). Notably, NP administration 

significantly reduced the formation of metastatic lesions (Figure 3-1D). NP administration starting 

1 day after inoculation completely blocked formation of metastases, and NP administration starting 
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2 days after inoculation resulted in a 76% reduction in lung metastatic burden (p<0.01). Earlier NP 

administration trended towards increased efficacy in decreasing metastatic burden. Mice treated 

with NPs 4 days after inoculation demonstrated decreased metastatic burden (70% decrease, 

p<0.05) but trended towards higher burdens than mice treated 1 day after inoculation (51% 

increase, p=0.063). These findings demonstrate that NP administration reduces metastasis and 

tumor cell dissemination in vivo, suggesting that NPs have systemic effects on multiple steps of 

the metastatic cascade. Furthermore, because of the efficacy of early NP delivery, all subsequent 

studies were performed initiating NP administration 1 day post-tumor inoculation. 
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Figure 3-1. In vivo administration of PLG nanoparticles reduces primary tumor growth and metastatic colonization 

of the lungs. (A) Balb/c mice were inoculated with 4T1 tumor cells and received intravenous NP administration 

every 3 days starting on D1, D2, or D4 post-tumor inoculation, or saline as the control. (B) PT volumes were 

recorded longitudinally for three weeks following orthotopic 4T1 inoculation. (C) Circulating tumor cells in the 

peripheral blood were quantified for tumor-bearing mice receiving NPs on D14 and D21 post-tumor inoculation. 

The peripheral blood of tumor-bearing mice (saline control) and naïve Balb/c mice (healthy control) receiving saline 
was also analyzed. (D) Lung metastases were quantified with bioluminescent imaging on D21 post-tumor 

inoculation. Two-tailed unpaired t-tests assuming unequal variance were performed for single comparisons between 

two conditions. Bars show mean ± SEM. 
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3.2.2 Immune cell composition altered at lung microenvironment with nanoparticle 

administration 

We next investigated the mechanisms by which NPs influence the composition and 

phenotype of the metastatic niche. As NPs are primarily phagocytosed by myeloid cells, such as 

neutrophils and monocytes, we hypothesized that NPs reprogram the pro-tumor metastatic 

microenvironment [68]. We performed single cell RNA sequencing (scRNA-seq) on cells isolated 

from the lungs of tumor-bearing mice receiving either saline or NPs to identify the immune 

populations at the metastatic niche that are altered with NP administration (Figure 3-2A). 

Neutrophils, monocytes, endothelial cells, and B cells were the predominant populations in both 

NP-treated and saline control mice. In control mice, neutrophils made up 65.5% of all cells in the 

lung, followed by endothelial cells (10.6%), monocytes (7.7%), and B cells (3.3%) (Figure 3-2B). 

Lungs from NP-treated mice had a substantially lower proportion of neutrophils (38.1%), and an 

increased proportion of monocytes (13.8%), endothelial cells (11.4%), and B cells (11.3%). T cells 

(6.7%), stromal cells (5.2%), and dendritic cells (4.6%) also increased in NP-treated mice 

comparison to saline (2.4%, 2.7%, and 1.2%, respectively), suggesting that nanoparticle 

administration resulted in a lower accumulation of neutrophils and increased presence of other cell 

populations. 

Neutrophils, monocytes, and dendritic cells demonstrated the largest changes in proportion 

and gene expression. As such, these myeloid cells, which are capable of NP uptake, were sub-

clustered to identify differences in immune cell phenotypes resulting from NP administration. In 

neutrophils, NP administration was associated with a decrease in pro-tumor subpopulations and a 

large increase in the proportion of inflammatory, interferon-associated neutrophils (Figure 3-2C). 

A 9-fold increase in IFN-associated neutrophils and a 2-fold increase in the proportion of 
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neutrophil progenitors was demonstrated in NP-treated lungs compared to the saline control. NP 

administration also resulted in a 2-fold decrease in the proportion of neutrophils identified as pro-

tumor and mature, and a 2.5-fold decrease in the proportion of neutrophils identified as transitional. 

Monocytes similarly demonstrated a 1.5-fold decrease in transitional monocytes and a 2.5-fold 

increase in the proportion of non-classical monocytes in the lungs of NP-treated mice (Figure 3-

2D). There was also a 2.5-fold increase in cells identified as IFN-associated monocytes with NP 

administration, but these made up a small proportion of monocytes (2.2% in NP-treated mice). 

Dendritic cells shifted from largely classical DCs to activated DCs, with a 4.5-fold decrease in the 

proportion of cDCs and a corresponding 4-fold increase in the proportion of activated DCs and 

3.5-fold increase in inflammatory DCs with NP administration (Figure 3-2E). Collectively, these 

data demonstrate that NP administration decreases neutrophil accumulation in the lung and 

promotes inflammatory, activated phenotypes in myeloid populations.  
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Figure 3-2. In vivo remodeling of lung microenvironment by single cell RNA sequencing. (A) Clustering by 

different cell populations (left) and nanoparticle versus saline (right). (B) Histogram of cell proportions at the lung 
of mice receiving either NPs or saline control. Histogram of (C) neutrophil, (D) monocyte, and (E) dendritic cell 

subsets at the lungs of mice receiving NPs versus saline. 
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3.2.3 Nanoparticle delivery results in upregulation of inflammatory pathway-associated genes 

among myeloid cell populations at the lungs 

 NP administration resulted in significant changes in gene expression among neutrophils, 

monocytes, and dendritic cells (Figures 3-3A - 3-C). In neutrophils, genes associated with 

inflammation and interferon gamma signaling (Igtp, Gbp2, Isg15, Ifi47, Stat1, and Irf1) were 

highly upregulated compared to neutrophils in control mice. Similar increases were observed in 

monocytes, with increases in Stat1, Gbp2b, Cxcl2, and CD74 expression. In NP-treated dendritic 

cells, genes associated with phagocytosis and antigen presentation (Id2, Fpr2, Tnfaip2, Gbp2, 

Prdx5, and Cxcl2) were significantly upregulated compared to the saline control. 

 Gene set enrichment analysis (GSEA) was performed to investigate the functional effects 

of gene expression changes among these identified populations. All cell populations saw 

significant upregulation of pathways associated with IFN and TNF signaling (Figure 3-3D). The 

Hallmark Interferon Gamma Response (M5913) was the top upregulated pathway in neutrophils 

and monocytes, and the second-most upregulated pathway in dendritic cells. The Hallmark 

Interferon Alpha Response pathway was also highly upregulated in these cells as the third-most 

and second-most upregulated pathway in neutrophils and monocytes, respectively. TNFa 

signaling, as identified in GSEA by both the Hallmark TNFA signaling via NFkB and GO 

Response to Tumor Necrosis Factor gene sets, was also shown to be highly upregulated in 

neutrophils, monocytes, and dendritic cells. These pathways were the fifth-most, third-most, and 

top upregulated pathways respectively. Together, these data indicate that nanoparticle 

administration skews myeloid cells in the lung towards more inflammatory, anti-tumor 

phenotypes. 
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Figure 3-3. Nanoparticle administration induces inflammatory, anti-tumor phenotype among myeloid cells at the lungs. 

Differentially expressed genes among (A) neutrophils, (B) monocytes, and (C) dendritic cells in tumor-bearing mice that 
received either intravenous saline or NPs. (D) Gene set enrichment analysis was used to probe differentially regulated 

pathways among neutrophils, monocytes, and dendritic cells. 
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3.2.4 Administration of nanoparticles alters the composition and secretome of immune cells 

 As immune cells at the lung metastatic niche are recruited from circulation from the blood, 

we investigated how NPs influenced the composition of immune cells in the peripheral blood 

[179]. Mice injected with NPs had a significantly increased proportion of monocytes and a 

corresponding decreased proportion of neutrophils in circulation (Figure 3-4A). However, the 

absolute magnitude of change was small, corresponding to a 2.1% increase in monocytes and 2.5% 

decrease in neutrophils. We thus sought to investigate whether nanoparticles influenced the 

phenotypes of cells in the blood and at the lung. Plasma isolated from nanoparticle treated mice 

demonstrated a 2-fold reduction in MPO-DNA complexes, indicative of a reduction in NETosis 

and suggesting altered myeloid cell phenotypes (Figure 3-4B). Cells from the lungs and blood 

were isolated into CD45+ and CD45- fractions and cultured for 18 hours, and the resulting 

supernatant was analyzed by ELISA. NP administration broadly decreased the secretion of 

cytokines and chemokines in both the CD45+ and CD45- fractions (Figures 3-4C – 3-4E). CD45+ 

immune cells demonstrated significant reductions in the secretion of IL1b, IFNg, IL-4, IL-13, and 

CCL2. CD45- stromal cells also displayed broad reductions in cytokine and chemokine secretion, 

demonstrating 2-fold to 3-fold decreases in the secretion of IL-1b, IL-4, IL-6, IL-13, CCL3, and 

CCL4. Interestingly, NP treatment reduced the secretion of IFNg by CD45- cells in the lung to 

levels below the detection limit, and conversely resulted in a 1.6-fold increase in the secretion of 

TNFa. While cells in the blood trended towards reductions in the secretion of IFNg and TNFa, NP 

administration did not significantly alter the secretion of cytokines or chemokines in CD45+ or 

CD45- cells in the blood, with the exception of a 1.7-fold increase in CCL3 secretion by CD45- 

cells. Taken together, these data show that nanoparticles alter the ratios of blood-derived immune 
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cells and broadly reduce the secretion of cytokines and chemokines and may abrogate pathological 

inflammation in the lung. 
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Figure 3-4. Immune cell composition and secretome modulated in the periphery as a result of nanoparticle 

administration. (A) Ratio of Ly6G+ neutrophils and Ly6C+ monocytes in peripheral blood analyzed in 4T1-bearing 

mice that received either NPs or saline (% of CD11b+ myeloid cells). (B) NETosis in plasma investigated through 

quantification of NE-DNA and MPO-DNA complexes. (C) CD45+/- fractions were magnetically sorted form the 

peripheral blood and lungs and cultured in vitro. Secretome was analyzed with ELISA for analytes associated with 

(C) Th1, (D) Th2, and (E) chemokine responses. Two-tailed unpaired t-tests assuming unequal variance were 
performed for single comparisons between two conditions, * p < 0.05. 

 

3.2.5 Efficacy of nanoparticles as an adjuvant therapy and their abrogated efficacy in a T-cell-

deficient model 

 The role of T cells in the clearance of metastases following NP administration was 

investigated using a T-cell-deficient model in vivo. RAG-1 KO and Balb/c mice were inoculated 

with orthotopic 4T1 tumors and received either NP treatment or saline control. Primary tumor 

volumes were longitudinally recorded, which revealed a statistically significant difference between 

Balb/c and RAG-1 KO mice receiving nanoparticles starting at 11 days-post tumor inoculation 

(Figure 3-5A). This trend continued during disease progression, with the average PT volume of 

RAG-1 KO mice receiving nanoparticles to be 2.5 times that of NP-receiving Balb/c mice at 20 

days post tumor inoculation. Interestingly, starting around 16 days post-tumor inoculation, the 

average PT volume of saline-treated RAG-1 KO mice significantly surpassed the growth of saline-

treated Balb/c mice. Most importantly, there was no statistical difference, across all recorded time 

points, in the longitudinal primary tumor volumes of NP-receiving RAG-1 KO and those receiving 

saline. This data demonstrates that without mature T-cells, nanoparticles did not reduce the growth 

of the primary tumor. 

The impact of nanoparticles on the metastatic colonization of the lungs was next 

investigated by imaging the lungs of tumor-bearing RAG-1 KO mice. Lungs were collected from 

nanoparticle or saline-treated Balb/c and RAG-1 KO mice 21 days after tumor inoculation. 

Bioluminescent imaging of these lungs revealed no statistical difference in metastases between 
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RAG-1 KO mice receiving nanoparticles or saline (Figure 3-5B, 3-5C). As previously shown, a 

significant reduction in pulmonary metastases was observed in Balb/c mice receiving NPs, as 

compared to those receiving saline. Notably, while 20/20 RAG-1 KO mice had developed lung 

metastases by 21 days after inoculation, in the immunocompetent Balb/c mice receiving saline, 

14/17 mice had pulmonary metastases (Figure 3-1E, Figure 3-5C). Collectively, this data 

indicates that the NP-mediated reduction in lung metastases is abrogated in a murine model lacking 

mature T-cells.  

We next investigated the hypothesis that NPs promote tumor cell clearance in a PT 

resection model, with the goal of studying the impact of NP administration on metastatic 

progression in the absence of the PT. Balb/c mice were inoculated and split into three cohorts 

receiving saline control, neoadjuvant nanoparticle treatment (NP administration pre-resection), or 

adjuvant nanoparticle treatment (NP administration post-resection) (Figure 3-5D). Excitingly, 

nanoparticle administration completely abrogated lung metastases in both the neoadjuvant and 

adjuvant cohorts, as compared to the saline cohort (Figure 3-5E). This study, in which NPs were 

delivered after the formation of established metastases, indicates that nanoparticle treatment leads 

to the clearance of pulmonary metastases. Taken together, these data indicate that T-cells are 

necessary for the nanoparticle-mediated reduction of pulmonary metastases and that established 

metastatic lesions are cleared with nanoparticle treatment delivered in the adjuvant setting. 
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Figure 3-5. Nanoparticle-mediated clearance of metastatic tumors dependent on T-cells. (A) Longitudinal primary 

tumor growth in tumor-bearing Balb/c or RAG-1 KO mice that received either saline or NPs. (B) Proportion of 

immunocompetent (Balb/c) or T-cell-deficient (RAG-1 KO) mice with pulmonary metastases at D21 post-tumor 

inoculation and (C) BLI of the lungs. (D) Schematic of resection study. NPs were administered either before 

(neoadjuvant) or after (adjuvant) PT resection. (E) Lung BLI of Balb/c mice receiving nanoparticles or saline in PT 

resection study. 

 

3.3 Discussion 

In this study, immunomodulatory cargo-free PLG NPs were investigated for therapeutic 

efficacy in the neoadjuvant and adjuvant setting for treating metastasis in the 4T1 murine model 

of TNBC. Immunotherapy has emerged as a powerful tool for localized and metastatic disease, 

with its continued development being supported by the nearly 6,300 active clinical trials 

investigating immunomodulatory agents in cancer that have begun since 2020 [180,181]. 

However, despite the durable responses in some patients and FDA approvals, the majority of 

TNBC patients are not responsive to checkpoint inhibition. In the randomized, open-label, phase 

3 trial (KEYNOTE-119) of the checkpoint inhibitor pembrolizumab in mTNBC patients, 

investigators observed a 9.6% objective response rate [78]. Interestingly, there is mounting 

evidence demonstrating that checkpoint blockade resistance is driven, in part, by 

immunosuppressive components of the tumor microenvironment, including myeloid cells [182]. 

This report details an immunomodulatory nanoparticle platform that can reprogram innate immune 

cells to skew the immunosuppressive microenvironment toward an inflammatory, anti-tumor 

milieu. 

We found that primary tumor growth was reduced as a result of neoadjuvant NP 

administration. Clinically, the majority of TNBC patients receive neoadjuvant chemotherapy with 

the goal of reducing PT volume prior to surgical resection [183]. In the KEYNOTE 522 trial, 

64.8% of patients receiving a combination of pembrolizumab and chemotherapy demonstrated a 
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pathologic complete response. Notably, this combination of immunotherapy and chemotherapy 

substantially improved the PCR relative to either treatment alone (51.2% for chemotherapy or 

21.4% for pembrolizumab as monotherapies). We have previously reported that cargo-free PLG 

NPs improved the efficacy of checkpoint inhibition in reducing PT growth, when delivered as a 

combination therapy [68]. These naked NPs function by a distinct mechanism from either 

chemotherapy or checkpoint blockade, and may present an opportunity to further improve the PCR 

when administered as a neoadjuvant therapy. And, whereas other nanoparticle approaches deliver 

chemotherapeutic agents, these cargo-free nanoparticles demonstrated efficacy by modulating 

immune responses without delivering a payload [184,185]. 

Adjuvant NP administration, following PT resection in a murine model of TNBC, led to 

clearance of pulmonary metastases. For many cancer types, metastatic disease marks the stage 

where treatment no longer has curative intent, and disease progression leads to mortality. While 

significant advances have been made in the treatment of localized breast cancer, few therapies 

exist to effectively treat metastasis [3]. As such, breast cancer diagnoses have a 99% five-year 

survival rate for localized disease, yet survival drops to 29% for progression to metastatic disease 

[1]. The disparity in outcomes between primary and metastatic disease necessitates investigating 

novel strategies for targeting the microenvironments that support metastatic colonization and the 

subsequent progression of disease. Immunotherapies have been pursued with the goal of 

stimulating an anti-tumor immune response to treat metastasis. To investigate the efficacy of 

immunomodulatory, drug-free NPs in clearing metastatic lesions, we administered NPs in the 

adjuvant setting, in which therapy is delivered after surgical resection. This allows for an 

intervention to be studied in the clinical context of established metastatic lesions without a PT. 

Excitingly, we observed that adjuvant NP therapy led to the clearance of pulmonary metastases. 
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These results support the cargo-free NP platform as a potential opportunity for treating metastatic 

lesions in advanced TNBC.  

 NP administration alters the immune cell composition at the metastatic niche, in part 

through altered cytokine secretion that impacts recruitment from circulation. Neutrophils suppress 

effector cell responses in the metastatic niche, and targeting these cells has been shown to inhibit 

metastasis [52,186,187]. While nanoparticle administration resulted in modest changes in immune 

cell composition in peripheral blood, we observed large changes in neutrophil accumulation at 

sites of disease that cannot be explained by systemic changes in composition alone. We found that 

nanoparticle administration drastically reduced the secretion of monocyte and neutrophil-

attracting chemokines at the lung, suggesting that nanoparticles induce tissue-specific changes in 

immune cell recruitment. In particular, the nanoparticle-induced downregulation of CCL2 

secretion by CD45+ cells and CCL3 by CD45- cells in the lung may disrupt the continued 

accumulation of immunosuppressive myeloid cells at metastatic niches. CCL2 and CCL3 have 

been found to promote the recruitment and retention of monocytes and monocyte-derived 

macrophages, and CCL3 has been shown to promote the accumulation of neutrophils at metastatic 

sites [25,188,189]. CXCL12, which was downregulated in the CD45- lung cells with nanoparticle 

treatment, has also been implicated in the recruitment and retention of neutrophils to the metastatic 

niche and associated with metastasis [190,191]. Overall, these findings suggest that NP 

administration reduces the secretion of inflammatory chemokines and inhibits the recruitment of 

metastasis-supporting myeloid cells to the lung, thereby inhibiting the formation of an 

immunosuppressive metastatic niche. 

 Alterations in the immune cell composition at metastatic sites following NP administration 

can disrupt the immunosuppression that is associated with disease progression and maintain an 
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anti-tumor inflammatory environment. The accumulation of immunosuppressive myeloid cells in 

the periphery and at the metastatic niche correlate with poor clinical outcomes and immunotherapy 

resistance [47,192]. Myeloid cells, especially neutrophils, are associated with immunosuppression 

in advanced metastases, with potent suppression of T cell cytotoxicity through the secretion of 

reactive oxygen species and expression of surface markers such as PD-1 [43,44]. In the lungs of 

nanoparticle-treated mice, inflammatory gene expression pathways and inflammatory myeloid cell 

subsets were upregulated in comparison to the lungs of saline-treated mice. Signaling pathways 

associated with IFNg and TNFa were significantly upregulated in neutrophils, monocytes, and 

dendritic cells. IFNg signaling has been associated with anti-tumor cytotoxicity in neutrophils and 

maturation of monocytes and dendritic cells, leading to the activation of tumoricidal NK and T 

cells, respectively [193–196]. Similarly, TNFa has been associated with neutrophil cytotoxicity 

and tumoricidal polarization of monocyte-derived macrophages [197,198]. Notably, while TNFa 

secretion increased with nanoparticle administration, IFNg secretion conversely decreased, 

suggesting that the upregulation of genes associated with IFNg signaling may be directly 

associated with nanoparticle delivery. This connection is further supported by the presence of 

clusters of neutrophil and monocyte subpopulations that that are highly expressing IFNg-

associated genes, which are primarily present in nanoparticle-treated mice. 

 T cell activity was critical to the nanoparticle-induced clearance of metastatic tumor cells. 

T cell immunity is a critical component of tumor surveillance, and cancer-induced T cell 

dysfunction is a major mechanism of immune escape [199]. The infiltration of immunosuppressive 

myeloid cells induces T cell anergy and the development of regulatory T cells, and previous 

therapeutic strategies targeting immunosuppressive myeloid cells have demonstrated success in 

enhancing anti-tumor T cell activity [200,201]. The delivery of nanoparticles following the 
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metastatic seeding completely suppressed the development of metastatic lesions after resection, 

suggesting that nanoparticles reprogram the metastatic niche to promote the active clearance of 

metastatic tumor cells. As nanoparticles potently inhibited tumor growth and metastasis in 

immunocompetent mice, but were ineffective in T cell deficient mice, this clearance is likely to be 

driven by T cells. While the induction of inflammatory gene expression programs in neutrophils 

may induce anti-tumor neutrophil cytotoxicity, the lack of response in T cell-deficient mice 

demonstrates that tumor clearance by innate immune cells alone is insufficient, and that T cells are 

essential in the nanoparticle mechanism of action [202]. Interestingly, nanoparticle administration 

significantly increased DC activation and expression of genes associated with antigen presentation, 

motivating further study on how cargo-free nanoparticles directly stimulate adaptive immunity.  

In conclusion, we report that cargo-free PLG NPs augment PT resection by abrogating 

distant recurrence when administered either as a neoadjuvant or adjuvant therapy. The NPs 

modulated the immune microenvironment of the lungs, a metastatic site in TNBC, skewing 

suppressive immune cells toward inflammatory, anti-tumor phenotypes. NP administration 

enhanced T-cell-mediated tumor cell clearance, and their efficacy was nullified in a T-cell-

deficient model. These promising results support proposing a clinical trial to provide a novel, 

immunomodulatory neoadjuvant/adjuvant therapy to mitigate recurrence during surgical resection 

in treating TNBC. 

3.4 Methods 

3.4.1 Nanoparticle fabrication 

ONP-302 nanoparticles were manufactured by COUR Pharmaceuticals Development 

Company, Inc. Nanoparticles were made from poly(lactic-co-glycolic) acid (PLGA) (Lactel®, 

Durect Corporation) using a double emulsion technique. Briefly, a water-in-oil emulsion 
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containing a proprietary mixture of PLGA and surfactants was prepared. Solvents were removed 

by evaporation, yielding negatively charged nanoparticles which were then washed, filtered, and 

concentrated by tangential flow filtration. ONP-302 nanoparticles were then formulated with 

buffering agents and cryoprotectants and lyophilized. The physiochemical properties of 

nanoparticles were characterized by dynamic light scattering (DLS) and scanning electron 

microscopy (SEM). 

3.4.2 Tumor cell culture and animal inoculations 

4T1-luc2-tdTomato murine triple negative breast cancer cells (PerkinElmer) were 

cultured in RPMI 1640 Medium (Gibco) containing 10% fetal bovine serum (FBS, Avantor) for 

5 days (37C, 5% CO2) prior to orthotopic inoculation. Tumor cells were enzymatically lifted 

from the tissue culture flask with trypsin (Gibco) for 10 minutes at 37C and resuspended in 

culture medium. Cells were centrifuged at 500xg for 5 minutes and resuspended in Dulbecco′s 

phosphate buffered saline (DPBS) (Gibco) at a concentration of 2E6 cells/mL. The tumor cell 

line was previously confirmed to be pathogen free and authenticated by short tandem repeat 

DNA analysis and compared to the ATCC STR profile database (DDC Medical). Orthotopic 

inoculations were performed by injecting 50 uL of the cell suspension, containing 1E5 4T1 

tumor cells, to the fourth right mammary fat pad of 12-week-old female Balb/c mice (Jackson 

Laboratory strain #000651). In addition to the immunocompetent Balb/c strain, Rag1 KO 

(Jackson Laboratory strain #003145) mice were used as they are homozygous for the 

Rag1tm1Mom mutation and thus do not produce mature T cells. 

3.4.3 Nanoparticle administration 
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Nanoparticles were intravenously injected into the lateral tail veins of mice. 

Nanoparticles were resuspended in a mixture of sterile water for injection (Intermountain Life 

Sciences) and sterile DPBS . Nanoparticles were first resuspended in water at 40 mg/mL, and 

diluted with DPBS to 10 mg/mL for a final ratio of 1 parts water to 3 parts DPBS. Nanoparticles 

were administered at a dose of 1 mg in 100 uL of solution every 3 days. Control mice received 

100 uL of DPBS. Nanoparticles were injected starting 1, 2, or 4 days after tumor inoculation for 

primary tumor growth studies. In tumor resection studies, the neoadjuvant group received 

nanoparticles starting 1 day after inoculation, and additional doses every 3 days until tumor 

resection at 11 days, for a total of 4 doses. Mice in the adjuvant group did not receive 

nanoparticles prior to resection, and initiated dosing 1 day after resection with nanoparticles 

every 3 days until the endpoint at 42 days after resection. For all other studies, nanoparticles 

were administered starting 1 day after tumor inoculation and continued every 3 days until the 

study endpoint. 

3.4.4 Tumor volume measurements 

Tumor size was recorded using standard electronic calipers (VWR) while mice were 

anesthetized with 2% v/v% isoflurane. Primary tumor volume was calculated (V = 0.5 x L x W2, 

L: length of longest dimension of the tumor, W: length perpendicular to the longest tumor 

dimension) as previously described [68].  

3.4.5 Ex-vivo bioluminescent imaging 

Metastatic burden at the lungs and liver was measured with explanted whole organs at 

terminal endpoint using an IVIS Lumina LTE imaging system (Caliper Life Science). The 

formation of metastatic lesions at these explanted tissues was quantified by bioluminescence 
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imaging with the IVIS Lumina LTE imaging system (Caliper Life Science). Tissues were 

incubated in DPBS containing 630 uM d-luciferin (Caliper) at 37C for 10 minutes and 

subsequently imaged with the IVIS. The bioluminescent imaging of luciferase-expressing 4T1 

cells were calculated by the Living Image Software (Caliper Life Sciences) and visualized as 

flux (photons/sec) from the tissues.  

3.4.6 Circulating tumor cell quantification and association with immune cells 

Circulating tumor cells (CTCs) were isolated and quantified using the Labyrinth 

microfluidic platform [203]. CTCs are separated from leukocytes by size, as white blood cells 

are smaller than 4T1 cells and path differently in the microfluidic system. Briefly, blood samples 

were collected from mice treated with nanoparticles at 14 and 21 days after tumor inoculation, 

from tumor-bearing mice injected with saline at 14 days after inoculation, and naive mice 

without tumors. Due to sample volume requirements, blood from two mice were pooled per 

sample. Blood was first processed with Ficoll separation to separate red blood cells, then run 

through the Labyrinth at a flow rate of 1800 uL/min. CTCs accumulated primarily in the second 

outlet, representative of larger cells, and leukocytes were isolated in the first outlet. To quantify 

CTCs and leukocytes, samples were taken from each outlet, diluted in 1:7.5 in PBS, and stained 

with DAPI. Two slides were imaged from each outlet for each sample for technical replicates. 

Representative images of CTCs and leukocytes are shown in Figure 3-S1E. 

3.4.7 Single-cell RNA-sequencing 

Saline- or NP-treated lungs were extracted from mice 14 days post-tumor inoculation. 

The tissues were minced with scalpel blades, enzymatically digested with liberase TM (Roche), 

processed through a cell strainer, and underwent erythrocyte lysis with ACK buffer (Gibco) for 5 
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minutes. Library preparation of the resulting single cell suspension was conducted with the 10x 

Chromium platform. Samples were sequenced on the NovaSeq 6000 at the University of 

Michigan Advanced Genomics Core at an average depth of 50,000 reads per cell. Raw reads 

were mapped by CellRanger to output count matrices with subsequent clustering and differential 

gene expression performed using the Seurat (v2) pipeline [204]. Cells containing < 500 genes, > 

5000 genes, or > 7.5% mitochondrial genes were filtered out from the final data set. Cluster cell 

types were classified using the markers shown in Figure 3-S2A. The clusters defined as 

neutrophils, monocytes, and dendritic cells were further analyzed to identify specific subsets 

using the gene expression outlined in Figures 3-S2B - 3-S2D. 

3.4.8 Gene Set Enrichment Analysis (GSEA) 

Within the neutrophils, monocytes, and dendritic cells, differentially expressed genes 

between the NP-treated and saline-treated cells were identified using Seurat. The resulting gene 

lists were converted to human orthologs with biomaRt. Gene fold-changes were used as the 

ranking variable to assemble pre-ranked gene lists. GSEA (pre-ranked gene list) was used to 

identify enriched pathways sampling from hallmark, KEGG, REACTOME, and gene ontology 

(GO) databases from the Molecular Signatures Database (MSigDB). The top 10 pathways up-

regulated in the NP-treated samples were reported for each cell type with redundant pathways 

removed by leading edge analysis. 

3.4.9 Flow cytometry, magnetic activated cell sorting, and enzyme-linked immunosorbent 

assay 

Lungs and whole blood of tumor-bearing mice were isolated at 14 days-post tumor 

inoculation. Lungs were mechanically and enzymatically digested as previously detailed [68]. 
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Tissues were processed through a 70 um cell strainer (Corning) to filter. Single cell suspensions 

of the lungs and blood were then prepared by erythrocyte lysis in ACK buffer, (Fisher) washing 

in DPBS supplemented with 2 mM EDTA and 0.5% bovine serum albumin, and centrifugation at 

500xg for 5 minutes. Blood cells were treated with anti-CD16/32 (1:100, clone 93, Biolegend) to 

block nonspecific staining and samples stained with antibodies against Alexa Fluor 700 anti-

CD45 (1:100, clone 30-F11, Biolegend), Brilliant Violet 510 anti-CD11b (1:25, clone M1/70, 

Biolegend), Brilliant Violet 711 anti-Ly6G (1:20, clone 1A8, Biolegend), and FITC anti-Ly6C 

(1:100, clone HK1.4, Biolegend), as well as with DAPI (Biolegend) for viability, and analyzed 

on the BioRad ZE5 Cell Analyzer. Data analysis was performed using FlowJo (BD). Cells from 

the blood and lungs were labeled with magnetic microparticle-conjugated antibodies against 

CD45 (Miltenyi Biotec) and sorted. The CD45-positive fraction, representing immune cells, and 

CD45-negative fraction, consisting of non-immune cells, were resuspended at 1E6 cells/mL in 

media and cultured in a 96-well plate for 16-18 hours at 2.5E5 cells/well. Following incubation, 

cells were centrifuged at 1000xg for 5 min. Supernatant was collected and frozen at -80C. The 

levels of IL-1b, IL-4, IL-6, IL-13, IFNg, TNFa, TGFb, CCL2, CCL3, CCL4, and CXCL12 in 

supernatant were quantified via ELISA performed by the Cancer Center Immunology Core at the 

University of Michigan. Separately, ELISAs for NE-DNA and MPO-DNA complexes were 

formed on blood plasma to quantify NETosis. Blood was collected in EDTA blood collection 

tubes (BD) and centrifuged at 2000xg for 5 minutes to separate plasma, which was frozen at -

80C until analysis. 

3.4.10 Statistical analysis 

Two-tailed unpaired t-tests assuming unequal variance were performed for single 

comparisons between two conditions, namely nanoparticle and control. Median survival and 
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survival curves were analyzed using a simple survival analysis (Kaplan-Meier) with log-rank 

(Mantel-Cox test) for statistical significance. Significant differentially expressed genes in the 

scRNA-seq analysis was determined with the Wilcoxon rank-sum test using default Seurat 

settings. The significance of GSEA pathway scores were determined with Student’s t-tests using 

the Bonferroni multiple hypothesis correction (a = 0.01). Prism 9 (GraphPad), Excel (Microsoft), 

and R were used for performing statistical analyses, with p < 0.05 considered to be statistically 

significant. Error bars on plotted data are calculated as standard error mean (SEM). 
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3.5 Supplementary Figures 

 

Figure 3-S1. Nanoparticles reduces circulating tumor cells in peripheral blood. Quantification of (A) single CTCs, 

(B) number of CTCs/cluster, (C) ratio of CTCs to white blood cells, and (D) quantity of WBCs. Quantification 

normalized to blood volume. (E) Representative images of cells in peripheral blood. Blue – DAPI, Green – CD45+, 
Red – tdTomato. 
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Figure 3-S2. Gene expressions of lung-derived cell populations by single cell RNA sequencing. (A) Average gene 

expression of cell types. Gene expression of (B) neutrophils, (C) dendritic cells, and (D) monocytes by 

subpopulations. 
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Figure 3-S3. Peripheral immune cell responses to nanoparticle administration. (A) Ratio of Ly6G+ neutrophils and 

Ly6C+ monocytes in peripheral blood analyzed in 4T1-bearing mice receiving either NPs or saline (% of CD45+ 

immune cells). (B) Quantification of TGF-β secretion by CD45+/- cells sorted from the lungs or peripheral blood. 

 



 73 

 

Figure 3-S4. Quantification of liver metastases in T-cell-deficient model. (A) Incidence of liver metastases in 

tumor-bearing Balb/c or RAG-1 KO mice receiving either saline or NPs. Liver metastases quantified on D21 post-

tumor inoculation. (B) Luminescent images of livers. 
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Chapter 4  

Engineered Immunologic Niche Monitors Checkpoint Blockade Response and Probes 

Mechanisms of Resistance 

The material in this chapter has been adapted with minor modifications from the following 

article: 

R.M. Raghani, G. Escalona, I.A. Schrack, J.A. Ma, K.M. DiLillo, P. Kandagatla, R. 

Urie, J.T. Decker, A.H. Morris, K.B. Arnold, J.S. Jeruss, L.D. Shea, Engineered 

immunologic niche monitors checkpoint blockade response and probes mechanisms of 

resistance, In Preparation. 

4.1 Introduction 

The treatment of triple negative breast cancer (TNBC) with (ICB) has shown 

improvements in patient outcomes [71]. In a phase 3 clinical trial of anti-PD-1 (aPD-1) in mTNBC 

patients, ICB was found to perform similarly as effective, with reduced grade 3-4 adverse events, 

as compared to the gold standard chemotherapy [78]. Additionally, in the phase 3 trial of 

neoadjuvant/adjuvant aPD-1 in early-stage TNBC patients, investigators found improved 

pathological complete responses and reduced disease progression in the patients receiving ICB 

[81]. However, while ICB-sensitive breast cancer patients have incredible responses, the majority 

of TNBC patients are resistant to ICB. As such, there is a great need for biomarkers to stratify 

patients based on ICB-response.  

We tested the hypothesis that probing dynamics at an engineered immunologic niche would 

provide unique analytes correlative of ICB-response. The niche implant integrates with the host 
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through tissue infiltration throughout the biomaterial architecture, and the microenvironment of 

this immunologic niche is dynamically modified during disease initiation and progression 

[205,206]. Our lab has previously shown that the immune milieu of the implant can be 

longitudinally probed for monitoring 1) initiation and progression of disease, and 2) response to a 

primary tumor (PT) resection, in a murine model of triple negative breast cancer, or nanoparticle 

administration, in a murine model of relapsing multiple sclerosis [207,208]. As such, we 

hypothesized that dynamic gene expressions in immune cells at the immunologic niche could 

provide insight into immunotherapy response in TNBC. Divergent responses in disease 

progression, as a result of checkpoint inhibition, were investigated by monitoring primary tumor 

growth and survival. Gene expressions were probed at the immunologic niche to identify genes 

that correlate with treatment response after therapy. Pathway analyses, gene sequencing of myeloid 

cells, and flow cytometry of immune cell populations were conducted to investigate cell types and 

differentially regulated pathways underlying the divergent therapy responses. Finally, we analyzed 

gene expressions prior to treatment to investigate analytes correlative of predicting therapy 

response, before initiating therapy. Longitudinally interrogating an engineered immunologic 

niche, to monitor changes associated with ICB-response, presents a new opportunity to stratify 

therapy candidates and investigate mechanisms underlying treatment resistance. 

4.2 Results 

4.2.1 Divergent disease progression and survival in response to treatment with checkpoint 

blockade therapy 

 We first investigated divergent ICB-responses in a murine model of advanced TNBC. 

Balb/c mice were orthotopically inoculated (D0) with triple negative 4T1 tumor cells at the fourth 

right mammary fat pad. Mice were split into two cohorts and received either intraperitoneal (IP) 



 76 

administrations of aPD-1 or isotype control every other day starting on day 9 post-tumor 

inoculation, for a total of four doses (D9, D11, D13, D15; Figure 4-1A). Waiting for at least a 

week post-tumor inoculation to initiate ICB allowed for the formation of established primary 

disease prior to starting treatment. Longitudinal PT volumes were recorded and mice were 

monitored for survival.  

 While mice receiving aPD-1 trended toward reduced PT growth, no significant difference 

was found between the aPD-1 and isotype control cohorts (Figure 4-S1A, p > 0.05). The aPD-1 

cohort was then stratified based on ICB-response. Mice whose PT growth was less than the 

established cutoff for fold change in PT volume on D21 post-tumor inoculation, as compared to 

the baseline (D7), were categorized as ICB-sensitive (Figure 4-S2). The ICB-resistant mice were 

categorized as those with a fold change in PT volume above this cutoff. Interestingly, when 

categorizing the ICB cohort based on ICB-response, ICB-sensitive mice had significantly reduced 

PT growth versus the ICB-resistant mice on days 11, 13, 15, and 19 post-tumor inoculation (Figure 

4-1B, p < 0.05). Mice that were sensitive to ICB also had significantly reduced PT growth 

compared to the isotype control cohort, and ICB-resistant mice had indistinguishable progression 

of versus the isotype control (Figure 4-1B). In addition to changes in PT growth, ICB-sensitive 

mice had significantly improved survival compared to the ICB-resistant cohort (Figure 4-1C, p < 

0.05). Following the observation that tumor-bearing Balb/c mice treated with aPD-1 had divergent 

PT growth and survival in response to ICB, we asked if these divergent immune responses could 

be monitored at the immunologic niche by investigating implant-derived gene expressions with 

bulk RNA sequencing (RNA-seq). 
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Figure 4-1. Treatment with ICB yields divergent responses in PT growth and survival. (A) Schematic of orthotopically 

inoculating Balb/c mice with 4T1 tumor cells and administering anti-PD-1. (B) Longitudinal primary tumor volumes 

in tumor-bearing mice receiving either anti-PD-1 or isotype control. (C) Survival of 4T1-bearing Balb/c mice receiving 
anti-PD-1. ICB-sensitivity and resistance stratified based on cutoff for fold change of primary tumor volume on D21 

post-tumor inoculation to D7. Two-tailed unpaired t-tests assuming unequal variance were performed for single 

comparisons between two conditions. Bars show mean ± SEM. * p < 0.05. 

 

4.2.2 Therapy response alters gene expression at immunologic niche after therapy 

 Next, we performed bulk RNA-seq on RNA from the immunologic niche to investigate 

implant-derived gene expressions for longitudinally monitoring ICB-response. We have 

previously shown that the gene expressions of immune cells at the engineered, immunologic niche 

can be probed for monitoring progression of BC and response to a PT resection [207]. Microporous 

polycaprolactone (PCL) scaffold implants (thickness – 2mm, diameter – 5mm) with 

interconnected pores (250–425 mm) were surgically inserted into the dorsal subcutaneous space 

of Balb/c mice 14 days prior to tumor inoculation (D-14) to allow for tissue infiltration and 

integration with the host (Figure 4-2A). The microporous architecture facilitates cell colonization 

throughout the entirety of the implant, and we have previously shown that immune changes at the 
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immunologic niche are reflective of dynamics in disease progression [207,208]. Mice were 

orthotopically inoculated with 4T1 tumor cells (D0) and an immunologic niche implant was 

biopsied (D7) once the primary disease was established to analyze the immune response at 

baseline, prior to initiating ICB therapy (Figure 4-2A). Four doses of aPD-1 were administered IP 

every other day starting on D9 post-tumor inoculation. Niche implants were biopsied at D14 and 

D21 for analyzing immune changes during therapy (D14) and after the conclusion of ICB therapy 

(D21) (Figure 4-2A). PT volumes were longitudinally recorded and survival monitored to stratify 

mice into ICB-sensitive and ICB-resistant cohorts. Biopsied immunologic niche tissues were 

immediately flash frozen in isopentane. Frozen implants were homogenized in Trizol and RNA 

subsequently isolated from homogenate using the Direct-zol™ RNA Kit. The isolated RNA was 

diluted to the desired concentration and submitted to the University of Michigan Advanced 

Genomics Core for analysis with total RNA (ribo-depletion) library preparation and bulk RNA-

seq performed on the Illumina NovaSeq™ S4 at PE150 (45-60 million reads/sample). Raw counts, 

as prepared from demultiplexed fastq files by the Advanced Genomics Core, were converted to 

normalized counts using DEseq2 [209].  

To investigate immunologic niche-derived genes for monitoring ICB-response, we first 

screened the bulk RNA-seq data with T-tests comparing the differential gene expressions after 

therapy (D21, after Tx). This analysis identified 242 differentially expressed genes (DEGs) 

between the ICB-sensitive and ICB-resistant cohorts (Figures 4-S3A - 4-S3C). Principal 

component analysis (PCA) was used for dimensionality reduction to visualize how the cohorts 

clustered based on the expressions of these 242 DEGs after Tx (Figure 4-S3A - 4-S3C). As the 

first two components were found to be responsible for the majority of the variance, only PCA1 

and PCA2 were visualized for the remaining analyses (Figures 4-S3A – 4-S3B). Elastic net-based 
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coefficient reduction, favoring group selection (α = 0.05), was then implemented to identify the 

most biologically relevant genes from this 242-gene panel. This α value was utilized to retain 

highly correlated variables, as covarying features are valuable for identifying genes with related 

mechanistic insight. We employed cross validation with 2000 random resampling iterations and 

selected features that were chosen in more than 85% of iterations to ensure robustness of the 

identified gene signature. The EN analysis of after Tx DEGs identified a panel of 22 genes (Figure 

4-S3E). Hierarchical clustering of the multivariate gene expressions grouped the cohorts based on 

their response after Tx (Figure 4-S3E). PCA-based dimensionality reduction of the implant-

derived gene expressions from this 22 gene panel clustered mice separately based on ICB-response 

after Tx (Figure 4-S3F). Notably, 13/22 of the genes were upregulated in the ICB-sensitive mice, 

whereas 9/22 of the EN-identified genes were upregulated in the ICB-resistant mice. After 

observing that the gene expressions at the immunologic niche could be monitored after therapy to 

glean insight into ICB-response, we asked if normalizing the implant-derived gene expressions 

from each mouse to their baseline before Tx could probe for dynamic changes in ICB-response. 

4.2.3 Delta analysis of gene expressions monitors for unique ICB-response dynamics 

 We next tested the hypothesis that a delta analysis, or normalization to baseline (D7), of 

the immunologic niche-derived gene expressions could more effectively illuminate dynamics in 

ICB-response. Delta counts were first calculated by normalizing the DEseq2-normalized counts 

for each gene after Tx (D21) to the DEseq2-normalized counts before Tx (D7), for each mouse. 

T-tests were then performed between cohorts for the delta counts of each gene to screen for DEGs 

(p < 0.05). This initial screen identified 237 DEGs between ICB-sensitive and ICB-resistant 

cohorts (Figures 4-2B - 4-2C). Visualization of the DEseq2-normalized gene expressions by PCA 

showed separate clustering of the mice not only after Tx, but also before Tx (Figure 4-2B). 
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Notably, PCA clustering of the delta counts (expressions normalized to D7) showed separation of 

the cohorts based on ICB-response after Tx (D21 expressions normalized to D7, Figure 4-2C), as 

well as during Tx (D14 normalized to D7, Figure 4-S4D). Performance metrics were calculated 

for sensitivity, specificity, and categorization efficacy for the 237-gene delta-panel (Figure 4-S4C).  

The 237-gene delta panel was then analyzed with EN to identify the most relevant DEGs 

for monitoring ICB-response. Through 2000 iterations of cross validation, the EN analysis of the 

delta DEGs identified a signature of 16 genes. Excitingly, PCA-based clustering of the 16-gene 

delta signature showed excellent separation of the ICB-sensitive and ICB-resistant cohorts (Figure 

4-2E). Hierarchical clustering of the 16-gene panel separated cohorts based on ICB-response 

(Figure 4-2D). Notably, 6/16 genes increased in expression from baseline (D7) to after Tx (D21) 

among the ICB-sensitive cohort, whereas the remaining 10 genes decreased (Figure 4-2D). 

Performance metrics were calculated for the EN-identified delta-panel (Figure 4-S4C). The delta 

panel more effectively separated ICB-sensitive from ICB-resistant than the after panel. It is worth 

noting that when visualizing the PCA-based clustering of ICB-sensitive and resistant cohorts 

(using DEseq2-normalized counts versus the delta counts), the delta panel (Figure 4-2B) 

differentially clustered cohorts before Tx, whereas the after panel (Figure 4-S3C) did not. 

Following the exciting findings that implant-derived gene expressions provide dynamic 

information for monitoring divergent ICB-responses, we wanted to investigate how inflammatory 

pathways were being differentially regulated in response to ICB. 
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Figure 4-2. Bulk RNA sequencing of IN implant identifies differentially expressed, delta-normalized genes 

correlative of ICB-response. (A) Schematic of implanting mice with IN, inoculating with 4T1, explanting IN, 

administering anti-PD-1, and monitoring ICB-response. (B) Clustering of DEseq2-normalized gene expressions with 
principal component analysis. Clustering represents panel of 237 differentially expressed genes. (C) Clustering of 

delta (D21 – D7) normalized gene expressions (panel of 237 genes). (D) Heat map of EN-identified monitoring 

signature of 16 differentially expressed genes. (E) Clustering of ICB-sensitive and ICB-resistant mice based on 16-

gene panel. (B-E) Analyses performed on delta-normalized counts. (C-E) Visualization performed on delta-

normalized counts.  



 82 

4.2.4 Immune cell pathways are differentially regulated between ICB- sensitivity and 

resistance 

 Gene expressions were analyzed with gene set enrichment analysis (GSEA) to assess 

differentially regulated pathways associated with divergent ICB-responses [210]. GSEA was 

performed on implant-derived DEseq2-normalized counts from cohorts after Tx. Pathway changes 

were examined for a total of 4726 identified gene sets. We first set a normalized enrichment score 

(NES) cutoff of NES > 1 to find the most differentially regulated pathways, identifying 2100 

pathways above this cutoff. Then, we subcategorized the pathways to search for those of the 

immune system, excluding irrelevant inflammatory pathways (e.g. 

WP_MIRNAS_INVOLVEMENT_IN_THE_IMMUNE_RESPONSE_IN_SEPSIS). The 143 

differentially regulated pathways were broadly categorized into general immune, 

cytokine/chemokine, myeloid cell, and lymphocyte pathways (Figure 4-3). The GSEA analysis of 

the RNA-seq data identified differentially regulated immune pathways including those associated 

with cytokine signaling, chemokine regulation, leukocyte proliferation, leukocyte migration, 

leukocyte differentiation, leukocyte cell-cell adhesion, leukocyte chemotaxis, inflammatory 

responses, leukocyte cytotoxicity, and aberrant inflammation (Figure 4-3A). The most 

differentially regulated cytokine/chemokine pathways were for those associated with interferon 

gamma (IFNγ), Type 1 IFN (IFNα, IFNβ), IFN signaling in cancer, interleukin 12 (IL-12), IL-11, 

IL-10, IL-8, IL-6, IL-4/IL-13, IL-2, and IL-1 (Figure 4-3B). The majority of these 

cytokine/chemokine pathways upregulated in the ICB-sensitive cohort are those responsible for 

anti-tumor, pro-inflammatory responses. We found that myeloid cell pathways, including those for 

neutrophil, monocyte, and macrophage function, were differentially regulated between ICB-

sensitive and ICB-resistant (Figure 4-3C). Pathways for innate immune cell chemotaxis, myeloid 
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cell differentiation, and degranulation were downregulated at the immunologic niche of ICB-

resistant mice. The most differentially regulated lymphocyte pathways were those associated with 

T-cell activation, T-cell differentiation, T-cell proliferation, NK cell function, T-cell migration, T-

cell cytokine production, Th1 response, Th17 response, aberrant T-cell morphology, B-cell 

activation (Figure 4-3D). Specifically, pro-inflammatory pathways, including activation of T-

cells, B-cells, and NK-cells were upregulated in the ICB-sensitive cohort. Much of the 

downregulated cytokine/chemokine pathways in the ICB-resistant cohort have been shown to 

originate from myeloid cells and play a role in suppressing T-cell responses. In light of the 

differentially regulated cytokine/chemokine and myeloid cell pathways, we hypothesized that 

myeloid cell phenotype and function were responsible for differences between the ICB-sensitive 

and ICB-resistant cohorts at the immunologic niche. To test this hypothesis, we implanted 

immunologic niche scaffolds (D-14), inoculated the mice with 4T1 tumor cells (D0), administered 

aPD-1 IP (D9, D11, D13, D15), and explanted the engineered niches a week after completing ICB 

(D21). ICB-response was determined as detailed in the previous studies. The implants were 

mechanically and enzymatically digested to derive a single cell suspension. Immunologic niche-

derived cells were pooled from all mice within either the ICB-sensitive or ICB-resistant cohorts 

and processed separately. Cells were labelled with magnetic microbead-conjugated anti-CD11b 

antibodies. Labelled single cell suspensions were passed through a magnetic activated cell sorting 

(MACS) column to sort the positive fraction containing CD11b+ myeloid cells. The negative 

fraction, containing non-myeloid cells such as fibroblasts, was additionally collected. CD11b+ 

myeloid cell and CD11b- cell suspensions from the ICB-sensitive and ICB-resistant cohorts were 

lysed in Trizol and RNA isolated. CD11b+ ICB-sensitive, CD11b+ ICB-resistant, CD11b- ICB-

sensitive, and CD11b- ICB-resistant RNA was submitted to the AGC for bulk RNA-seq. We are 
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awaiting the results of this study. Following the pathway analyses that showed that T-cell and 

myeloid cell pathways at the immunologic niche were differentially regulated between ICB-

sensitivity and ICB-resistance cohorts after Tx, we asked how leukocyte populations were 

changing more broadly at the immunologic niche, PT, and spleen. 

 

Figure 4-3. Lymphocyte and myeloid cell pathways differentially regulated between ICB-sensitive and ICB-resistant 

mice at IN implant. Pathways associated with (A) general immune, (B) cytokine/chemokine, (C) myeloid cell (innate 

immune cell), and (D) lymphocyte (adaptive immune cell) responses. Normalized enrichment scores (NES) represent 

pathways upregulated in ICB-sensitivity, cutoff of NES > 1 utilized for GSEA analysis. 

 

4.2.5 Ratios of leukocyte populations skewed at immunologic niche as result of therapy 

response 

 The impact of ICB on systemic immune responses, comparing immune populations at the 

immunologic niche, PT, and spleen, was next investigated. The PT is regularly biopsied in the 

clinic and the spleen functions as a surrogate for the blood. Mice with implants were orthotopically 
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inoculated and received aPD-1. Tissues were isolated from mice after Tx (D21) and processed into 

single cell suspensions. Cells were labelled with fluorophore-conjugated antibodies and analyzed 

with flow cytometry. No significant difference was observed between the proportion of monocytes 

(CD11b+ Ly6C+), neutrophils (CD11b+ Ly6G+), and macrophages (CD11b+ F4/80+) at the PTs 

of ICB-sensitive and resistant mice (Figure 4-4B). While some trends were observed, there was 

no significant difference between the proportions of monocytes, neutrophils, and macrophages at 

the immunologic niche (IN Implant) of these mice (Figure 4-4B). Notably, the PT of ICB-sensitive 

mice had significantly increased infiltration of cytotoxic T lymphocytes (CD8+) versus the ICB-

resistant PTs (Figure 4-4C). This observation at the PT is in line with the goal of a T-cell-targeted 

immunomodulatory therapy. Reduced proportions of both B-cells (CD19+) and NK-cells 

(CD49b+) were found at the immunologic niche of ICB-sensitive mice (Figure 4-4C). 

Interestingly, the immunologic niche had enriched populations of both myeloid cells (neutrophils, 

monocytes, macrophages) and lymphocytes (T-cells, B-cells, NK-cells), in comparison to the PT 

(Figures 4-4B - 4-4C). In the context of immuno-oncology, many have found meaningful 

immunological insight by investigating the ratios of myeloid cells to lymphocytes [211]. As such, 

the ratios of infiltrated myeloid cells to lymphocytes were calculated (Figure 4-4D). Excitingly, 

the ratio of macrophages to NK-cells, neutrophils to NK-cells, neutrophils to B-cells, and 

neutrophils to T-cells were significantly increased at the immunologic niche of ICB-sensitive mice 

versus ICB-resistant mice (Figure 4-4D). Differences in the myeloid cell to lymphocyte ratio, 

between the ICB-sensitive and ICB-resistant cohorts, was not observed at the PT and spleen. 

Following the observation that the engineered implants capture unique immune cell dynamics after 

Tx, and that implant-derived genes can be monitored for ICB-response, we asked if the 

immunologic niche could be probed before Tx for predictive gene expressions.  
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Figure 4-4. IN Implant captures divergent lymphocyte and myeloid cell responses as result of ICB-sensitivity versus 

resistance. (A) Schematic of implanting mice with IN, inoculating with 4T1, administering anti-PD-1, and isolating 

PT, IN implant, and spleen for analysis with flow cytometry. Flow cytometry analysis of tissues isolated on D21 post-

tumor inoculation with fluorophores labelling (B) myeloid cells and (C) lymphocytes. Cell proportions quantified as 

% of CD45+. (D) Ratio of myeloid cells-to-lymphoctes. Two-tailed unpaired t-tests assuming unequal variance were 

performed for single comparisons between two conditions. * p < 0.05.  

 

4.2.6 Gene expressions predictive of ICB-response 

 The delta analysis showed that dynamic gene expression changes can be monitored at the 

implant for ICB-response (Figure 4-2). Interestingly, the PCA-based clustering of the DEseq2-
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normalized counts from the delta panel showed mildly separate clustering between ICB-sensitive 

and resistant before Tx (Figure 4-2B). As such, we wanted to test the hypothesis that a unique set 

of predictive genes could be identified before initiating Tx (D7). The DEseq2-normalized counts 

before Tx (D7) were first screened with T-tests between the gene expression of ICB-sensitive and 

resistant, identifying 331 DEGs (Figure 4-5A). PCA of these before Tx DEGs showed differential 

clustering of sensitive and resistant cohorts (Figure 4-5A). EN was them employed to identify a 

16-gene panel of DEGs before Tx. Clustering of the implant-derived gene expressions from the 

before Tx-panel showed superb categorization of ICB-sensitivity and resistance prior to 

administering ICB (Figure 4-5C). Notably, 12/16 genes were upregulated in the mice, before Tx, 

that would become sensitive to ICB and hierarchical clustering categorized the cohorts based on 

predicted ICB-response (Figure 4-5B). Performance metrics were calculated for sensitivity, 

specificity, and categorization efficacy (Figure 4-S5D). Interestingly, the categorization metrics 

indicated that the before Tx gene signature more effectively predicted ICB-response than the delta 

gene signature for monitoring ICB-response (Figure 4-S4C). Based on the exciting observations 

that a multivariate panel of genes was predictive of ICB-response prior to Tx, we investigated 

differentially regulated pathways underlying these differences. 

 GSEA was performed on the implant-derived gene expressions before Tx. Differentially 

regulated pathways were examined for 4880 identified gene sets. An NES > 1 cutoff was used to 

identify the 2671 most differentially regulated pathways. Immune system-associated pathways 

were then subcategorized, excluding irrelevant inflammatory pathways. The 207 differentially 

regulated immune pathways were broadly categorized into general immune, cytokine/chemokine, 

myeloid cell, and lymphocyte pathways (Figures 4-5D - 4-5G). The 81 general immune system 

pathways differentially regulated between ICB-sensitivity and resistance included pathways 
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associated with inflammatory responses, cytokine signaling, aberrant inflammation, migration, 

chemokine regulation, chemotaxis, proliferation, leukocyte transendothelial (T.E) migration, 

leukocyte cell-cell adhesion, leukocyte degranulation, leukocyte differentiation, immune receptor 

signaling, leukocyte cytotoxicity, and leukocyte homeostasis (Figure 4-5D). The 23 most 

differentially regulated cytokine/chemokine pathways included those associated with Type 1 IFN 

(IFNα, IFNβ), IFNγ, and TNF signaling (Figure 4-5E). The 47 myeloid cell-associated pathways 

included those of neutrophils, macrophages, innate immune cell responses, mast cells, and 

monocytes (Figure 4-5F). Interestingly, pathways including myeloid cell homeostasis, myeloid 

cell differentiation, and neutrophil-mediated immunity were upregulated, whereas macrophage 

tolerance and macrophage M1 vs M2 pathways were downregulated at the implant before Tx 

(Figure 4-5F). Finally, the most differentially regulated lymphocyte pathways between ICB-

sensitive and ICB-resistant before Tx were pathways associated with T-cell differentiation, T-cell 

activation, T-cell proliferation, B-cell activation, T-cell migration, NK cell function, T-cell 

cytokine production, aberrant T-cell function, T-cell receptor signaling, Th1 response, Th17 

response, and adaptive immune cell responses (Figure 4-5G). Some of these pathways upregulated 

at the immunologic niche of ICB-sensitive mice before Tx included modulators of T-cell receptor 

signaling (TCR) and the somatic diversification of immunoglobulins involved in immune 

responses (Figure 4-5G). Collectively, these studies point to the clinical utility of the immunologic 

niche for 1) predicting ICB-response prior to initiating therapy, 2) monitoring ICB-sensitivity 

during therapy, and 3) illuminating the role of differentially regulated immune cell pathways 

responsible for divergent ICB-responses. 
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Figure 4-5. Analysis of IN-derived analytes before administering therapy identifies predictive signature for ICB-

response. (A) PCA-based clustering of DEseq2-normalized gene expressions. Clustering represents panel of 331 

differentially expressed genes. (B) Heat map of EN-identified predictive signature of 16 genes. (C) Clustering of mice 
before administering therapy based on 16-gene predictive signature. GSEA analysis of gene expressions before 
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therapy for (D) general immune, (E) cytokine/chemokine, (F) myeloid cell (innate immune cell), and (G) lymphocyte 

(adaptive immune cell) pathways. Cutoff of NES > 1 used for GSEA analysis. 

 

4.3 Discussion 

In this study, the immunologic niche was investigated as a diagnostic for ICB-response. 

Checkpoint inhibitors have been approved for both metastatic and early TNBC, and while 

profound responses have been elicited in ICB-sensitive patients, many are resistant to ICB. The 

clinical utility of ICB in TNBC has been greatly limited by an inability to 1) identify patients with 

a high likelihood of ICB-sensitivity prior to initiating therapy and 2) monitor ICB-response during 

therapy. Much of this is due to the inherent limitations of a PT biopsy, which represents a restricted 

snapshot of biomarkers confined to the local microenvironment. Groups have investigated liquid 

biopsy-derived biomarkers to address this challenge. While liquid biopsies have shown some 

clinical utility in monitoring CTC burden and identifying chemotherapy options, they have shown 

insufficient success in identifying immunotherapy-associated biomarkers [98–103]. This may be 

in part, because of the differences in the phenotype and function of immune cells between those in 

the blood and those that have extravasated into a tissue [92]. The immunologic niche provides a 

unique opportunity to study immune cells that have extravasated systemic vasculature to a site that 

can be longitudinally probed.  

We demonstrated that immunologic niche-derived gene expressions could be probed to 

monitor ICB-response. Biomarker expression at a PT is often discordant with biomarker 

expression at metastatic foci, which provides significant complications when making clinical 

decisions from PT-derived biomarkers, especially when treatments for metastatic BC are informed 

by a PT biopsy that may have been collected many years prior [212]. In BC, metastatic foci are 

typically localized to the lungs, liver, bone marrow, or brain. As a result of the anatomical 
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constraints of these tissues, radiographic imaging is the gold standard for monitoring therapy 

response in treating metastatic disease. For the majority of chemo- and radiotherapies, change in 

metastatic lesion size is indicative of therapy response, where an increase or decrease in the size 

of a lesion indicates therapy resistance or sensitivity. Pseudoprogression and hyperprogression 

following ICB are unique phenomena that confound the ability to correlate lesion size with 

immunotherapy response [213]. Pseudoprogression is characterized by the radiographic 

appearance of lesion growth, as a result of immune cell infiltration in ICB-sensitive patients. This 

initial growth is subsequently followed by tumor regression as a result of an anti-tumor immune 

response [213]. The inability to delineate between true progression of disease, as a result of ICB-

resistance, and pseudoprogression among ICB-sensitive patients highlights the clinical need for a 

technology to profile the immune response to ICB. Additionally, a small proportion of patients 

experience hyperprogression, or a rapid progression of disease following the initiation of ICB 

[213]. Radiographic imaging alone cannot differentiate pseudoprogression from hyperprogression 

when lesion enlargement is observed. In this report, a multivariate gene signature was identified 

for monitoring ICB-response at the immunologic niche implant. Engineered niche-derived 

biomarkers were analyzed by normalizing gene expressions during or after therapy to gene 

expressions before the initiation of ICB. The immunologic niche was shown to provide insight 

into dynamic immune system responses to ICB, and implant-derived gene expressions were 

monitored to glean ICB-response both during and after ICB. A technology like this has the 

potential to augment radiographic imaging for monitoring ICB-response. 

An implant-derived gene signature was also identified for predicting ICB-response prior to 

therapy. The standard of care for predicting ICB-response has been limited to PD-L1 expression, 

leukocyte infiltration, and tumor mutational burden [82]. Clinical trials have found improved 
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response rates among BC patients with high TMB and TNBC patients with PD-L1+ tumors, 

however this is not predictive of ICB-response and has performed poorly at identifying ICB-

sensitive patients. Selecting TNBC patients with PD-L1+ tumor infiltrating lymphocytes has 

binned specific subpopulations that have the best ICB-response, but even the majority of this 

subpopulation is ICB-resistant [79]. The FDA has recently approved ICB in early TNBC, 

administered in the neoadjuvant/adjuvant setting to augment surgical resection of the PT. In this 

setting, neoadjuvant ICB is delivered prior to resection with the goal of reducing PT volume and 

then adjuvant ICB is administered following resection to mitigate recurrence [81]. Not all patients 

require adjuvant ICB, and as of yet, there is no way to stratify the patients that would benefit from 

ICB following surgical resection. Taking the adverse side effects associated with ICB and cost to 

the medical system into account, there is a great clinical need for identifying which patients would 

benefit from ICB. Analysis of implant-derived gene expressions prior to ICB identified 

multivariate analytes predictive of ICB-response before initiating therapy. 

Flow cytometry and gene pathway analyses of the engineered niche revealed the 

contribution of myeloid cell dysfunction in ICB-resistance. The phase 2 TONIC trial of nivolumab 

(aPD-1) in mTNBC patients investigated induction strategies for modulating the tumor 

microenvironment prior to ICB [214]. Interestingly, this study found the highest ORR among the 

doxorubicin (35%) and cisplatin (23%) induction cohorts, and also detected an upregulation of 

genes associated with PD-1/PD-L1, Th1 cell, myeloid cell, T-cell cytotoxicity, and IFNg 

pathways, as a result of pre-ICB induction. In pre-clinical studies, doxorubicin and cisplatin have 

both been shown to be immunomodulatory, in part through their targeting of suppressive myeloid 

cells [215,216]. Probing the gene expression at the immunologic niche identified differentially 

regulated myeloid cell pathways, suggesting that myeloid cells may contribute to ICB-resistance. 
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Additionally, the flow cytometry characterization of cells at the implant showed significantly 

different ratios of myeloid cells to lymphocytes between ICB-sensitive and ICB-resistant mice. 

Together with the findings from the TONIC trial, these studies illuminate the potential role of 

suppressive myeloid cells in ICB-resistance, as well as the efficacy of improving ICB-sensitivity 

by alleviating this suppression. The immunologic niche could serve as a diagnostic for monitoring 

suppressive mechanisms underlying ICB-resistance and to motivate the use of induction strategies 

to skew ICB-resistance to ICB-sensitivity. The landmark first-in-human clinical trial, QUILT-

3.067, is an ongoing study with the goal of evaluating the safety and efficacy of combining 

multimodal induction therapies with ICB to improve ICB-sensitivity by targeting multiple arms of 

the immune system [217]. This unique trial combines chemoradiation, IL-15 cytokine 

administration, tumor-associated antigen vaccine, high-affinity NK cell therapy, and avelumab in 

patients with refractory, metastatic, or unresectable TNBC tumors. Initial results from the small 

cohort of patients (n=9) suggests greatly improved overall response, disease control response, and 

complete response rates, as compared to ICB monotherapy. This trial points to the mounting 

evidence that myeloid and NK-cells, among other immune cells, play a role in suppressing anti-

tumor immune cell responses. Interestingly, in this report we found that pathways for myeloid and 

NK-cell function were differentially regulated between the ICB-sensitive and resistant cohorts. 

Both the phase 2 induction and QUILT-3.067 trials highlight the value for a diagnostic that could 

provide insight into targetable immunosuppressive mechanisms underlying ICB-resistance.  

The immunologic niche implant collects enriched populations of monocytes, macrophages, 

T-cells, B-cells, and NK-cells versus both the PT and spleen, which functions as a surrogate for 

the blood. Isolating key immune cells, due to their low numbers in the blood, has been an immense 

technological challenge for the clinical utility of liquid biopsies as a cancer immunotherapy 
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diagnostic [92]. Our lab has previously shown that biopsies of the immunologic niche can be 

utilized for enriching cells that can be probed for analytes indicative of systemic immune 

dysregulation [207,208]. The gene expression from these cells can be studied to glean insight into 

differentially regulated pathways, which may provide additional insight into ICB-resistance-

associated mechanisms. This is especially exciting, given that combination therapies have been 

shown to increase ICB response rates [43]. Insight into dysregulated immune pathways underlying 

ICB-resistance could motivate selecting chemo-, immuno-, or radiation therapies to skew ICB-

resistant patients as an induction strategy prior to ICB.  

In conclusion, we report that the immunologic niche implant can be probed to investigate 

divergent responses to checkpoint blockade. Engineered niche-derived gene expressions were 

computationally identified for monitoring ICB-response during and after therapy. Probing the 

implant identified divergent immune cell pathways and significantly different myeloid cell-to-

lymphocyte ratios between ICB-sensitivity and resistance, implicating the contribution of aberrant 

myeloid cell function in ICB-resistance. Finally, an immunologic niche-derived gene signature 

was identified that is predictive of ICB-response prior to the initiation of therapy. The ability to 

longitudinally biopsy an accessible site for ICB-response-associated biomarkers in real time, as 

well as to investigate mechanisms underlying ICB-resistance, could dramatically innovate how 

clinicians utilize ICB for cancer management. 

4.4 Methods 

4.4.1 Microporous PCL scaffold fabrication and subcutaneous implantation 

To fabricate microporous implants, polycaprolactone (PCL) was mixed with a salt porogen 

(NaCl, 250-425 um), pressed into molds (5mm wide, 2mm thick), the polymer sintered at 135C, 

and porogen-leached as previously described [207,208]. PCL implants were disinfected and stored 
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at -80C until surgery. Immunologic niches were implanted in the dorsal subcutaneous space of 8-

week old female Balb/c mice (Jackson Laboratories). All procedures were performed in 

accordance with the institutional guidelines and protocols approved by the University of Michigan 

Institutional Animal Care and Use Committee. Mice were anesthetized with isofluorane prior to 

subcutaneous implantation with PCL implants. Mice received subcutaneous injections of 

carprofen (5 mg/kg) immediately before surgery and 24 hours after surgery.  

4.4.2 Tumor cell culture and orthotropic inoculations 

Orthotopic inoculation of tumor cells was performed 2 weeks after immunologic niche 

implantation. 4T1-luc2-tdTomato murine triple negative breast cancer cells (PerkinElmer) were 

cultured in RPMI 1640 Medium (Thermo Fisher Scientific) containing 10% fetal bovine serum 

(FBS, INFO) for 5 days (37C, 5% CO2, #% O2) prior to inoculation. Tumor cells were 

enzymatically lifted from the tissue culture flask with trypsin (INFO probably Sigma) for 10 

minutes at 37C and resuspended in culture medium. Cells were centrifuged at 500xg for 5 minutes 

and resuspended in Dulbecco′s phosphate buffered saline (DPBS) at a concentration of 40E6 

cells/mL. The tumor cell line was previously confirmed to be pathogen free and authenticated by 

short tandem repeat DNA analysis and compared to the ATCC STR profile database (DDC 

Medical). Orthotopic inoculations were performed by injecting 50 uL of the cell suspension, 

containing 2E6 4T1 tumor cells, to the fourth right mammary fat pad of 12-week-old female Balb/c 

mice (Jackson Laboratory, 000651). 

4.4.3 Anti-PD-1 administration 

InVivoMab anti-mouse anti-PD-1 (CD279) antibody (BE0146, clone RMP1-14, BioXCell) 

and isotype control (BE0089, InVivoMAb rat IgG2a isotype control, BioXCell) were diluted in 
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DPBS to a final concentration of 1 mg/mL immediately prior to intraperitoneal (IP) injections. A 

volume of 100 uL of diluted aPD-1 and isotype control were administered (10 mg/kg) IP on days 

9, 11, 13, and 15 post tumor-inoculation. 

4.4.4 Tumor volume measurements and survival monitoring 

Tumor size was recorded using standard electronic calipers (VWR) while mice were 

anesthetized with 2% v/v% isoflurane. Primary tumor volume was calculated (V = 0.5 x L x W2, 

L: length of longest dimension of the tumor, W: length perpendicular to the longest tumor 

dimension) as previously describe [68]. Mice were monitored for tumor size and body conditioning 

to determine survival. Mice were euthanized if any of the following criteria were met: tumor size 

of > 2cm in any dimension, ulceration of more than 50% of the visible tumor area, partial paralysis 

due to tumor invasion of hind limb muscle, labored breathing, ascites, lethargy, or visible weight 

loss.  

4.4.5 Tissue isolations 

Niche implants were surgically explanted at days 7, 14, and 21 (D7, D14, D21) post-tumor 

inoculation to study gene expression changes associated with ICB-response. Mice were 

anesthetized with isoflurane before an incision was made over the surface of the implant. The niche 

implant and any adherent encapsulating tissue were pulled through the incision and excised, and 

the incision closed with sutures. Immunologic niche tissues for RNA analyses were flash frozen 

in isopentane on dry ice and stored at -80C. For the flow cytometry analysis, mice were euthanized 

at study endpoint (D21) and the primary tumor, spleen, and implant isolated. Tissues were placed 

into PBS and stored on ice. 

4.4.6 RNA isolation, purity, integrity, and bulk RNA-seq 
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Explanted immunologic niche tissues were immediately flash frozen in isopentane. Frozen 

implants were homogenized in Trizol and RNA subsequently isolated from homogenate using the 

Direct-zol™ RNA Kit (Zymo Research) with DNase 1 treatment. The isolated RNA was diluted 

to the desired concentration and submitted to the University of Michigan Advanced Genomics 

Core for analysis with total RNA (ribo-depletion) library preparation and bulk RNA-seq performed 

on the Illumina NovaSeq™ S4 at PE150 (45-60 million reads/sample). Raw counts, as prepared 

from demultiplexed fastq files by the Advanced Genomics Core, were converted to normalized 

counts using DEseq2 [209]. 

4.4.7 Analysis of gene expression differentially regulated pathways 

Normalized RNA-seq counts were screened to identify differentially expressed genes of 

interest associated with response to ICB. T-tests were first performed to compare ICB-sensitive 

and ICB-resistant for each gene. This initial analysis identified the 100’s of genes differentially 

expressed between sensitive and resistant. These screened genes were then probed with elastic net-

based coefficient reduction, favoring group selection (α = 0.05), with 2000 iterations of leave-one-

out cross validation. Multivariate gene signatures were visualized with principal component 

analysis for dimensionality reduction. For pathway analysis, mouse gene symbols for RNA-seq 

counts were converted to human gene symbols using the biomaRt package. All computation was 

performed using R except for the EN-based analysis, which was performed in MATLAB. Gene 

Set Enrichment Analysis (GSEA) was performed on DESeq2-normalized counts and the 

corresponding human gene symbols. Normalized enrichment score (NES) values are visualized 

for the analysis of ICB-sensitive versus ICB-resistant.  

4.4.8 Flow cytometry 
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The primary tumor, spleen, and immunologic niche tissue were mechanically and 

enzymatically digested as detailed previously detailed [68,207,208]. Tissues were processed 

through a 70 um cell strainer (Corning) to filter. Single cell suspensions of were then prepared by 

erythrocyte lysis in ACK buffer (Fisher, #A1049201) and washed in DPBS (2 mM EDTA, 0.5% 

bovine serum albumin) by centrifuging at 500xg for 5 minutes. Cells were equally split into two 

tubes to enable staining and analysis of innate immune cells and lymphocytes from the same 

tissues. Each tube was treated with anti-CD16/32 (Biolegend) to block nonspecific staining. The 

innate immune cell panel was stained with AF700 anti-CD45, BV510 anti-CD11b, PEcy7 anti-

F4/80, PacBlue anti-Ly6G, and FITC anti-Ly6C (Biolegend) antibodies. The lymphocyte panel 

was stained with AF700 anti-CD45, FITC anti-CD8, V500 anti-CD4, PacBlue anti-CD19, and 

PECy7 anti-CD49b (Biolegend) antibodies. All samples were stained with DAPI for viability and 

analyzed on the BioRad flow cytometer Cytoflex Cell Analyzer. Data analysis was performed 

using FlowJo (BD).  

4.4.9 Magnetic activated cell sorting of cell populations 

Single cell suspensions were prepared from explanted immunologic niche tissues and 

labeled with magnetic microparticle-conjugated antibodies against CD11b (Miltenyi Biotec). 

Labelled cells were magnetically sorted. The positive fraction, containing enriched CD11b+ 

myeloid cells, and the negative fraction, representing non-myeloid cells, were washed by 

centrifugation at 500xg for 5 minutes. Pelleted cell populations were resuspended in Trizol and 

stored at -80C until RNA isolations performed.  

4.4.10 Statistical Analysis 
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Two-tailed unpaired t-tests assuming unequal variance were performed for single 

comparisons between two conditions, namely ICB-sensitive and ICB-resistance. Median survival 

and survival curves were analyzed using a simple survival analysis (Kaplan-Meier) with log-rank 

(Mantel-Cox test) for statistical significance. Following the normalization of RNA-seq gene 

expressions with DESeq2 (citation), T-tests were performed for single gene comparisons (p < 

0.05). Differentially expressed genes identified from the T-tests were then parsed with elastic net-

based feature identification. For the GSEA analyses, pathways with |NES| > 1 were considered as 

being differentially regulated. Prism 9 (GraphPad), Excel (Microsoft), and R were used for 

performing statistical analyses, with p < 0.05 considered to be statistically significant. Error bars 

on plotted data are calculated as standard error mean (SEM). 

4.5 Supplementary Figures 

 

Figure 4-S1. (A) Longitudinal primary tumor volumes of all mice receiving anti-PD-1 versus isotype control. (B) 

Longitudinal primary tumor volumes of mice administered anti-PD-1 that either did or did not receive surgical 

implantation of IN. Bars show mean ± SEM. 
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Figure 4-S2. (A) Longitudinal primary tumor volumes of ICB-sensitive and ICB-resistant cohorts in bulk RNA-seq 

study. (B) Longitudinal PT volumes by individual mouse from both cohorts. Bars show mean ± SEM. Two-tailed 

unpaired t-tests assuming unequal variance were performed for single comparisons between two conditions. * p < 

0.05. 
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Figure 4-S3. Analysis of IN-derived gene expression after therapy. (A,B) 3D clustering of differentially expressed 

genes after therapy. (A) Front face – PCA 1 vs PCA2. (B) Front face – PCA 3 vs PCA2. (C,D) 2D clustering of 

differentially expressed genes after therapy. (C) PCA performed on all samples, whereas (D) PCA performed on just 

samples after therapy. Clustering (A-D) represents panel of 237 differentially expressed genes. (E) Heat map of EN-

identified gene signature of 22 genes. (F) Clustering of 22-gene signature. 
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Figure 4-S4. Analysis of IN-derived gene expression with delta normalization. (A,B) 3D clustering of differentially 

expressed genes identified with T-tests performed on delta-normalized counts. (A) Front face – PCA 1 vs PCA2. (B) 

Front face – PCA 3 vs PCA2. (A,B) Clustering performed on DEseq2-normalized counts. (C) Categorization metrics 

for EN-identified 16-gene signature. Sensitivity, specificity, and categorization efficiency calculated with delta-

normalized counts. (D) Clustering of delta-normalized counts during (D14) and after (D21) therapy. Delta 

normalization – gene expressions at D21 or D14 are normalized to gene expressions at D7. 
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Figure 4-S5. Analysis of IN-derived gene expression before therapy. (A,B) 3D clustering of differentially expressed 

genes after therapy. (A) Front face – PCA 1 vs PCA2. (B) Front face – PCA 3 vs PCA2.(C) 2D clustering of 

differentially expressed genes before therapy. Clustering performed on DEseq2-normalized counts for 331 
differentially expressed genes. (D) Categorization metrics (sensitivity, specificity, and categorization efficiency) 

calculated for EN-identified predictive signature of 16 genes. 
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Chapter 5  

Conclusions and Future Directions 

5.1 Summary of Findings 

Taken together, the work presented in this dissertation describes the utility of engineered 

materials as 1) an immunomodulatory therapy for the treatment of advanced triple negative breast 

cancer and 2) a diagnostic for divergent responses to immune checkpoint blockade therapy. Cargo-

free polymer-based nanoparticles were administered intravenously and significantly slowed 

primary tumor growth. We demonstrated that nanoparticles were internalized by innate immune 

cells and reprogrammed inflammatory responses among myeloid cells, modulating the tumor 

microenvironment. Excitingly, these nanoparticles were found to synergize with aPD-1, enhancing 

the efficacy of checkpoint blockade. We then investigated the efficacy of nanoparticles in treating 

metastatic disease. Nanoparticle administration reduced circulating tumor cells in the systemic 

vasculature and notably reduced metastatic colonization of the lungs. The immune milieu of the 

lungs was remodeled, such that intravenous administration of nanoparticles led to an increase in 

inflammatory, anti-tumor innate immune cells. Nanoparticles were delivered in the neoadjuvant 

and adjuvant context, in a resection model, and excitingly adjuvant nanoparticle administration led 

to the clearance of established pulmonary metastases. Therapeutic efficacy was completely 

abrogated in a T-cell deficient model, implicating the vital role of T-cells in the nanoparticle-

mediated clearance of metastatic lesions at the lungs. Finally, an engineered immunologic niche 

was investigated as a diagnostic for monitoring response to checkpoint blockade therapy. In a 

model of divergent ICB-response, mice that were sensitive to therapy had reduced primary tumor 
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growth and enhanced survival. Gene expressions from the polymer implant were identified that 

showed efficacy for monitoring ICB-sensitivity and ICB-resistance, both during and after therapy. 

Among ICB-sensitive mice, anti-tumor innate and adaptive immune cell pathways were 

upregulated at the immunologic niche. Interestingly, the implant was able to capture significant 

differences in the ratios of myeloid cells to lymphocytes between ICB-sensitive and ICB-resistant 

cohorts. Immunologic niche-derived gene expressions were probed before therapy and excitingly, 

a predictive multivariate signature was identified for ICB-response prior to initiating ICB. The 

research in this dissertation continues the research efforts of others in the field and advances the 

translatable potential for innovative technologies to 1) treat metastatic disease by modulating 

inflammatory responses, 2) predict immunotherapy response prior to treatment, and 3) monitor 

immunotherapy response in real time.  

5.2 Future Directions 

 The following section presents future studies that would enhance the significance and 

impact of the findings discussed in this dissertation.  

5.2.1 Analysis of nanoparticle-mediated effects on myeloid cell trafficking and phenotype 

 The aim of Chapter 2 and Chapter 3 was to investigate the immunomodulatory properties 

of cargo-free PLG nanoparticles in a murine model of triple negative breast cancer. We previously 

demonstrated efficacy of naked nanoparticles in traumatic injury and autoimmune disease [66,67]. 

Nanoparticle administration was shown to mitigate pathological inflammation in these models 

through modulating myeloid cells. Due to the role of myeloid cells in the initiation and progression 

of metastatic disease, we wanted to investigate the efficacy of targeting myeloid cells with 

nanoparticles in a murine model of metastatic TNBC. Through in vitro and in vivo analyses, we 
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found that myeloid cell phenotype is altered at the blood, spleen, primary tumor, and lungs. We 

additionally showed that cargo-free nanoparticles are taken up by myeloid cells both in an in vitro 

assay, as well as in vivo with fluorescently-labelled nanoparticles. However, in the context of 

treating metastatic disease, it nuanced to delineate whether the clearance of pulmonary metastases 

is a result of 1) the uptake of nanoparticles by myeloid cells followed by a subsequent change in 

their phenotype prior to their trafficking to the tumor microenvironment or 2) a redirecting of their 

trafficking away from the tumor microenvironment following uptake. In other words, is the 

functional outcome of nanoparticle administration to treat metastatic disease due to 1) a change in 

the phenotype of nanoparticle positive cells that traffic to the metastatic niche or 2) altered 

trafficking of leukocyte subpopulations away from metastases toward the spleen and liver? We see 

that nanoparticle administration remodels the lung microenvironment, skewing myeloid cells 

toward inflammatory, anti-tumor phenotypes. However, it is not necessarily clear whether this is 

a result of modulating the phenotype of nanoparticle positive myeloid cells or trafficking myeloid 

cell subpopulations away from the lungs. One way to test the hypothesis that nanoparticle uptake 

by myeloid cells changes their phenotype toward an inflammatory, anti-tumor phenotype would 

be to administer fluorescently labelled particles and use flow cytometry-based cell sorting to sort 

nanoparticle positive myeloid cells versus nanoparticle negative ones at the primary tumor, spleen, 

liver, and lungs. The RNA could then be isolated from these populations and studied with RT-

qPCR for the expression of genes such as Stfa2, Stfa3, Stat1, S100a8, Cxcl2, and Ccr2, motivated 

by the differential gene expressions found in the scRNA-seq study performed in Chapter 3, to 

investigate if the anti-tumor myeloid populations resulting from nanoparticle administration are 

those that have taken up particles. An alternative hypothesis is that nanoparticle administration 

alters the trafficking of suppressive myeloid cell populations away from the metastatic niche, and 
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this effect on trafficking skews the inflammatory milieu of the lungs. The proposed flow sorting 

study would also test this alternative hypothesis, demonstrating whether the myeloid cells at the 

lung, for example, that express anti-tumor-phenotype-associated genes have taken up 

fluorescently-labelled particles. Further investigation into this area would facilitate an improved 

understanding of 1) the role that suppressive myeloid cells play in the metastatic cascade and 2) 

how a nanoparticle intervention can disrupt the metastatic cascade through changes in phenotype 

and trafficking. 

5.2.2 Mechanisms of action underlying the clearance of pulmonary metastases as a result of 

neoadjuvant and adjuvant nanoparticle administration 

 The work presented in this dissertation provides evidence into the nanoparticle-mediated 

T-cell-dependent clearance of pulmonary metastases. In Chapter 3 we demonstrated that 

nanoparticle delivery, in both the neoadjuvant and adjuvant context surrounding primary tumor 

resection, can achieve tumor cell clearance from the lungs, and that this clearance of metastases is 

abrogated in a T-cell-deficient model. These findings suggest that T-cells play an integral role in 

the clearance of metastatic lesions, especially in the adjuvant context, where metastases are 

allowed to form, the primary tumor is surgically resected, and then nanoparticles are administered 

after resection. The neoadjuvant and adjuvant administration of immunomodulatory nanoparticles 

has particular clinical relevance given the great clinical interest in and recent FDA approval of 

checkpoint blockade as a neoadjuvant/adjuvant immunotherapy to augment surgical resection 

[81]. However, the direct connection between the nanoparticle-based modulation of myeloid cells 

and T-cell-mediated clearance of tumor cells is not well understood. We hypothesize that the 

nanoparticles modulate the tumor microenvironment, skewing it from an immunosuppressive to 

an anti-tumor milieu, and that by remodeling the microenvironment, T-cells are allowed to 
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infiltrate and eliminate tumor cells. One way to test this hypothesis is to perform histology on the 

primary tumor and lungs to look for 1) T-cell infiltration and 2) phenotypic markers of T-cell 

activation, anergy, or exhaustion. This could help illuminate if nanoparticle administration enables 

increased T-cell infiltration into the tumor microenvironment by skewing an immunosuppressive 

environment to mitigate factors that lead to T-cell exhaustion. Another way to test this hypothesis 

could be by sorting the myeloid cells from the primary tumor and lungs of mice receiving either 

nanoparticles or saline, and to conduct in vitro T-cell proliferation assays with these populations. 

These T-cell proliferation assays would illuminate the impact of the different cell subpopulations 

on suppressing or stimulating T-cell proliferation. Intracellular flow cytometry could then be 

performed on these T-cells for analysis of markers correlative of T-cell anergy or exhaustion to 

investigate the role of these myeloid cell populations on T-cell activation. Additionally, the sorted 

myeloid cells could be separated into nanoparticle positive versus negative fractions prior to the 

T-cell proliferation assays to investigate whether the impact on T-cells is due to 1) myeloid cells 

that have taken up nanoparticles or 2) secondary effects on remodeling of the tumor 

microenvironment. These approaches would help further our understanding of the connection 

between nanoparticle-mediated remodeling of immune cell populations and the T-cell-dependent 

clearance of metastases.  

5.2.3 Utilizing the immunologic niche to monitor ICB-response in a resection model 

 In Chapter 4 we investigated the efficacy of the implantable immunologic niche as a 

diagnostic for checkpoint blockade response. We excitingly found that gene expressions could be 

probed to predict ICB-response prior to initiating therapy, and monitored both during and after 

therapy to investigate immune responses to checkpoint inhibition. At the moment, the clinical 

utility for treating TNBC with ICB is 1) for metastatic disease or 2) as a neoadjuvant/adjuvant 
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therapy to augment primary tumor resection. The studies in Chapter 4 demonstrating the efficacy 

of the immunologic niche as an ICB-diagnostic were performed without removing the primary 

tumor. Implementing a resection model could allow us to investigate the clinical utility of the 

implant with the current clinical context for treating TNBC with ICB. One approach to investigate 

this could be to first implant mice with immunologic niche scaffolds, orthotopically inoculate them 

with TNBC, surgically resect the primary tumor 14 days post-tumor inoculation, and then initiate 

aPD-1 following resection. This would more closely mimic the clinical scenario of treating a 

patient with aPD-1 that presents with distant recurrence [76,78]. During the post-resection 

administration of ICB, longitudinal biopsies of the implant could be performed for analysis of gene 

expressions correlative of ICB-response, as measured by survival monitoring and terminal 

bioluminescent imaging of the lungs for quantifying metastatic colonization. To investigate the 

clinical utility of implant-derived gene expressions for predicting efficacy of adjuvant aPD-1, one 

could set up the model as outlined and biopsy the immunologic niche between the primary tumor 

resection and initiating ICB. The implant-derived gene expressions could then be probed for 

studying analytes correlative of divergent responses to adjuvant checkpoint blockade. These 

investigations would be highly informative for framing the study design of a potential clinical trial 

with the goal of utilizing the immunologic niche to predict and monitor efficacy of ICB in treating 

TNBC.  

5.2.4 Understanding the divergent cell populations and mechanisms underlying ICB-

sensitivity and resistance 

 We observed divergent immune responses to checkpoint inhibition, both before and after 

ICB administration. At the immunologic niche, we found skewing of myeloid cell and lymphocyte 

phenotype by RNA-seq, as well as significant differences in the ratio of myeloid cells to 
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lymphocytes between ICB-sensitivity and resistance after therapy. Prior to ICB delivery, we also 

observed significant differences between the regulation of myeloid cell and lymphocyte pathways 

at the implant. We hypothesize that these initial biological findings implicate the role of thymic 

selection on stochastic differences that manifest in divergent responses to ICB. Specifically, it is 

possible that thymic selection yields different clonal populations of CD4+ T-cells that 

differentially recruit suppressive or inflammatory myeloid cell subpopulations. We then postulate 

that these stochastic differences in both the CD4+ T-cell and myeloid cell milieu impact CD8+ T-

cell infiltration, proliferation, activation, and antigen recognition. It is possible that these basal 

differences would set up the immune system to divergently respond to an intervention with the 

goal of alleviating T-cell suppression by inhibiting the ligation of PD-1 with PD-L1. It is also 

worth noting that the PD-1/PD-L1 axis must be playing an integral role in suppressing T-cell-

mediated anti-tumor responses for ICB administration to alleviate T-cell-suppression. If 

suppressive mechanisms aside from T-cell immune checkpoints, such as the recruitment of 

regulatory T-cells to the tumor microenvironment, are the predominant forces of 

immunosuppression, then blocking PD-1:PD-L1 ligation would not mitigate these mechanisms. 

Clinically, PD-1/PD-L1 has failed to perform successfully as a biomarker for predicting ICB-

response, as the majority of patients with PD-L1+ tumors are resistant to ICB [84,85]. Some 

postulate that this could be because PD-L1 expression may not actually indicate that the PD-1/PD-

L1 axis is the predominant mechanism underlying the suppression of an anti-tumor immune 

response. This highlights a benefit of utilizing the immunologic niche as a diagnostic for ICB-

response – a multivariate signature of immune cell-derived gene expressions has the potential to 

illuminate a more nuanced assessment of immunosuppressive mechanisms, which could more 
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effectively capture if ICB is the right strategy for stimulating an anti-tumor immune response for 

a cancer patient.  

 Interestingly, in Chapter 2 and Chapter 3, we found that 1) suppressive myeloid cells can 

be targeted to stimulate an anti-tumor immune response, 2) the efficacy of targeting myeloid cells 

is abrogated in a T-cell deficient model, and 3) targeting myeloid cells can be utilized to improve 

the efficacy of ICB. Similarly, in Chapter 4 we observed that myeloid cells contribute to divergent 

ICB-responses. Collectively, this led us to hypothesize that the interaction of myeloid cells and T-

cells may contribute to ICB-sensitivity versus ICB-resistance, and that a utility of the immunologic 

niche as an ICB-diagnostic may be in monitoring myeloid cells and myeloid-T-cell interactions. 

To test the hypothesis that myeloid cell phenotype and function may dictate ICB-response, one 

could implant an immunologic niche scaffold, orthotopically inoculate mice with TNBC, and 

biopsy the implant prior to initiating ICB. The gene expressions of the biopsy could be probed 

with the predictive ICB signature to stratify the mice that are predicted to be sensitive to ICB. 

Myeloid cells could be sorted from those mice predicted to be ICB-sensitive and transferred to 

those that are predicted to be resistant. This would allow us to investigate if adoptively transferring 

myeloid cells from one cohort to another prior to administering therapy changes their immune 

environment such that the mice predicted to be ICB-resistant are more sensitive to therapy. 

Another strategy could involve administering nanoparticles as an induction strategy to skew the 

myeloid cells toward inflammatory, anti-tumor phenotypes prior to initiating ICB. Testing this 

hypothesis through these studies would be instrumental in illuminating the role that myeloid cells 

play in the divergent responses to ICB. Clinically, these proposed studies could motivate using an 

implantable immunologic niche to identify patients who would be good candidates for receiving 

ICB monotherapy. For those that are predicted to be ICB-resistant, the immunologic niche could 
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be probed to glean the role myeloid cells are playing in suppressing an anti-tumor T-cell response. 

If it is determined that myeloid cells are responsible for underlying resistance to ICB, cargo-free 

nanoparticles could be administered to modulate the inflammatory milieu and stimulate a cytotoxic 

T-cell response, as a combination, multimodal therapy.  

5.2.5 Identifying critical design aspects of engineered materials 

In Chapter 1, the role of the material characteristics of NPs on particle-mediated 

immunomodulation was briefly overviewed. Our lab has previously investigated the impact of 

surfactant type and polymer molecular weight on innate immune responses both in murine models 

of TLR activation and breast cancer [61,68]. In this first study of tunable, cargo-free polymer NPs, 

the authors found that intravenous PLA-PEMA administration prolonged the survival of mice 

challenged with lipopolysaccharide. In vitro internalization studies were performed in both 

manuscripts and showed that the surfactant type used, which alters the NP surface charge, impacts 

NP internalization by innate immune cells [61,68]. Notably, whereas the first manuscript tested 

different NP formulations in vivo, the second manuscript (Chapter 2) focusing on NPs in breast 

cancer only validated NP formulations in vitro. In light of the evidence that the physiochemical 

properties of NPs impact their internalization by innate immune cells and the scRNA-seq data from 

Chapter 3 showing that modulating innate immune cell phenotype disrupts the metastatic cascade, 

it would be valuable to study the role of NP formulation on metastatic colonization. To this end, 

one could prepare a library of polymer nanoparticles by altering the polymer molecular weight and 

surfactant. The NP material properties could then be characterized by dynamic light scattering to 

quantify the size and zeta potential of the different formulations. Finally, two in vivo studies could 

be pursued to probe the impact that NP physiochemical properties play on their functional utility. 

Conjugating the library of NP formulations with a fluorescent molecule, such as Cy5.5, and 
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intravenously administering the fluorescent NPs would allow us to study their biodistribution. 

Single cell suspensions could be isolated from the lungs, primary tumor, and spleen, and analyzed 

with flow cytometry to investigate how particle properties impact uptake by myeloid cell 

populations at different tissues. Additionally, the disparate NP formulations could be administered 

to separate cohorts of tumor bearing mice and lung BLI performed to quantify pulmonary 

metastases to illuminate the role of NP properties on metastatic colonization.  

 The engineered immunologic niche, discussed in Chapter 4, is a PCL scaffold with 

interconnected pores that integrates with the host upon surgical implantation. Our lab’s original 

publication of the immunologic niche implant, for monitoring breast cancer spread, utilized a 

porogen-leached PLG scaffold with 250 - 425 µm pores [205]. Due to the degradable nature of 

PLG over short time scales, our lab employed PCL for the subsequent studies of the immunologic 

niche, utilizing a polymer with greater in vivo stability to bolster the implant’s clinical utility [206]. 

The microporous PCL implants were engineered with the same dimensions and porosity as the 

PLG scaffolds, and both polymer scaffolds showed early recruitment of metastatic tumor cells and 

dynamic changes in leukocyte recruitment with disease progression. As such, I hypothesize that 

the architecture of the implant, as opposed to the polymer composition, governs its method of 

action. However, while I postulate that the polymer type does not impact the function of these 

immunologic niche scaffolds (e.g. PLG versus PCL), I hypothesize that an implant fabricated out 

of a more immunogenic material (e.g. fibrin) would significantly disrupt the utility of these 

implants. To test these hypotheses, one could fabricate a diversity of scaffolds composed of 

materials with varying degradability and immunogenicity, including PLG, PCL, fibrin, alginate, 

and poly(ethylene glycol). For each of these materials, the density of porogen in the implant could 

be altered, while maintaining the same pore size (250 - 425 µm), so that there are scaffold 
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conditions 1) with interconnected pores that allow infiltration of tissue throughout and 2) without 

interconnected pores. This library of scaffolds could then be implanted in the subcutaneous space 

of tumor-bearing mice and analyzed for both the arrival of metastatic tumor cells as well as their 

immune cell milieu. This would allow us to investigate the role of biodegradability, 

immunogenicity, and architecture in the functional utility of the engineered immunologic niche. 

The insights from these proposed studies, focusing on the impact of tunable material characteristics 

on the technology’s functional utility, would be highly valuable for the clinical translation of both 

the nanoparticle and immunologic niche platforms.  

5.3 Concluding Remarks 

In conclusion, the preclinical findings reported in this dissertation provide the framework 

for the immunotherapeutic and diagnostic potential of engineered materials. Both of these 

approaches present novel opportunities for treating metastatic disease and gleaning biomarkers 

indicative of therapy response. Interestingly, the nanoparticles and immunologic niche implant 

have shown exciting efficacy in multiple different indications. Our lab has investigated the utility 

of immunomodulatory, cargo-free NPs in murine models of TLR activation, spinal cord injury, 

and metastatic breast cancer [61,66,68]. All three of these indications share a commonality of 

aberrant inflammation, and in each of these studies, we found functional utility as a result of 

reprogramming myeloid cells. As such, I hypothesize that cargo-free polymer NPs could also show 

exciting activity in other pathologies of aberrant inflammation that are driven by myeloid cell 

dysregulation. Similarly, our lab has studied the utility of the immunologic niche implant for 

monitoring the progression of diseases of aberrant inflammation, including breast cancer, multiple 

sclerosis, and pancreatic cancer [205,208,218]. In all three indications, it was found that the gene 

expressions of myeloid cells at the immunologic niche could be monitored to glean insight into 
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disease progression. Because of the enrichment of myeloid cells at the immunologic niche and the 

ability to longitudinally monitor dynamics among these leukocytes, I hypothesize that the 

immunologic niche could be highly useful for gleaning insight into the progression of other 

pathologies of aberrant inflammation. In fact, researchers in our lab are currently investigating the 

utility of the immunologic niche implant in type 1 diabetes, organ transplant, and preeclampsia, 

with encouraging initial results. Due to the exciting pre-clinical studies we’ve published in our lab, 

the translatable nature of our study design, and the pressing clinical need of the medical problems 

we’re addressing, both the cargo-free nanoparticle platform and immunologic niche are moving 

toward clinical translation. COUR Pharmaceutical has submitted an Investigational New Drug 

(IND) application to the FDA based on the data we presented in Chapter 3, which has been 

approved toward the first-in-human clinical trial of cargo-free nanoparticles in cancer. 

Additionally, our lab has been diligently working with the University of Michigan Innovation 

Partnerships, National Science Foundation Innovation Corps, FDA, and Institutional Review 

Boards with the goal of investigating the efficacy of the immunologic niche implant in a first-in-

human clinical trial. Collectively, one could imagine the application of these technologies such 

that a patient receives an immunologic niche implant, the implant is biopsied to probe for 

immunotherapy-associated biomarkers, an immune-based resistance mechanism is identified, and 

the mechanism is targeted with immunomodulatory nanoparticles. The findings in this dissertation 

provide the foundation for studies and trials to follow that have the potential to shift the paradigm 

for immunotherapies and companion diagnostics in the treatment of metastatic disease. 
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