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Abstract 
 

Mechanisms of efficacy and toxicity of immune checkpoint inhibitors in 
human cancer patients 

 
By Alyssa M. Duffy 

 
Immune checkpoint inhibitors (ICIs) have revolutionized the landscape of cancer treatment, 
leading to impressive and durable results in patients with a wide range of tumor types. However, 
significant clinical challenges remain surrounding patient response rates and autoimmune 
toxicities. Herein, we investigate the underlying mechanisms of efficacy and toxicity in human 
cancer. We assessed changes in circulating immune cells among patients who received either anti-
PD-1 or anti-PD-L1, finding distinct, nonoverlapping genomic signatures of each. In particular, 
anti-PD-L1 is characterized by changes in the myeloid compartment, with increased signatures 
associated with inflammation. Importantly, we find that PD-L1 blockade acts directly on DCs, 
resulting in enhanced maturation and expansion of antigen-specific T cells, suggesting a key role 
of anti-PD-L1 within the afferent arm of the cancer immunity cycle. Furthermore, we establish a 
novel role for T:B interactions in the development of immune-related adverse events (irAEs) 
following combination anti-CTLA-4 and anti-PD-1 (CCB) therapy. We show CCB leads to the 
enrichment of TPH-like cells, which support B cell activation and differentiation through IFNg 
and IL-21 signaling. Importantly, we highlight key cellular and molecular differences associated 
with the development of severe irAEs. First, we illustrate alterations in circulating 
CD11c+Tbet+CD21lo B cells in patients with severe irAEs following CCB, suggesting a 
pathogenic role. We also report that the expansion of Tregs suppresses T:B interactions, protecting 
patients from irAEs. Thus, the work presented here provides new insights into the cellular and 
molecular mechanisms of ICI efficacy and toxicity, furthering the understanding of ICIs and 
ultimately improving patient outcomes.  
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Chapter 1: Introduction 

 

1.1 Introduction to cancer and the immune system 

Our understanding of the interactions between tumor cells and the tumor microenvironment has 

grown profoundly throughout the years. In particular, studying the relationship between tumors 

and the immune system has allowed for tremendous advancements in medicine through harnessing 

the body’s own defense system to mount an anti-tumor response. Cancer immunotherapies have 

been studied in the clinical setting for decades, and today, they are used as frontline therapies for 

a number of different malignancies. Clinical data has shown impressive efficacy and durable 

results, revolutionizing the treatment of cancer and solidifying immunotherapy as a new pillar of 

cancer treatment1. 

 

At the most basic level, cancer can be characterized as “a robust and evolvable system that arises 

due to the accumulation of various genetic alterations and the loss of normal cellular regulatory 

processes”2,3. Several early studies in murine models showed that genomic mutations in tumor 

cells have the potential to lead to the formation of a repertoire of tumor-specific antigens that cause 

the immune system to recognize tumor cells as foreign and thereby ellicit an anti-tumor immune 

response4-9. This act of “immunosurveillance” demonstrated a clear role the immune system played 

in modulating and controlling tumor growth. 

 

The immune surveillance theory was described over 60 years ago. It suggests the immune system 

monitors cells and tissues, detecting tumor specific antigens on newly developing cancer cells and 

eliminating them before they can cause harm10,11. The importance of the immune system in 
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regulating tumor development has been demonstrated through several murine studies and clinical 

observations. For example, studies have shown that genetically engineered mice deficient in CD8+ 

T cells, CD4+ Th1 cells, or NK cells have markedly increased tumor incidence, suggesting that 

both the innate and the adaptive immune system are important players in the surveillance and 

elimination of tumor cells12,13. Similarly, immunosupression in patients is often associated with 

increased risk of malignancy, with studies reporting anywhere from a 3- to 100-fold increase in 

risk14,15. Alternatively, in clinical settings, tumor infiltration by CD8+ T cells or NK cells is 

associated with more favorable outcomes in a number of tumor types including melanoma16,17, 

once again reinforcing the importance of the immune system. 

 

Although it is clear the immune system plays a critical role in keeping tumor formation in check, 

tumors still develop even in the presence of a functioning immune system. Updated theories 

describe this concept as immunoediting, whereby the selective pressure of the immune system 

leads to mutations in any remaining cancer cells, resulting in the persistance of variants that are 

able to evade immune detection and elimination18. Tumor cells can escape the immune system 

through many different mechanisms, from alterations on the cellular level to changes within the 

tumor microenvironment18. Some mechanisms include decrease in tumor immunogenicity18,19, 

downregulation of molecules required for T cell activation, such as major histocompatability 

complex (MHC) molecules or the loss of antigen expression20, expression of inhibitory checkpoint 

molecules21-25, and the infiltration or increased abundance of immunosuppressive cell types such 

as T regulatory cells (Tregs)26,27. These mechanisms, either alone or in combination, provide a way 

for tumors to “hide” from the immune system, allowing them to persist and grow. 
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The manner in which the immune system targets and eliminantes tumor cells in a T cell-mediated 

fashion, or the anti-tumor response, has been termed the cancer immunity cycle. It was first 

described a decade ago as a series of stepwise events by which host immune cells may effectively 

target and kill cancer cells3 (Figure 1.1). Importantly, this concept reinforced the idea that T cells 

do not respond or work alone, but rather do so within a network of other immune cells, in a series 

of highly regulated steps28. The first step of the cancer immunity cycle consists of the release of 

neoantigens as cancer cells die off. These neoantigens are captured by dendritic cells (DCs) to be 

processed (step 2) and presented on MHC I and MHC II to T cells in nearby secondary lymphoid 

organs (step 3). This process results in the priming and activation of T cells, leading to the 

expansion of effector T cells against the specified cancer antigens (step 3). These activated effector 

T cells then migrate to and infiltrate the tumor (step 4), eventually leading to targeting and killing 

cancer cells (step 5). As tumor cells are killed, more cancer antigens are released, leading to the 

start of the cycle again28. 
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Figure 1.1: Cancer immunity cycle. A schematic of the cycle by which the immune system 

mounts an anti-tumor response. This response is initiated by the release of cancer specific antigens, 

which are presented by DCs to prime tumor specific T cells, resulting in the trafficking and 

activation of an effector anti-tumor T cells and the elimination of tumor cells. 
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Each step of the cancer immunity cycle is highly regulated by a number of stimulatory and 

inhibitory mechanisms, offering a wide variety of potential therapeutic targets. Scientists have 

worked over the years to better understand these regulatory mechanisms, and have discovered 

ways to maniplulate various steps in the cycle in order to overcome immunoediting and activate 

or introduce cancer-specific cytotoxic T cells. Several successful immunotherapies have been 

developed through these studies including monoclonal antibody-based therapies that bind one or 

two antigens to induce T cell-mediated tumor cell killing, chimeric antigen receptor (CAR) T cells 

to improve antigen recognition and direct killing of cancer cells, and checkpoint inhibitors to block 

inhibitory signals and enhance T cell priming, activation, and killing28. Clinical data demonstrate 

the impressive efficacy and durability of these immune based therapies in several tumor types29-31. 

However, these immunotherapies still face significant challenges such as overactivation of 

immune responses, unwanted damage of healthy cells and tissues, and altered function of immune 

cell populations. To improve patient care and the efficacy of these immunotherapies, these 

challenges must be addressed.  

 

1.2 Targeting checkpoint molecules using monoclonal antibodies 

The immune system maintains several strict regulatory mechanisms, which are crucial to ensure a 

proper response and prevent inappropriate activation of immune cells. In particular, T cell 

activation requires two major signals: 1) binding of the T cell receptor (TCR) with its cognate 

antigen presented on an MHC molecule and 2) binding of costimulatory molecules32. Additionally, 

the release of cytokines are important to instruct T cell differentiation and expansion29. Signal 2 is 

primarily mediated by CD28, a receptor located on T cells, and its ligands CD80 and CD8629. 

These molecules belong to a class of extracellular proteins termed checkpoint molecules, which 
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consist of both costimulatory and inhibitory molecules. Costimulatory molecules aid in the 

activation of T cells by amplifying the TCR signaling32,33. Besides CD28, some examples are 

OX40, CD40, and ICOS. Alternatively, there are several ways in which the immune system 

negatively regulates T cell activation in an effort to regulate T cell responses and prevent off-target 

damage and autoimmunity32,33. Some examples of inhibitory molecules include CTLA-4, PD-1, 

TIGIT, and Lag-3. 

 

Inhibitory checkpoint molecules are not only critical for the prevention of autoimmunity, but also 

play a role in regulating T cell responses to chronic viral infections and tumor antigens34. Cytotoxic 

T-lymphocyte associate protein 4, or CTLA-4, was the first checkpoint molecule studied in the 

context of tumor immunity35. CTLA-4 is expressed exclusively on T cells and plays an important 

role in the early stages of T cell priming and activation29. Upon T cell activation, expression and 

trafficking of CTLA-4 to the cell membrane is increased, where it functions to attenuate the T cell 

immune response32. The importance of CTLA-4 in maintaining immune homeostasis was 

originally demonstrated by studies of Ctla4-knockout mice, which displayed systemic immune 

hyperactivation, severe autoimmune toxicity, and lethality36,37. Early preclinical studies conducted 

by Dr. James Allison fully confirmed CTLA-4 as an inhibitory checkpoint. His study demonstrated 

the opposing effects of CTLA-4 and CD28, illustrating how CTLA-4 outcompetes CD28 to bind 

CD80 (B7-1) and CD86 (B7-2), resulting in inhibition of T cell proliferation and IL-2 production38. 

Further studies in murine models showed that blocking CTLA-4 with an antibody led to a T cell-

mediated anti-tumor immune response and tumor regression35,39. These effects were seen in mice 

that had partial immunogenic tumors but not in mice with poor immunogenic tumors, suggesting 

blocking CTLA-4 enhances the endogenous anti-tumor response39. Additional preclinical studies 
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further explored this anti-tumor mechanism and determined that CTLA-4 blockade increased the 

frequency of effector CD4+ and CD8+ T cells, while decreasing the levels of immunosuppresive 

Tregs40. These monumental studies conducted by Allison and colleagues laid the groundwork for 

the development of immune checkpoint inhibitors. 

 

While initial preclinical studies were conducted using murine melanoma models, additional studies 

showed CTLA-4 blockade led to tumor regression in several other tumor models39. These findings 

demonstrated that this therapeutic intervention could be broadly applied across several different 

tumor types. The success of these preclinical studies led to the development of the first immune 

checkpoint inhibitor (ICI)- ipilimumab. Ipilimumab is a fully humanized monoclonal antibody that 

targets and blocks CTLA-432. Clinical trials started in 2000, with initial studies conducted utilizing 

patients with advanced cancer who did not previously respond to other treatments41. Subsequent 

phase II and III trials demonstrated the impressive efficacy of ipilimumab, as it was the first 

therapy to improve overall survival in patients with metastatic melanoma42,43. What was the most 

interesting to investigators was that patients showed ongoing responses and survival, even after 

the completion of treatment. In particular, a group of patients with metastatic melanoma had 

durable responses and long term survival benefits that lasted up to 10 years43.  After several 

successful clinical trials, ipilimumab was approved by the FDA for the treatment of advanced 

metastatic melanoma in 2011, paving the way for the development and approval of several 

additional ICIs to treat a wide variety of tumor types. 

 

Another inhibitory signaling axis that has been studied extensively in cancer is programmed death 

ligand (PD-1) and its ligands PD-L1 and PD-L2. PD-1 is more broadly expressed than CTLA-4 
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and is primarily found on activated T cells, B cells, and NK cells44-46. On the other hand, PD-L1 

can be found on several different types of cells including antigen presenting cells like dendritic 

cells or macrophages, other lymphoid cells, myeloid cells, and tumor cells29. In contrast to CTLA-

4, PD-1 is responsible for regulating effector T cell activity and maintaining T cell tolerance in the 

periphery, with its expression induced upon T cell activation47,48. When bound to its ligands, PD-

1 inhibits T cell activity via downstream phosphatases that abrogate TCR signaling49. Prolonged 

antigen exposure, as in the case with chronic viral infections or cancer, can lead to persistent PD-

1 expression, resulting in T cell exhaustion. Exhaustion is defined as a state of dysfunction 

characterized by reduced effector function, lack of response to stimuli, and altered transcriptional 

and epigenetic states50,51. Studies in both mice and humans have found that T cell exhaustion is 

not necessarily a permanent state of dysfunction and can be partially reversed by blockade of the 

PD-1/PD-L1 signaling pathway50. 

 

High levels of PD-1 expression has been illustrated on tumor-infiltrating lymphocytes (TILs), 

including on exhausted T cells, in several different tumor types23,52. Additionally, several studies 

have shown human cancer cells upregulate and express high levels of PD-L1, particularly within 

melanoma, ovarian cancer, lung cancer, and colon cancer53-55. Based on the discovery of PD-1 

expression on TILs and PD-L1 on tumor cells, it was hypothesized that this inhibitory sgnaling 

axis contributes to the development of tumors, and blocking it could provide therapeutic benefit. 

Indeed, preclinical studies found that induced expression of PD-L1 on the surface of mouse tumor 

cells led to T cell death and reduced anti-tumor T cell response25,55. Further studies determined 

that blocking this signaling axis, by targeting either PD-1 or PD-L1, enhances recruitment and 

activity of effector T cells, leading to tumor regression in several murine tumor models25,56,57. 
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These preclinical studies clearly illustrated promising results of targeting PD-1/PD-L1, which led 

to the initiation of clinical trials for the first PD-1 targeting antibodies in the early 2000s and anti-

PD-L1 antibodies shortly after. Early trials enrolled patients with melanoma, renal cell carcinoma 

(RCC), and non-small cell lung cancer (NSCLC). Outcomes from these trials mimicked the 

findings from preclinical studies, demonstrating drastic and durable tumor regression with the 

blockade of PD-158,59. Notably, toxicities observed in these patient cohorts were less severe than 

those treated with anti-CTLA-459.  Successful trials led to the FDA back-to-back approval of the 

first anti-PD-1 antibodies, pembrolizumab and nivolumab, for the treatment of advanced 

melanoma in 2014. Following the initial trials for anti-PD-1 antibodies, a series of additional 

clinical trials were conducted to test the efficiacy of these therapies in a wide variety of tumor 

types. These trials, termed KEYNOTE for the study of pembrolizumab and CheckMate for 

nivolumab, showed consistent improved patient survival outcomes and subsequetly resulted in the 

expanded approval of these therapies for additional tumor types including NSCLC, RCC, 

Hodgkin’s lymphoma, and head and neck squamous cell carcinoma (HNSCC), among many 

others60.  

 

In the 13 years since the first FDA approval of immune checkpoint inhibitors, there have been 

many advancements in the field with the development of new inhibitors, approval of ICIs to treat 

additional tumor types, combinations of ICIs with other therapies, expansion from second line to 

first line treatment, and the inclusion of both advanced and earlier stage cancers. Currently, there 

are nine FDA approved inhibitors (Table 1.1) that are utilized in a range of different tumor types32. 

 
 
 
 



 
 

10 

 
Table 1.1: List of FDA approved antibodies and approved tumor types32. 
 
Target Agent Indications 
CTLA4 Ipilimumab Stage III or metastatic melanoma 
PD1 Nivolumab MSI-H or dMMR CRC, ESCC, HCC, HL, HNSCC, 

melanoma, NSCLC, RCC, UC, Hodgkin’s lymphoma, 
gastric carcinoma 

Pembrolizumab Melanoma, squamous and non-squamous NSCLC, 
HNSCC, HL, RCC, SCLC, SCC, cSCC, CRC, CSCC, 
TNBC, ESCC, MCC, HCC, UC, cervical cancer, 
endometrial carcinoma, gastric adenocarcinoma, 
mesothelioma, MSI-High/MMR-deficient/TMB-high 
cancers, large B cell lymphoma 

Cemiplimab cSCC, NSCLC, BCC 
Dostarlimab-gxly MMR-endometrial carcinoma 
Retifanlimab-dlwr MCC 

PD-L1 Atezolizumab BC, HCC, metastatic melanoma, NSCLC, SCLC, UC 
Avelumab MCC, RCC, UC 
Durvalumab NSCLC, SCLC, biliary tract cancer 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.aacr.org/patients-caregivers/progress-against-cancer/full-approval-for-endometrial-cancer-immunotherapy/
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Both anti-CTLA-4 and anti-PD-1 therapies produce potent anti-tumor effects in similar manners, 

but the mechanisms by which they do so are very different61,62. As previously described, CTLA-4 

and PD-1 are non-redundant inhibitory molecules found on T cells at different stages of activation, 

typically in different anatomical locations. Thus, anti-CTLA-4 primarily affects T cell expansion 

and trafficking while anti-PD-1 mostly enhances effector T cell function in the periphery61. 

Unfortunately, approximately only 20% of patients respond to monotherapy ICI32. To improve the 

number of patients who benefit from ICI, investigators have explored new therapeutic methods. 

Based on the different modes of action, it was hypothesized that the combination of anti-CTLA-4 

and anti-PD-1 would elicit a broader anti-tumor T cell response and therefore result in higher 

overall response rates. Preclinical murine models confirmed this hypothesis, showing evidence of 

synergy with combination therapy22. Clinical trials were then initiated in 2010, originally 

administering concurrent ipilimumab and nivolumab in a cohort of patients with advanced 

melanoma, which resulted in deep tumor regression and higher response rates than monotherapy63. 

Success in clinical trials led to the FDA approval of combination ipilimumab and nivolumab to 

treat metastatic melanoma in 2015, the first approval for combined immunotherapies. Subsequent 

clinical trials were conducted in patients with a variety of solid tumr types, consistently 

demonstrating higher response rates and improved overall survival compared to single agent ICI32. 

This combination therapy is now approved for several additional tumor types including 

hepatocellular carcinoma, non-small cell lung cancer, and renal cell carcinoma, and is currently 

being evaluated as a therapeutic option for others such as breast cancer32,64.  

 

Although ICI therapy, whether alone or in combination, provides a substantial survival benefit to 

many patients, there is a pressing need for new therapeutic targets and therapy combinations to 
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treat patients who do not respond to traditional ICI. In particular, hematological tumors and several 

solid tumors such as glioblastoma, pancreatic cancer, and prostate cancer have been challenging 

to treat with ICI32. Several new checkpoint targets have been investigated in the past few years in 

an effort to overcome this hurdle. Some examples of inhibitory molecules of interest are 

lymphocyte activation gene 3 (LAG-3) and T cell immunoglobulin and immunoreceptor-tyrosine-

based-inhibitory-motif (TIGIT). So far, these have proven to be promising targets, with many 

therapeutics currently in clinical trials65,66. Furthermore, new ICI combinations are also being 

investigated. There have been studies evaluating the efficacy of ICI with chemotherapy, radiation, 

targeted therapy, or other ICIs32. The discovery of new therapeutic targets and therapeutic 

combinations will continue to move the ICI field forward, boosting patient response and 

overcoming challenges of resistance. 

 

1.3 Underlying mechanisms of ICI efficacy 

Targeting inhibitory checkpoint molecules elicits strong anti-tumor responses by essentially 

removing the “brake” on T cells and allowing for the reinvigoration and activation of anti-tumor 

T cells. While this general mechanism of action holds true across the varying types of ICIs, the 

underlying cellular mechanisms are distinct.  

 

Treatment with either anti-CTLA-4 or anti-PD-1 leads to the expansion of tumor-specific CD8+ 

T cells. Preclinical murine studies and clinical investigations utilizing melanoma tumor samples 

identified two intratumoral populations that appear to contribute to most of the anti-tumor 

response. These subsets include less exhausted non-terminally differentiated and fully exhausted 

terminally differentiated CD8+ T cells61. Notably, phenotypically exhausted PD-1hiTIM3+ CD8+ 
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T cells demonstrate high levels of proliferation particularly following anti-PD-1 treatment, 

suggesting anti-PD-1 specifically targets this population61. Additionally, within circulating 

lymphocytes, PD-1 blockade is uniquely associated with increased expression of genes involved 

in cytolytic function, such as granzyme B, and regulation of T effector and natural killer function, 

like KLRF162. Thus, it is well understood that anti-PD-1 directly modulates exhausted-like CD8+ 

T cells, enhancing their anti-tumor effector functions.  

 

While PD-1 blockade primarily affects the CD8+ T cell compartment, CTLA-4 blockade seems to 

have a more pronounced impact on CD4+ T cells. Both anti-CTLA-4 and anti-PD-1 treatment lead 

to a shift in effector and regulatory T cell populations, with an overall relative decrease in Treg 

frequency40,61. However, the decrease in Tregs is much greater following CTLA-4 blockade61. 

Murine tumor models also show that targeting CTLA-4 results in the depletion of intratumoral 

Tregs67,68. This indicates one distinct mode of action of CTLA-4 blockade may be the reduction 

of immunosuppressive Tregs within the tumor microenvironment, allowing for the full activation 

of anti-tumor effector T cells. Additionally, CTLA-4 blockade is associated with the enrichment 

of activated CD4+ T cells, particularly among Tbet+ Th1-like CD4+ effector cells61,69-71. 

Interestingly, these expanded Th1-like CD4+ T cells are reported to also express PD-1 and ICOS 

and produce IFNg61,70,71, although the exact function of these cells is not yet fully understood. 

Furthermore, in contrast to PD-1, anti-CTLA-4 induces the expression of several proliferation and 

cell cycle-associated genes in circulating T cells. In particular, there is a notable upregulation of 

Ki-67, a prominent proliferation marker, on a subset of transitional memory T cells62. Together, 

these data indicate that blockade of CTLA-4 or PD-1 are mechanistically different, with distinct, 

largely non-overlapping cellular and genomic signatures.  
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1.4 Immune Related Adverse Events Induced by ICI 

Blockade of checkpoint inhibitors has resulted in impressive and durable tumor regression across 

several cancer types. However, these therapies are often associated with the development of 

immune related adverse events (irAEs)72,73. irAEs pose a great challenge as they often require 

patients to pause treatment or completely stop treatment altogether, limiting the optimal 

application of ICI73. These autoimmune toxicities are extremely diverse and have been reported to 

affect almost every organ system, with the most common being skin, GI tract, and liver72,73. 

Clinical data indicates that 70-80% of patients receiving ICI treatment develop irAEs, with high 

grade (grade 3-4) irAEs developing in 8% of patients receiving ipilimumab (anti-CTLA-4) and 

19% of patients receiving nivolumab (anti-PD-1). However, the number of patients who develop 

high grade irAEs is drastically higher (40-50%) among those who receive combination anti-PD-1 

and anti-CTLA-4 checkpoint blockade (CCB)74,75.  

 

irAEs can manifest in a number of different ways, with the pattern and onset differing based on 

the therapeutic target (CTLA-4 vs PD-1) or the combination of the two. Early studies in murine 

models described differing immune effects of ICIs. Genetic depletion of CTLA-4 in mice resulted 

in multiorgan autoimmunity and severe lymphoproliferative disorders that led to early death36,37. 

Alternatively, PD-1 knockout mice demonstrated a milder phenotype with strain-specific 

autoimmunity developing later in life47,76. Data from the clinic also show similar phenomena. Anti-

CTLA-4 is associated with higher rates of toxicities in the GI tract and the endocrine system while 

anti-PD-1 leads to fewer overall toxicities but higher rates in the thyroid and pulmonary system. 

In combination therapy, the most common toxicities are reported to be hepatitis and colitis75. 

Consistent with clinical findings, ex vivo studies show that each of the ICI strategies result in 
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distinct genomic signatures in patient immune cells61,62,77. These data collectively demonstrate the 

varying patterns of toxicities with CTLA-4 and/or PD-1 blockade and offer insight into the 

possible mechanisms by which irAEs develop. 

 

Most irAEs develop quickly, often presenting following the first treatment cycle. A pooled analysis 

of patients receiving ICI therapy noted the median time to onset of all irAEs is 2.2-14.8 weeks. 

This median time was shorter in CTLA-4 monotherapy and CCB, as irAEs in PD-1 monotherapy 

took slightly longer to develop78. Previous studies from our lab and others describe early changes 

in B cells observed shortly after patients begin treatment. Following one cycle of anti-PD-1 or 

CCB, patients with melanoma, renal cell carcinoma, liver cancer, and lung cancer showed 

decreased levels of overall circulating B cells accompanied by increased levels of CD21lo B cells 

and plasmablasts. In particular, the phenotype of the expanded CD21lo B cells appeared to be 

similar to a subset of Tbet+ B cells that have been described in patients with autoimmune diseases. 

Additionally, these B cell changes correlated with the onset of severe irAEs, implicating B cells in 

the pathogenesis of irAE development79-84. This information gives some insight into the potential 

mechanisms by which irAEs develop and suggest that some patients may have an underlining 

predisposition to autoimmunity. Ultimately, it is of great interest to identify patients at risk of 

developing severe irAEs prior to treatment in order for preemptive measures to be taken. 

 

Multiple irAE mechanisms have been proposed, however the exact pathophysiology of these 

toxicities is not fully understood. CTLA-4 and PD-1 are key players in maintaining peripheral 

tolerance and controlling autoreactive T and B cells76,85-87. It is generally thought that by blocking 

these checkpoint molecules, irAEs develop as the result of immune imbalance and the loss of 
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peripheral tolerance84. While the aberrant activation of both autoreactive T and B cells are believed 

to be central to this process (Figure 1.2), much of the focus has been on studying the role of T 

cells. Several studies have outlined potential T cell-related mechanisms of irAE development. One 

proposed mechanism suggests that as tumor cells die and release antigen, T cells become activated 

against both tumor tissue and healthy tissue that share the same released antigens. This is supported 

by data demonstrating the presence of shared TCRs between both tumor and autoimmune tissue, 

such as in the skin and cardiac muscle88,89. Alternatively, other studies suggest that in some cases, 

there is a clear difference between the T cells that target the tumor versus those that target healthy 

tissue. These findings show that in ICI-induced colitis and dermatitis tissue, there is a high 

proportion of inflammatory, activated T cells originating from tissue-resident memory (TRM) 

cells90,91. Currently, most studies conducted focus on identifying mechanisms among specific 

irAEs. It is unclear whether there are differing mechanisms of irAE development based on the 

affected organ, or if there are general, systemic changes occurring that lead to autoimmunity.  

 

 

 

 

 



 
 

17 

 

 

Figure 1.2: Role for B cells and T:B cross talk in immune-related adverse events (irAEs) 

following immune checkpoint blockade. Activation of autoreactive B cells as well as T cells 

following checkpoint blockade contributes to irAEs. Baseline levels of CD4 cells as well as 

changes in CD21loTbet+ B cells have been linked to the development of high-grade irAEs. Cross 

talk between these cells may contribute to tissue inflammation in autoimmune tissues. Highlighted 

boxes represent some potential areas of intervention for preventing these irAEs.  
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1.5 Summary, scope, and goals for this project 

In summary, immune checkpoint inhibitors have transformed the treatment landscape for several 

types of cancers, particularly for tumor types with previously poor responses to other therapies. 

However, it is imperative to develop a more robust understanding of the cellular mechanisms 

underlying these therapies in order to fully optimize treatment and rationally design new 

combinations. Thus, the overall goal of this project was to provide new insights into the systemic 

impact of ICIs beyond the well documented anti-tumor T cell-mediated activity. While the 

mechanisms of anti-tumor response when administering anti-CTLA-4, anti-PD-1, or the 

combination of both have been well documented61,62, the differences between anti-PD-1 and anti-

PD-L1 remained understudied. Therefore, focusing first on efficacy of ICIs, this project sought to 

differentiate the cellular effects of PD-1 versus PD-L1 blockade in patients based on the distinct 

genomic profiles generated by each treatment. The second goal of this work was to tackle another 

major clinical challenge through investigating mechanisms of toxicity. Clinical data thoroughly 

reports the prevalence of irAEs associated with ICIs, particularly in patients receiving CCB with 

anti-CTLA-4 and anti-PD-172-75. As irAEs remain a significant challenge with ICI therapy, this 

project sought to uncover the mechanisms by which these toxicities develop. Additionally, it was 

important to highlight phenotypic and/or functional immune cell differences between patients to 

understand why some develop severe toxicities while others do not. Thus, in this text herein, I 

discuss my efforts and scientific findings contributing to the advancement of ICI therapy. 

Ultimately, with this work, our aim is to further the understanding of ICI mechanisms of efficacy 

and toxicity, leading to improved patient outcomes. 
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2.1 Abstract 

BACKGROUND. PD-1 and PD-L1 have been studied interchangeably in the clinic as checkpoints 

to reinvigorate T cells in diverse tumor types. Data for biologic effects of checkpoint blockade in 

human premalignancy are limited. METHODS. We analyzed the immunologic effects of PD-L1 

blockade in a clinical trial of atezolizumab in patients with asymptomatic multiple myeloma 

(AMM), a precursor to clinical malignancy. Genomic signatures of PD-L1 blockade in purified 

monocytes and T cells in vivo were also compared with those following PD-1 blockade in lung 

cancer patients. Effects of PD-L1 blockade on monocyte-derived DCs were analyzed to better 

understand its effects on myeloid antigen presenting cells. RESULTS. In contrast to anti–PD-1 

therapy, anti–PD-L1 therapy led to a distinct inflammatory signature in CD14+ monocytes and 

increase in myeloid-derived cytokines (e.g., IL-18) in vivo. Treatment of AMM patients with 

atezolizumab led to rapid activation and expansion of circulating myeloid cells, which persisted in 

the BM. Blockade of PD-L1 on purified monocyte-derived DCs led to rapid inflammasome 

activation and synergized with CD40L-driven DC maturation, leading to greater antigen-specific 

T cell expansion. CONCLUSION. These data show that PD-L1 blockade leads to distinct systemic 

immunologic effects compared with PD-1 blockade in vivo in humans, particularly manifest as 

rapid myeloid activation. These findings also suggest an additional role for PD-L1 as a checkpoint 

for regulating inflammatory phenotype of myeloid cells and antigen presentation in DCs, which 

may be harnessed to improve PD-L1–based combination therapies. 

 

2.2 Key Findings 

• Distinct genomic signature of PD-L1 blockade in human cancer, characterized by 

changes in myeloid cells. 



 
 

22 

• PD-L1 blockade leads to enhanced DC maturation and in synergy with CD40L signal, 

promotes expansion of antigen-specific T cells. 

• Role for PD-L1 in the afferent arm of the cancer immunity cycle. 

• One of the first clinical studies for PD-L1 blockade in cancer precursor states. 

 

2.3 Introduction 

Antibody-mediated blockade of PD-1 or PD-L1 has led to tumor regression and improved survival 

in a subset of patients with diverse tumor types92. PD-L1–expressing tumor cells and antigen-

presenting cells (APCs) engage PD-1+ T cells, leading to T cell dysfunction. In view of the 

dominant role of T cells in tumor immunity, blockade of PD-1 or PD-L1 has been studied 

interchangeably in clinical cancer immunotherapy as a strategy to activate T cells. However, both 

molecules have alternate ligands/receptors; it has also been suggested that PD-L1 can act as a 

receptor to back-transmit signals into T cells53 and tumor cells93. PD-L1 is constitutively expressed 

on a subset of myeloid APCs, including DCs, and prior studies in murine models have suggested 

a functional role for PD-L1 in myeloid cells or DCs94-96. Direct comparison of signaling pathways 

altered in vivo following PD-1 or PD-L1 blockade in T cells and APCs in humans are limited and 

may help optimal design of combination therapies with these antibodies (Figure 2.1A). While the 

PD-L1 axis has been extensively studied in the context of immunotherapy of established cancer, 

data about the effects of PD-L1 blockade on premalignant states are limited. 

 

Multiple myeloma (MM) is a common hematologic malignancy, which is preceded in all cases by 

well-defined precursor states, monoclonal gammopathy of undetermined significance (MGUS), 

and asymptomatic MM (AMM)97. In spite of major therapeutic advances, there is an unmet need 
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to achieve durable unmaintained responses in this malignancy, prompting the need to pursue 

strategies to engage long-term immunologic memory against tumor cells. Antibody-mediated 

blockade of PD-1 as a single agent did not lead to tumor regression in relapsed MM98. Prior studies 

have demonstrated immune recognition of preneoplastic MGUS cells by T cells99,100. In a 

prospective trial, the presence of preexisting T cell immunity to an embryonal stem cell antigen 

SOX2 was associated with reduced risk of progression to clinical MM101. MM tumor cells 

commonly express PD-L1, and the expression of PD-L1 on MGUS/AMM cells correlated with an 

increased risk of transformation to clinical malignancy101,102. These considerations prompted us to 

initiate a clinical trial of single-agent anti–PD-L1 antibody (atezolizumab) in patients with AMM 

(Figure 2.1B). 
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Figure 2.1: CONSORT flow diagram for non-small cell lung cancer and asymptomatic 

myeloma clinical trials. (A) Diagram reporting the distribution of anti-PD-L1 and anti-PD-1 

treatment in patients with non-small cell lung cancer and subsequent data analysis. (B) Flow 

diagram reporting the process of screening, enrollment, allocation, follow-up, and assessment 

through the phases of the clinical trial of single-agent atezolizumab in patients with asymptomatic 

myeloma. 
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2.4 Results 

Prior studies have shown that therapy with anti–CTLA-4, anti–PD-1, or combination leads to 

distinct genomic signatures in purified human T cells and monocytes in vivo62. In order to compare 

the genomic and proteomic profiles of anti–PD-1 and anti–PD-L1 therapies, we isolated T cells 

and CD14+ monocytes from peripheral blood before and after anti–PD-L1 therapy in patients with 

advanced non–small cell lung cancer and analyzed changes in gene expression using Affymetrix 

HTA v2.0 array (Figure 2.1A). In direct contrast to prior studies with anti–PD-1 therapy, which 

predominantly leads to gene expression changes in T cells62, anti–PD-L1 therapy led to dominant 

gene expression changes in CD14+ monocytes (Figure 2.2A). Importantly, changes in gene 

expression following anti–PD-L1 therapy in both T cells and monocytes were nonoverlapping with 

those observed following anti–PD-1 therapy (Figure 2.2A). Top differentially expressed genes 103 

in myeloid cells following PD-L1 blockade included inflammation-associated genes such as 

heparin-binding EGF-like growth factor (HBEGF), thrombospondin-1 (THBS), IL-1β, 

CXCL1/GROα, CXCL2, and NLRP3 (Figure 2.2B). Pathway analysis of DEGs (q < 0.01) in 

monocytes revealed pathways related to inflammation and inflammasome-associated cytokines 

(IL-1 and IL-18) (Table 2.1). In order to further validate these data in the context of samples 

analyzed together and determine if these signals were derived from only a subset of monocytes, 

we analyzed purified monocytes from patients before and after anti–PD-1/PD-L1 therapy using 

single cell RNA sequencing (RNA-seq). These data demonstrate that early changes in myeloid 

cells were again more prominent following PD-L1 blockade (Figure 2.2C) and involved nearly all  
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Figure 2.2: PD-L1 blockade leads to distinct transcriptomic changes in circulating monocytes 

and T cells. RNA was extracted from magnetic bead isolated CD14+ monocytes and CD3+ T cells 

from patients with lung cancer before and after therapy with either anti–PD-L1 (atezolizumab; n 

= 5) or anti–PD-1 (nivolumab; n = 6 previously published)100 and analyzed using affymetrix human 

transcriptome array 2.0. (A) Distribution of differentially regulated genes upregulated and 

downregulated in monocytes and T cells following therapy with anti–PD-L1 or anti–PD-1. (B) 

Differentially regulated genes in monocytes following therapy with anti–PD-L1 (selected from top 

50 differentially regulated genes). (C) Single cell RNA sequencing was performed before and after 

therapy with either anti–PD-L1 (n = 3) or anti–PD-1 (n = 4). Figure shows the number of shared 
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differentially expressed (Wilcoxon rank-sum with Bonferroni’s correction, p< 0.05) genes after 

versus before treatment between all anti–PD-L1 treated monocytes and all anti–PD-1–treated 

monocytes. (D) Uniform manifold approximation and projection (UMAP) plots of monocytes 

from single cell RNA sequencing of anti–PD-L1 monocytes before and after treatment (left panel: 

blue, after treatment; red, before treatment) and monocyte groups identified by unsupervised 

clustering (right panel). Cluster 1 represents CD16+ monocytes; clusters 2, 3, and 4 represent 

CD16- monocytes.  
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Table 2.1: Pathways enriched in circulating monocytes following therapy with anti-PD-L1 in vivo. 

Pathway FDR 

IL-1 signaling in melanoma 3.59E-07 

Immune response IL-1 signaling pathway 4.81E-07 

Cell adhesion_IL-8 family dependent cell migration and adhesion 1.82E-07 

IL-1 production in melanoma 4.65E-06 

Immune response_IL-18 signaling 2.99E-05 

Immune response_IL-17 signaling pathways 2.99E-05 

Macrophage and dendritic cell phenotype shift in cancer 6.45E-05 
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Table 2.2. Clinical characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

30 

classical monocytes (Figure 2.2D). Changes in gene expression in these monocytes were similar 

to those in earlier studies (Figure 2.3A) and also revealed pathways consistent with myeloid 

activation (Figure 2.3B). Analysis of sera before and after therapy demonstrated that, while both 

therapies led to an increase in IP-10 as a marker of immune activation, increases in serum IL-18, 

GROα, IFN-a2 typically derived from myeloid cells and sCD40L, are only observed following 

anti–PD-L1 therapy (Figure 2.4, A–E). Taken together, these data demonstrate that systemic 

immunologic changes following anti–PD-L1 therapy are surprisingly distinct from that following 

anti–PD-1 therapy, both at genomic and proteomic levels — in particular, with rapid activation of 

inflammation-associated genes in monocytes. 

 

Expression of PD-L1 was previously correlated with the risk of progression to MM101. In order to 

evaluate the potential of targeting the PD-L1 axis to prevent MM, we enrolled AMM patients in a 

pilot trial of single-agent atezolizumab. The trial was closed prematurely based on FDA guidance 

after enrollment of only 2 patients due to safety concerns emerging in 2 clinical trials of 

pembrolizumab and lenalidomide in MM. Clinical data from these patients are summarized in 

Table 2.2. Both patients had stable disease at the time of study closure, after receiving 7 and 1 

cycles, respectively, and remain progression-free off therapy with 23- and 18-month follow-up. 

Patient 1 developed grade 2 endocrinopathy with hypothyroidism and adrenal insufficiency after 

7 cycles. Incidentally, this patient also experienced remission of prior gluten intolerance after 

enrolling in the study. Serial analysis of peripheral blood samples by mass cytometry revealed an 

early increase in blood monocytes and a decline in B cells in both patients, detected at 15 days 

after initiation of therapy (cycle 1 day 15; C1D15) (Figure 2.5A and Figure 2.6A). Phenotypic 

analysis revealed an increase in CD16+CD40+HLADRhi  
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Figure 2.3: Single-cell RNA sequencing differential gene expression in classical (CD14+ 

CD16-) monocytes post vs. pre anti-PD-L1 treatment. (A) Heatmap of selected significantly 

differentially expressed genes (Wilcoxon rank-sum test Bonferroni corrected p<0.05) with 

increased expression in the CD16- monocyte cluster post-treatment relative to the baseline CD16- 

monocyte cluster. (B) Gene Set Enrichment Analysis (GSEA) pathway analysis of all significantly 

differentially genes in CD16- monocytes post- versus pre-treatment revealed enrichment of gene 

sets associated with activated/stimulated monocytes after treatment relative to baseline. 

Representative enriched pathway: anti-TREM1 stimulated monocytes (corresponding to post-

treatment monocytes) versus control unstimulated monocytes (corresponding to pre-treatment 

monocytes).  
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Figure 2.4. PD-L1 blockade leads to distinct plasma cytokine profiles. Plasma collected before 

and after therapy with anti–PD-L1 (n = 10) or anti–PD-1 (n = 20, as previously published(Spisek, 

2007 #523)) was analyzed using Luminex multiplex/ELISA. Figure shows changes in plasma IP-

10 (A), IL-18 (B), GRO-α/CXCL1 (C), IFN-a2 (D), and sCD40L (E) following therapy with anti–

PD-L1 or anti–PD-1. (*p< 0.05, **p< 0.01, ***p< 0.001, §p= 0.06 by Mann-Whitney U test).  
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monocytes (Figure 2.5B). In order to validate these findings in an independent data set, we 

analyzed early changes in blood monocytes from another clinical trial in MM (NCT02431208), 

wherein a cohort received single-agent atezolizumab. These data also corroborate our prior studies 

and demonstrate a similar pattern of rapid increase in circulating activated monocytes in vivo 

(Figure 2.5C). Taken together, data from both lung cancer and MM patients show that PD-L1 

blockade leads to early activation of myeloid cells with a transient increase in activated circulating 

monocytes in vivo. 

 

Evaluation of T cells in AMM patients treated with atezolizumab revealed an early increase in 

circulating CD8+ and CD4+ memory T cells detectable by C1D15 (Figure 2.8A and Figure 2.6B). 

Single cell mass cytometry revealed proliferation of CD8+ and CD4+ effector memory 104 

compartment, as well CD8+ central memory (Tcm) compartment, manifest as upregulation of Ki-

67 (Figure 2.8B). In prior studies, we have shown that SOX2 is a common antigenic target of T 

cells in MGUS100. Evaluation of antigen-specific T cells at C1D15 also revealed an increase in 

antigen-reactive IP10 production following stimulation with SOX2-peptide library (Figure 2.8C). 

However, therapy-induced changes in circulating T cells were transient and returned to baseline 

by cycle 2. Although the number of total B cells declined, therapy was also associated with an 

increase in the CD21lo B cell subset implicated in autoimmunity83 (data not shown). Analysis of 

serum cytokines also revealed early but transient changes in inflammatory cytokines (IL-18, IP-

10, GROα, and TNF-α), which returned closer to baseline by cycle 2 (Figure 2.7). Together, these 

data show that atezolizumab leads to rapid but only transient systemic immune activation in vivo 

in AMM patients. 
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Figure 2.5: Changes in circulating immune cells following therapy with anti–PD-L1 in 

asymptomatic myeloma (AMM). PBMCs isolated from blood of AMM patients before therapy 

(PreC1) and following therapy with atezolizumab on day 15 (C1D15), as well as before cycles 2–

7 (C2–C7) were analyzed using single cell mass cytometry or CyTOF. (A) Changes in circulating 

CD3+, CD4+, CD8+ T cells, monocytes, and B cells. Data are shown as fold change compared 

with pretherapy (PreC1) levels. (B) Expression of CD40, HLA-DR, and CD16 on circulating 

monocytes before therapy (Pre), on day 15 following first dose (C1D15), and before second dose 

of atezolizumab (C1D21) in 2 different patients (PT1 and PT2). (C) Changes in circulating 

monocytes in MM patients receiving atezolizumab in another clinical trial (NCT02431208). Each 

line represents an individual patient. EOT, end of therapy.  
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Figure 2.6: Changes in circulating immune cells of AMM patient following therapy with 

atezolizumab. (A) Changes in circulating CD3+, CD4+, CD8+ T cells, monocytes and B cells at 

day 15 (C1D15) and 21 (C1D21) following therapy with atezolizumab. Data shows fold change 

compared to pre therapy (PreC1). (B) Change in circulating CD4+ and CD8+ naïve and memory 

T cells at day 15 (C1D15) and 21 (C1D21) following therapy with atezolizumab. Data shows fold 

change compared to pre therapy (PreC1).  
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Evaluation of posttreatment BM specimens was planned after the completion of 2 cycles and, 

therefore, was obtained in only 1 patient. Post-treatment BM revealed a decline in T and B cells 

but clear increase in the proportion of CD14+ myeloid cells (Figure 2.9, A and B), which also 

exhibited some evidence of activation manifest with upregulation of HLA-DR (Figure 2.9C). 

Although reduced in number, BM memory T cells from posttreatment biopsies did demonstrate an 

increase in granzyme and Tbet relative to baseline samples, particularly within the Tem subset 

(Figure 2.9D). In order to understand the observed changes in immune cells in further detail, we 

analyzed single cell transcriptomes of circulating as well as BM mononuclear cells. In the BM, 

single cell RNA-seq (scRNA–seq) identified 6 major T/NK cell clusters (Figure 2.10, A and B). 

Of these, the proportion of T cell clusters 0 and 3 declined in the post-treatment biopsy, consistent 

with reduction in T cells detected by mass cytometry. In contrast, there was an increase in the 

proportion of cells in several myeloid clusters, including classical CD14+ myeloid cells (cluster 

5), CD16+ myeloid cells (cluster 7), and DCs (cluster 8). Pathway analysis of DEGs in these 

clusters demonstrated an increase in TNF-α signaling and IFN-a response in myeloid cells, as well 

as other cell types, consistent with evidence of inflammatory signaling in post-treatment BM 

(Table 2.3). scRNA–seq analysis of paired blood samples from baseline and C1D15 from both 

patients also demonstrated systemic changes in gene expression, particularly in cluster 2 (myeloid 

cells) and cluster 5 (B cells), consistent with prior results using mass cytometry (Figure 2.11 and 

Table 2.4). Pathway analysis revealed an enrichment of IFN response and inflammation-associated 

pathways after therapy in several major circulating cell types (T cells, B cells, monocytes, and NK 

cells), consistent with systemic immune activation and changes in serum cytokines at this time 

point (Table 2.4). 
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Figure 2.7: Changes in plasma cytokines following therapy with atezolizumab in AMM 

patients. Plasma obtained pre therapy (PreC1), 15 days following first dose of atezolizumab 

(C1D15) and prior to cycles 2-7 (C2-C7) was analyzed for presence of IL-18, IP-10, GRO and 

TNF-α. Bar graph shows plasma levels pre (PreRx) and post cycle 1 (PostRx; n=2 patients) as fold 

change compared to pre therapy. The line graphs show changes in cytokines over time.  
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Figure 2.8. Changes in circulating T cells following therapy with anti–PD-L1 in 

asymptomatic myeloma (AMM). PBMCs isolated from blood of AMM patients before therapy 

(PreC1) and following therapy with atezolizumab on day 15 (C1D15), as well as before cycles 2–

7 (C2–C7), were analyzed using single cell mass cytometry or CyTOF. (A) Changes in CD4+ and 

CD8+ naive and memory T cells during therapy with atezolizumab. Data are shown as fold change 

compared with levels before starting therapy (PreC1). (B) Ki-67+ proliferating naive (CCR7+RO-), 

central memory (Tcm; CCR7+RO+), and effector memory (Tem; CCR7-RO+) T cells before (Pre), 

15 days following start of therapy (C1D15), and before cycle 2 (C1D21) of therapy with 

atezolizumab. Figure shows data from 2 separate patients. (C) PBMCs obtained pre therapy 

(PreC1), 15 days after starting therapy (C1D15), or before cycles 2–7 (C2-C7) were evaluated for 
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the presence of SOX2-specific T cell reactivity using overlapping peptides encompassing the 

entire SOX2 antigen as previously described100. Figure shows SOX2 T cell reactivity in the 2 

patients. Data reported as fold change compared with before therapy (PreC1) for SOX2 reactive 

submix versus nonreactive mix as control.  
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Among myeloid cells, DCs constitutively express high levels of PD-L1. Prior studies have mostly 

focused on effects of PD-L1 blockade in the context of D:T cell interactions92. In order to test if 

PD-L1 may directly impact the biology of human monocyte-derived DCs (Mo-DCs) independent 

of DC:T cell interactions, we cultured purified Mo-DCs with anti–PD-L1 antibodies. Culture of 

Mo-DCs with anti–PD-L1, but not anti–PD-1, led to modest increases in CD80 and CD83 as 

markers of DC maturation (Figure 2.12A). This was associated with an increase in the secretion 

of several inflammatory cytokines— notably, IL-6, IL-8, TNF-α, and IL-1β — in the culture 

supernatants (Figure 2.12B), as well as rapid (within 4 hours) activation of caspase-1 (Figure 

2.12C) and changes in cellular energetics associated with DC maturation, manifest as an increase 

in spare respiratory capacity (Figure 2.12D). In the setting of DC:T cell interaction, CD40L-

mediated licensing of DCs is a critical regulator of antigen presentation105. Therefore, we examined 

the impact of PD-L1 blockade on DC maturation following suboptimal concentration of CD40L. 

PD-L1 blockade led to an increase in CD40L-driven DC maturation, as detected by the expression 

of CD80 and CD83 (Figure 2.13, A and B), but also greater expansion of influenza-matrix peptide–

specific (Flu-MP–specific) T cells by Flu-MP–loaded DCs (Figure 2.13C). Expression of PD-L1 

in human Mo-DCs can vary in a donor-dependent fashion. Expression of PD-L1 on DCs correlated 

with the observed synergy for DC maturation with CD40L and atezolizumab (Figure 2.14A). In 

order to further evaluate the effects of PD-L1 blockade on naturally occurring BM myeloid cells, 

we cultured these cells with atezolizumab. Consistent with our in vivo data, atezolizumab also led 

to an increase in CD16+HLADR+CD14+ BM myeloid cells in culture (Figure 2.14B). 
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Table 2.3. Differentially regulated pathways in bone marrow immune cells following therapy with 

anti-PD-L1. 
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Figure 2.9. Changes in monocytes and effector T cells in BM following therapy with anti–

PD-L1 in AMM by mass cytometry. BM was collected from AMM patient before and after 2 

cycles (6 weeks) of therapy with atezolizumab. Mononuclear cells were isolated and analyzed 

using single cell mass cytometry, as well as single cell RNA sequencing. (A) Bar graph shows 

changes in CD3+, CD4+, CD8+ T cells, CD14+ myeloid cells and B cells at 6 weeks following 

therapy with atezolizumab. (B) Changes in CD14+ myeloid cells. (C) Histogram showing changes 

in HLA-DR expression in CD14+ myeloid cells following therapy with atezolizumab. (D) 

Proportions of granzyme and Tbet positive naive, Tcm, and Tem cells in the marrow before start 

of therapy, as well as 6 weeks following therapy with atezolizumab.  
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Table 2.4. Differentially regulated pathways in peripheral blood immune cells following therapy 

with anti-PD-L1. 
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2.5 Discussion 

Together, these data demonstrate that PD-L1 blockade leads to a distinct genomic signature 

characterized by early activation and expansion of myeloid compartment in vivo. Therefore, while 

both PD-1 and PD-L1 blockade share well-studied effects in terms of reinvigoration of T cells, 

PD-L1 blockade also unleashes an underappreciated myeloid inflammatory checkpoint in vivo in 

humans. These findings are also consistent with recent data on PD-L1–mediated regulation of 

macrophage activation and proliferation in PD-L1–deficient mice106. 

 

Understanding differences between PD-1 and PD-L1 blockade will be essential for optimal design 

of rational combination therapies with these approaches and may differ for each of these targets. 

Differential effects of PD-1 versus PD-L1 blockade on myeloid cells in vivo may also help explain 

why PD-L1 expression on myeloid cells better predicts responsiveness to PD-L1 than PD-1 

blockade in the clinic107. PD-L1 blockade of human DCs led to rapid activation of caspase-

1/inflammasome, with upregulation of NLRP3 and inflammasome-dependent cytokines such as 

IL-18. Inflammasome activation plays a complex and context-dependent protumor/antitumor role 

in tumor immunity107. Activation of NLRP3 inflammasome in DCs was shown to be critical for 

induction of adaptive immunity to dying tumor cells following chemotherapy108. Therefore, PD-

L1 may play an important role in the afferent arm of tumor-immunity cycle in regulating antigen 

presentation. The finding that PD-L1 blockade may enhance CD40L/T cell–mediated DC 

maturation may provide the rationale for combinations of PD-L1 blockade with agents targeting 

agonistic CD40 signaling. 
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Figure 2.10. Changes in monocytes and effector T cells in BM following therapy with anti–

PD-L1 in AMM by single cell RNA sequencing. BM was collected from AMM patient before 

and after 2 cycles (6 weeks) of therapy with atezolizumab. CD138- BM cells obtained before 

therapy and 6 weeks after therapy were characterized using scRNA–seq. (A) t-SNE plot with 9 

distinct populations determined by unsupervised clustering. Figure also shows distribution of the 

immune cells from before therapy BM (Pre) and after therapy BM (Post). (B) Percent of immune 

cells from before therapy (Pre) and after atezolizumab therapy (Post) within the clusters shown in 

A.  
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Figure 2.11: Changes in transcriptome profile in PBMCs following therapy with 

atezolizumab. scRNA-seq analysis was performed on PBMCs obtained prior to therapy and 15 

days following start of atezolizumab (Patient 1 as in figure 2.4E). t-SNE plot shows distinct cell 

clusters as determined by unsupervised cluster analysis. Bar graph shows the percent of cells in 

each of these distinct populations pre- and post-treatment.  
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Effect of PD-L1 blockade on myeloid cells in vivo could, however, also have potential undesired 

effects. Enrichment and activation of myeloid cells following PD-L1 blockade may lead to T cell 

exclusion and resistance to PD-L1 blockade in myeloid-rich tumors109. Effects on myeloid cells 

could also have contributed to the lack of persistent T cell activation following atezolizumab that 

we observed in AMM patients, and this suggests that combinations with therapies that inhibit 

enrichment of myeloid compartment may be explored to improve PD-L1 blockade. Recent studies 

have also suggested the potential for myeloid cells to mediate hyperprogression in some tumors110; 

prior studies have, indeed, shown the capacity of myeloid cells to promote MM growth111,112. 

 

While the small number of patients treated due to regulatory issues limits interpretation, the 

correlative immunologic data in this earlier stage do demonstrate the feasibility to achieve immune 

activation in the tumor bed. The bar for acceptable complications is lower in this setting than in 

clinical myeloma. Therefore, careful selection of patients more likely to respond to immune 

therapies would be important for future investigations in immune prevention based on checkpoint 

blockade. In this regard, recent studies show that loss of stem-like and marrow-resident T cells is 

an early feature of MM, which may restrict the efficacy of checkpoint blockade in this setting113. 

It is, however, notable that the finding of increase in inflammasome-dependent cytokines such as 

IL-18 has been prominently demonstrated in large cohorts of patients treated with anti–PD-L1 but 

not anti–PD-1 antibodies, which is consistent with our data107. 
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Figure 2.12. PD-L1 blockade leads to functional changes in DCs. Immature Mo-DCs generated 

from healthy blood donors were either left untreated (control, Cntr) or treated with either anti–PD-

L1 antibody (200 μg/mL), anti–PD-1 antibody (200 μg/mL), or their respective isotype control 

antibodies (Ig-G2b and Ig-G1) at 200 μg/mL or CD40L (250 ng/mL). Culture supernatants were 

analyzed for changes in cytokines using Luminex assay. Representative data from 7 healthy donors 

(HDs). (A) DC maturation following treatment with either anti–PD-L1, anti–PD-1, or isotype 

control. Figure shows fold change in CD83 and CD80 double-positive DCs compared with 

untreated cells. (B) Changes in secreted IL-8, IL-6, TNF-α, and IL-1β following treatment with 

anti–PD-L1 or anti–PD-1. (C) Treatment with anti–PD-L1 leads to early activation of caspase-1. 
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Fold change of activated caspase-1 in immature Mo-DCs following treatment with anti–PD-L1 or 

anti–PD-1 for 4 hours. Figure shows fold change compared with untreated cells (Cntr). (D) 

Changes in respiratory capacity of DCs following treatment with anti–PD-L1. Immature Mo-DCs 

(n = 3 HDs) were either left untreated (control; Cntr) or were treated with anti–PD-L1 (200 μg/mL 

for 3 hours), and their spare respiratory capacity was analyzed using Seahorse XFe96 analyzer. 

Basal, coupled, maximal, and spare respiratory capacities were analyzed. Line graph shows data 

from a representative patient. Bar graph on the right shows data from all 3 different donors (mean 

± SEM). (*p< 0.05, **p< 0.01, ***p< 0.001; A, C, D used Mann-Whitney U test, and B used 

Kruskal Wallis test).  
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An important limitation of these data is the small number of patients studied, due to early closure 

of the trial linked to regulatory concerns about PD-1 blockade in a different myeloma trial. In 

addition, comparison between effects of PD-1 and PD-L1 blockade is based on patients treated in 

different clinical studies and not as a part of a prospective randomized clinical trial directly 

comparing PD-1 and PD-L1 blockade. Such a clinical trial may now be feasible in malignancies 

wherein both PD-1 and PD-L1 blockade are now clinically approved and would be useful to dissect 

biologic differences between these therapies in humans. 

 

The finding that PD-L1 blockade leads to rapid activation of inflammatory signatures on human 

myeloid cells in vivo suggests that the PD-L1 axis may be an important regulator of myeloid 

inflammation and impact emergency myelopoiesis and trained immunity in the clinic. While 

studies in human subjects described here are mostly correlative, a possible role of PD-L1 axis in 

regulating myeloid inflammation is also supported by emerging data from murine models, which 

is consistent with our studies. Engaging these pathways may be important for improving 

combination therapies with PD-L1 blockade, particularly harnessing the afferent arm of the cancer 

immunity cycle. Finally, differences in pharmacodynamic effects of PD-1 and PD-L1 blockade, 

as shown here, also have important implications for optimal combinations in the clinic, which may 

differ between these targets. 

 

2.6 Materials & Methods 

Patients and samples. For studies comparing genomic signatures of PD-1 and PD-L1 blockade, 

blood samples were obtained before and after 1 cycle of therapy from patients with advanced non– 
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Figure 2.13. PD-L1 blockade synergizes with CD40L to improve antigen-specific T cell 

expansion. Immature Mo-DCs generated from healthy blood donors were either left untreated 

(control, Cntr) or treated with CD40L (250 ng/mL) alone 

(–) or with anti–PD-L1 antibody (200 μg/mL), anti–PD-1 antibody (200 μg/mL), or their 

respective isotype control antibodies (Ig-G2b and Ig-G1) at 200 μg/mL. (A) Anti–PD-L1 treatment 

synergizes with CD40L to improve DC maturation. Figure shows fold change in DC maturation 

(assessed by increase in CD83 and CD80 double-positive cells) compared with control cells. (B) 

Representative data from one donor showing increased DC maturation with concurrent treatment 

with CD40L and PD-L1. (C) Immature Mo-DCs (HLA-A2.1+) were stimulated with CD40L alone 

or CD40L plus anti–PD-L1 antibody. After overnight culture, DCs were loaded with HLA-A2.1-

specific influenza matrix peptide (FMP) at 0.1 μg/mL and used to stimulate autologous T cells. 
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After 10–12 days of DC–T cell coculture, expansion of influenza-specific T cells was analyzed 

using FMP-specific tetramer. (*p< 0.05, Kruskal Wallis test).  
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small cell lung cancer undergoing therapy with anti–PD-1 (nivolumab)62 or anti–PD-L1 

(atezolizumab).  

 

Study design and monitoring. In the pilot study of atezolizumab in AMM (NCT02788843), patients 

were eligible if they met criteria for AMM based on BM clonal plasmacytosis of > 10% and/or 

levels of monoclonal immunoglobulin > 3 g/dL. Patients were also required to have an abnormal 

serum free light chain ratio (but < 100) and absence of end organ damage based on CRAB criteria 

(hypercalcemia, renal dysfunction, anemia, bone disease), < 60% BM plasma cells, and no more 

than 1 known focal lesion on MRI. Other key eligibility criteria included the presence of 

measurable disease and adequate hematologic and organ function. Patients with any prior therapy 

for plasma cell disorder and history of active autoimmune disease were excluded. All eligible 

patients received atezolizumab 1200 mg i.v. every 3 weeks. Blood samples for immune monitoring 

were collected at baseline, C1D15, and then before each cycle of therapy while in the study. BM 

biopsies were planned at baseline and after completion of 2 cycles of therapy.  

 

Gene expression profiling of purified T cells and monocytes. Gene expression profiling of purified 

monocytes and T cells was performed as previously described62. Briefly, CD14+ monocytes cells 

were isolated from PBMCs using immunomagnetic separation with anti–human CD14 microbeads 

(Miltenyi Biotec, 130-050-21), and T cells were isolated with human Pan–T cell isolation kit 

(Miltenyi Biotec, 130-096-535) following manufacturer instructions. RNA isolated from purified 

cells was analyzed using Affymetrix GeneChip Human Transcriptome Array (v2.0) as described62.  
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Figure 2.14: Atezolizumab-induced changes in myeloid cells in culture. (A) Correlation of PD-

L1 expression and changes in dendritic cell maturation markers (CD83, CD80) following exposure 

of monocyte-derived dendritic cells to CD40L + atezolizumab compared to untreated control. (B) 

Changes in CD14+ CD16+ HLA-DR+ myeloid cells in bone marrow mononuclear cells cultured 

with atezolizumab versus control.  
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Mass cytometry. Peripheral blood and BM mononuclear cells were immunophenotypically 

characterized using mass cytometry as described114. The panel of antibodies used is shown in Table 

2.5. Data were acquired on Helios instrument (Fluidigm Sciences Inc.) and analyzed using 

Cytobank software (Cytobank Inc., Fluidigm).  

 

scRNA–seq. scRNA–seq of peripheral blood or BM mononuclear cells was performed using the 

10x Genomics platform chromium single cell 3′ kit following manufacturer’s protocol as 

described83,115. Libraries were sequenced. Reads were aligned, filtered, deduplicated, and 

converted into a digital count matrix using Cell Ranger 1.2 (10x Genomics). All downstream 

quality control and analyses were performed using Seurat116. Cells with ≥ 200 expressed genes 

were used for analysis. 

 

For analysis of scRNA–seq from lung cancer patients treated with either anti–PD-1 or PD-L1, pre- 

and post-treatment samples for each patient were merged, and gene expression for each cell was 

log-normalized to total expression per cell. To reduce noise due to batch effects and interpatient 

heterogeneity, each patient was aligned and integrated with all other patients receiving the same 

treatment (anti–PD-L1, n = 3; anti–PD-1, n = 4) via canonical correlation analysis (CCA) using 

the Seurat Find- IntegrationAnchors and IntegrateData functions. Gene expression data were then 

scaled such that each gene had a mean expression of 0 and a variance of 1 across all cells using 

the ScaleData function, and principal component analysis was performed using the RunPCA 

function. Data were visualized in 2 dimensions using uniform manifold approximation and 

projection (UMAP) based on the first 20 principal components. Significant DEGs were identified 

by the Wilcoxon rank-sum test with a Bonferroni’s correction (p< 0.05). Cluster identity was  
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Table 2.5. List of antibody clones used for CyTOF. 
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determined by inspection of canonical marker genes (e.g., CD14 for monocytes), and identity was 

confirmed by automated cell type determination with SingleR 

(https://bioconductor.org/packages/release/bioc/html/SingleR.html) via comparison with the 

Human Primary Cell Atlas (http://biogps.org/dataset/BDS_00013/primary-cell-atlas). Pathway 

analysis was performed using Gene Set Enrichment Analysis (GSEA) software (https://www.gsea-

msigdb.org/gsea/index.jsp) and the Molecular Signature Database (MSigDB; https://www.gsea-

msigdb.org/gsea/msigdb/index.jsp) from the Broad Institute. 

 

Whole transcriptome analysis. Gene expression profiles from monocytes and T cells before and 

after anti– PD-1 and anti–PD-L1 treatment were obtained using Affymetrix Human Transcriptome 

Array 2.0, and gene-level signal intensities were used for subsequent analysis. Preprocessing and 

normalization of data sets were carried out by Affymetrix Expression Console using gene level 

Signal Space Transformation–Robust Multiarray Average (SST-RMA) normalization. All 

downstream analyses were conducted using R and Bioconductor117. The “limma” package was 

used for differential gene expression118. GSEA was performed using Metacore 

(https://portal.genego.com) and MSigDB (Molecular Signatures Database v6). 

 

Detection of antigen-specific T cells. In order to detect SOX2-specific T cells, PBMCs were 

stimulated for 48 hours with SOX2 peptide library as described100. Following stimulation, the 

presence of T cell activation was determined based on the detection of IP-10 in the culture 

supernatant by Luminex. 
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Detection of plasma cytokines. Plasma samples were used for the detection of a panel of 38 

cytokines/chemokines using the Milliplex MAP Human Cytokine/Chemokine Magnetic Bead 

Panel kit (HCYTMAG-60K-PX38; Millipore Sigma) as described62. xPONENT software 

(Luminex Corp.) was used to detect, quantitate, and analyze the samples on the Luminex 100 

instrument. Levels of IL-18 were analyzed using an ELISA kit (R&D Systems). 

 

Generation of Mo-DCs. Purified CD14+ monocytes were cultured in 1% plasma in the presence 

of IL-4 (25 ng/mL; R&D Systems) and GM-CSF (20 ng/mL sagramostim [Leukine]; Genzyme) 

to yield Mo-DCs. Immature Mo-DCs were used to study the effects of anti–PD-L1 or anti–PD-1 

antibodies. DCs were cultured with anti–PD-L1 (clone 29E.2A3; BioLegend), anti–PD-1 (clone 

EH12.2H7; Bio-Legend) or their respective isotype control antibodies (IgG2b and IgG1; 

BioLegend) (200 μg/mL). For some experiments, immature Mo-DCs were cultured with CD40L 

(250 ng/mL; R&D Systems). 

 

Effects of PD-L1 blockade on BM myeloid cells. Bone marrow mononuclear cells (BMMNCs) 

were treated with atezolizumab (200 μg/mL) every 24 hours for 48 hours or left untreated. 

Following incubation, samples were stained with antibodies for CD14 (MφP9), CD19 (SJ25C1), 

and CD11c (B-ly6) (BD Biosciences); BDCA3 (AD5-14H12, Miltenyi Biotec); and PD-L1 

(29E.2A3), CD40 (5C3), CD16 (3G8), and HLA-DR (L243) (BioLegend). 

 

Antigen-specific T cell stimulation. For some experiments, immature Mo-DCs differentiated from 

HLA A2.1+ donors (n = 4) were stimulated with CD40L (250 ng/mL) in the presence or absence 

of anti–PD-L1 (200 μg/mL). After overnight culture, DCs were loaded with HLA A2.1–restricted 
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Flu-MP (sequence GILGFVFTL) at 0.1μg/mL for 2 hours. Flu-MP–loaded DCs were then used to 

stimulate autologous T cells at a DC/T cell ratio 1:30 in the presence of IL-2 (10 U/mL). Flow 

cytometry analysis was performed to detect the presence of Flu-MP–specific CD8+ T cells using 

MHC tetramers (MBL International). 

 

Detection of caspase-1 activation. Immature Mo-DCs were treated with anti–PD-L1 (200 μg/mL), 

anti-PD-1 (200 μg/mL) or left untreated for 4 hours. Activation of caspase-1 was assayed with the 

FAMYVAD-FMK Caspase-1 Detection Kit (Cell Technology Inc). FAM-YVAD-FMK was added 

to the culture 1 hour before the end of culture period, following manufacturer protocol; washed 

twice with Caspase-1 kit wash buffer; and detected using flow cytometry. 

 

Measurement of oxygen consumption and spare respiratory capacity. Basal, maximal, and coupled 

oxygen consumption rates were measured in a Mito stress assay using a Seahorse extracellular 

flux (XFe96) analyzer. Immature Mo-DCs were treated with anti–PD-L1 (200 μg/mL) or left 

untreated. After 3 hours, DCs were harvested, washed 1X with PBS, and plated at 200,000 cells 

per well in 5–8 replicates on Cell-Tak– precoated (Becton Dickinson) 96-well plates custom 

designed for XFe96 analysis. Oxygen consumption rate was evaluated over time with sequential 

injection of oligomycin (MilliporeSigma, catalog 495455; final concentration 2.5 μM), carbonyl 

cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP; Enzo Life Sciences, BML-CM120-0010; 

final concentration 0.5 μM), and antimycin (Ant; MilliporeSigma, A8674) or rotenone (Rot; 

MilliporeSigma, R8875; final concentration 2 μM each). Spare respiratory capacity was calculated 

as the difference between maximal and basal respiration. 
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Statistics. Data from individual cohorts were compared using GraphPad analysis software. Paired 

2-tailed t tests and nonparametric tests were used to analyze the data with significance set to p< 

0.05 and Bonferroni’s to correct for multiple comparisons. 

 

Study approval. The clinical trial was approved by the Yale University IRB and monitored by data 

safety monitoring committee at Yale Cancer Center. All specimens were collected following 

informed consent under institutional IRB guidelines at Emory and Yale universities. 
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3.1 Key Findings 

• Alterations in CD11c+CD21loTbet+ B cells correlate with irAE following CCB. 

• Novel role for distinct population of T helper cells— CXCR5- TPH cells in T:B 

crosstalk in irAEs. 

• Role of IFNg and IL-21 signaling in T:B crosstalk. 

• Differences in Treg induction and Treg-mediated suppression of TPH:B crosstalk in 

patients with/without irAE. 

 

3.2 Introduction 

Immune-related adverse events (irAEs) have emerged as a major challenge for combination 

checkpoint blockade (CCB) with anti-PD-1 and anti-CTLA-484. Although CCB therapy for the 

treatment of melanoma leads to higher response rates compared to monotherapy, it is also 

associated with drastically higher rates of irAEs73. Notably, up to 50% of patients receiving CCB 

develop severe, high-grade toxicities, forcing a pause or discontinuation of therapy74,75.  

 

CTLA-4 and PD-1 checkpoints impact both B and T cell tolerance and both cells have been 

implicated in irAEs. Early changes in B cells, particularly in the CD21lo B cell subset, are reported 

to correlate with the onset of severe irAEs in melanoma patients83. It appears CD21lo B cells may 

be a distinct target of CCB, as treatment induces proliferation and an activation signature83. On the 

other hand, several groups have linked features of T cells to the development of irAEs. Of note, 

baseline elevation of activated memory CD4+ T cells is a determinant of ICI-induced irAEs119. 

Thus, it is clear that both B and T cells play a role in the pathogenesis of irAEs. 
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Recent advances in B cell biology and extrafollicular responses have led to a better understanding 

of autoimmunity and highlighted the importance of T:B crosstalk84,120. A distinct population of 

Tbet+CD21lo B cells have been shown to play an outsized role in autoimmunity, with reports of 

elevated autoantibody production, an increased presence in autoimmune tissues, and an enrichment 

of autoreactive B cell receptors (BCRs)121-123. While the importance of B cells in autoimmunity is 

evident, new insights describe the critical role of T:B interactions in the development and 

maintenance of these diseases. T peripheral helper (TPH) cells, a newly identified T cell 

population, are enriched in patients with autoimmunity and are responsible for providing B cell 

help in inflamed tissues, leading to activation and differentiation124,125. Considering the similarities 

between irAEs and autoimmune diseases, it is plausible that similar interactions may play a role 

in ICI-induced autoimmunity. However, the nature of specific T cells that help pathogenic B cells 

and underlying mechanisms remain unknown.  
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Table 3.1. Patient characteristics. 
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3.3 Results 

We analyzed blood specimens before/after first cycle of CCB therapy from a cohort of melanoma 

patients undergoing CCB (clinical characteristics in Table 3.1). CCB therapy led to an increase in 

CD21loCD11c+ B cells as well as plasmablasts and a decline in circulating B cells in patients who 

developed high-grade irAEs (HG-irAE) (Figure 3.1A-C)83. The phenotype of expanded 

CD21loCD11c+ B cells was consistent with CXCR5-Tbet+ B cells implicated in extra-follicular 

B cell responses and autoimmunity (Figure 3.1D). FlowSOM analysis identified two distinct 

metaclusters (MC) of Ki-67+ CD4+ T cells (MC3 and MC8) and a Ki-67+ CD8+ MC (MC4) that 

underwent early proliferation following therapy (Figure 3.1E-F). Notably, MC6 containing 

CXCR5+PD1+ CD4+ T cells (consistent with TFH cells) did not change following therapy (Figure 

3.1F-G). Proliferating CD4+ T cells expressed ICOS but not CXCR5 (Figure 3.1H), similar to 

TPH cells125.  

 

Next we tested the capacity of purified ICOS+ or ICOS- CD4+ T cells expanded in CCB-treated 

patients to induce B cell differentiation in T:B co-cultures. Addition of ICOS+CD4+ T cells (but 

not ICOS-CD4+ T cells) to B cells led to the induction of CD27+CD38+ plasmablasts (Figure 

3.2A) and h-IgG secretion (Figure 3.2B). Plasmablast induction was significantly greater in co-

cultures with memory versus naïve B cells (Figure 3.2C). T cell subsets were adoptively 

transferred with human B cells into MISTRG6 mice and monitored for the development of 

plasmablasts and Ig secretion. Co-injection of B cells with ICOS+CD4+ T cells (but not ICOS- 

counterparts) led to plasmablast differentiation (Figure 3.2D,E) and hIgG production (Figure 

3.2F). Together these data demonstrate that CCB therapy leads to proliferation of CD21loCD11c+  
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Figure 3.1. Changes in T and B cells following combination checkpoint blockade and the 

development of irAEs. (A-H) Peripheral blood mononuclear cells (PBMCs) obtained from 

patients before and after one cycle of combination anti-PD1 and anti-CTLA-4 therapy (n=14) were 

analyzed by mass cytometry. (A-C) Graphs showing the frequency of circulating B cells (A), 

plasmablasts (B), and CD21loCD11c+ B cells (C) as a percentage of total B cells. Patients were 

grouped into cohorts with high-grade irAEs (CTC grades 3-4; n=8) or no high-grade irAEs (CTC 

grades 0-2; n=6). (D) Phenotype of CD21lo B cells: Heatmap displays expression of IgD, IgM, 

CXCR5, CD21, CD11c, CD38, and Tbet on CD21hi versus CD21loCD11c+ B cells. (E-H) 

Phenotype of T cells before/after therapy: (E) FlowSOM analysis of CD3+ T cells identified 8 

distinct T cell metaclusters (MC). Proliferating MCs that differ between pre- and post-treatment 

specimens are circled. (F) Heatmap showing phenotype of the MCs (*identifies Ki-67+ 

proliferating subsets). (G) Bar graph showing proportion of each MC (as percentage of T cells) in 
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patients before/after therapy. (H) Proliferating CD4+ T cells are ICOS+CXCR5-. Representative 

plots showing expression of ICOS and CXCR5 on proliferating CD4+ cells. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, by 2-tailed Wilcoxon signed rank test. 
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B cells as well as ICOS+ TPH-like cells that help B cells, illustrating enhanced T:B cooperation 

following therapy.  

 

ICOS+CD4+ T cell activation was associated with secretion of sCD40L, IL-21, and interferon-g 

(IFNg) (Figure 3.3A-C). Plasmablast induction in T:B cocultures was inhibited by the blockade of 

CD40 (Figure 3.3D), IL-21 (Figure 3.3E), and IFNg-mediated signaling (Figure 3.3F). Increase in 

circulating ICOS+CD4+ T cells was similar in patients with or without HG-irAE (Figure 3.2G). 

However, ICOS+ T cells from patients with HG-irAE had greater capacity to provide help to B 

cells, suggesting functional differences in ICOS+ T cells (Figure 3.2H).  FlowSOM analysis of 

ICOS+CD4+ T cells (Figure 3.4A-B) revealed that patients without HG-irAEs had a higher 

proportion of MC6 and MC10 in the post-treatment ICOS+CD4+ T cell population, which 

coexpressed FOXP3 and CD25, consistent with a Treg phenotype (Figure 3.2I). Patients with HG-

irAEs trended towards a higher proportion of a CXCR3+ MC (MC7), expressing PD-1 at baseline 

(Figure 3.4B-C). Depletion of Tregs from ICOS+CD4+ T cells led to increased plasmablasts 

(Figure 3.2J). Together these data suggest that Tregs may suppress T:B interactions in patients 

without HG-irAEs.  

 

The proportion of proliferating CD4+ and CD8+ T cells did not differ between patients with or 

without HG-irAE 83 (Figure 3.4E). However, patients with HG-irAE had higher expression of 

CXCR3 in proliferating CD4+ and CD8+ T cells and CD21loCD11c+ B cells, but not myeloid cells 

(Figure 3.4E). The expression of CXCR3 in ICOS+CD4+ T cells correlated with more 

effector/activated phenotype with higher expression of Tbet and HLA-DR (Figure 3.4F).  
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Figure 3.2. Mechanisms of T:B interactions. (A-C) T:B cocultures: Purified B cells were 

cultured alone or with flow-sorted ICOS+CD4+, ICOS-CD4+ T cells from melanoma patients post 

CCB treatment as described in methods. (A) Representative flow plot of CD38+CD27+ 

plasmablasts. (B) Human IgG levels by ELISA (n=9). Kruskal-Wallis with Dunn’s multiple-

comparisons correction. (C) Impact of B cell subsets: Flow-sorted post-treatment T cells were 

cultured with either memory(n=5) or naïve B cells (n=6). Bar graphs indicate fold change 
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compared to cultures with B cells alone. One-way Anova with Tukey’s multiple-test correction. 

(D-F) Human T:B interactions in vivo: Sorted ICOS+ or ICOS- CD4+ T cells from melanoma 

patients (n=5) were injected into MISTRG6 mice along with purified human B cells, as described 

under methods. (D) Representative flow plots of plasmablast frequency in the spleen at two weeks 

post-injection, quantified in (E). One-way Anova with Dunn’s multiple correction. (F) Human IgG 

levels detected by ELISA in mice from panel E. Wilcoxon matched-pairs signed rank test. (G) Bar 

graph shows expansion of ICOS+CD4+ T cells post-CCB therapy in patients with no HG-irAEs 

and those with HG-irAEs. Wilcoxon matched–pairs rank test. (H) B cells were cultured with flow-

sorted ICOS+/- CD4+ T cells from patients with no-HG or HG-irAE. Bar graph shows fold change 

in plasmablasts in ICOS+ versus ICOS- co-cultures. Mann Whitney. (I) FlowSOM performed on 

ICOS+CD4+ T cells obtained following one cycle of combination therapy identified 10 

metaclusters (MC). Bar graph shows proportions of these MCs in patients with HG-irAEs or no 

HG-irAEs. Mann-Whitney. (J) Depletion of Tregs in patients with no HG-irAEs leads to enhanced 

B cell activation by ICOS+CD4+ T cells. Purified B cells were cultured with either ICOS-, bulk 

ICOS+ or Treg-depleted ICOS+CD4+ T cells from patients with no HG-irAEs. Dot plot shows 

plasmablast frequency as percent of B cells. Bar graph shows data for 7 different experiments. 

Wilcoxon matched–pairs rank test. For all figures *p<0.05, **p<0.01, ***p<0.001 and ns=not 

significant. 
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Figure 3.3. Mechanisms of T cell help. (A-C) ICOS+CD4+ T cells were flow sorted from 

peripheral blood of melanoma patients after CCB treatment and stimulated with PMA/Ionomycin 

for 24 hrs. Cell supernatant was analyzed for presence of sCD40L (A), IL-21 (B), and IFNg (C). 

127 Flow-sorted ICOS+CD4+ T cells from post-CCB treated melanoma patients were cultured with 

purified human B cells in the presence of isotype control or CD40 blocking antibodies (D), soluble 

IL-21 receptor (E), or interferon-gamma blocking antibodies (F) as described in the methods. One 

week later, proportion of plasmablasts were assessed in these cocultures. Dot plots in D-F show 

data from a representative patient and bar graphs show data from all patient samples as a proportion 

of isotype control. Each dot represents a unique patient sample. For all panels: *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, by 2-tailed Wilcoxon signed rank test. 
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3.4 Discussion 

In summary, we show that CCB therapy leads to expansion of ICOS+ TPH cells and 

CD21loCD11c+ B cells. Both cell types express PD-1 and play an outsized role in human 

autoimmunity125. However, irAE development depends on the induction of Tregs, which inhibit 

TPH:B interactions. Expansion of ICOS+ T cells by CTLA-4 blockade has also been implicated 

in mediating anti-tumor effects, suggesting potential overlap with mechanisms underlying irAEs. 

CXCR3 has been previously implicated in homing into autoimmune tissues125. Strengths of this 

work are analysis of uniformly treated patients and inclusion of in-vitro/in-vivo studies to dissect 

mechanisms. Limitations include small sample size and lack of analysis of autoimmune tissues. 

Underlying mechanisms may also differ by specific types of irAEs, which were not studied here. 

Blockade of specific pathways such as IL-21/IL-21R-mediated signaling and boosting Tregs may 

provide novel strategies to prevent or treat CCB-induced irAEs.   

 

3.5 Materials & Methods 

Patients and specimens. Blood specimens were obtained from melanoma patients receiving 

combination checkpoint blockade following informed consent approved by institutional review 

board. PBMCs were obtained utilizing Ficoll density gradient centrifugation, as described 

previously.  
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Figure 3.4 Phenotypic/functional profiles of T cells. (A-C) FlowSOM clustering analysis 

performed on ICOS+CD4+ T cells revealed 10 distinct metaclusters (MC). (A) Hierarchical 

clustering used in the analysis. (B) Heatmap showing phenotype of the metaclusters. (C) Detection 

of surface PD-1 on the ICOS+CD4+ T cell metaclusters pre and post therapy with CCB. (D) 

Proportion of proliferating (Ki-67+) CD4+ and CD8+ T cells in pre and post treatment patient 

samples. **p<0.01, ***p<0.001, by Kruskal-Wallis test and ns=not significant by Mann-Whitney. 

(E) Correlation between changes in CXCR3 expression (median metal intensity or MMI) on 

various cell populations before/after therapy in patients with/without HG-irAEs. *p<0.05, 

**p<0.01, Kruskal Wallis. (F) Expression of Tbet and HLA-DR on CXCR3+ICOS+CD4+ T cells 
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expanded in patients with HG-irAE, as compared to the CXCR3-ICOS+CD4+ T cell counterparts 

in these patients. **p<0.01, Wilcoxon matched-pairs signed rank test. 
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Sex as a biological variable. Study included both male and female patients with melanoma.  

 

Single cell mass cytometry. PBMCs were thawed and stained with metal conjugated antibodies 

following manufacturer’s recommendations as previously described83. Briefly, cells were labeled 

with extracellular antibodies to detect cell surface proteins followed by fixation and 

permeabilization for intracellular/intranuclear labeling using intracellular antibodies. Cells were 

stained with cisplatin to detect viability and were incubated with Intercalator (Ir) prior to analysis. 

Data were analyzed using Cytobank analysis software (Beckman Coulter Life Sciences).  

 

Human T:B cocultures. B cells were isolated from PBMCs via immunomagnetic sorting using 

CD19 beads (Miltenyi). Flow-sorted ICOS+/- CD4+ T cells were cultured with B cells at a ratio 

of 1:10 (20,000 T cells:200,000 B cells) in 100 uL medium (cRPMI + 10% FBS) with SEB 

(1ug/mL, VWR) and LPS (5ug/mL, MD Bioproducts) for 1 week, based on methods adapted from 

prior studies124,128. Supernatant was collected for immunoglobulin analysis via ELISA (Bethyl 

Laboratories). After one week, cells were harvested and B cell phenotypes were analyzed via flow 

cytometry. In some experiments, either memory or naïve B cells were isolated using 

immunomagnetic sorting kits (Miltenyi) and cultured with patient ICOS+/- CD4+ T cells. For 

some experiments Tregs (CD4+CD127-CD25hi cells) were depleted from ICOS+CD4+ T cells 

prior to T:B coculture. For blocking experiments, 10ug/mL of anti-CD40 (clone 82102, R&D 

systems), 20 ug/mL of anti-IFNg (clone 25718, R&D Systems), 20 ug/mL of sIL-21R (R&D 

Systems), or isotype controls (IgG2B, IgG2A, R&D Biosystems or IgG1, Biolegend) were added 

at the start of the coculture.  
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Flow cytometry and cell sorting. Cryopreserved PBMCs were thawed and rested for 1 hour in 

cRPMI + 5% pooled human serum prior to sorting. To sort CD4+ T cell populations for T:B 

cocultures and in vivo experiments, cells were stained with Live/Dead® Fixable Dead stain from 

Thermo Fisher Scientific followed by antibodies to detect: ICOS (clone C398.4A), CD127 (clone 

A019D5), CD25 (clone M-A251), CD4 (clone RPA-T4), CD3 (clone SK7), CD19 (clone 

HIB19)(Biolegend), and CD8 (clone SK1)(BD Biosciences). Cells were sorted using BD 

FACSAria. To characterize B cell phenotypes after coculture, cells were harvested, washed with 

PBS and stained for 30 minutes at 4°C using the following markers: CD3 (clone HIT3a), CD38 

(clone HIT2), CD19 (clone HIB19)(Biolegend), IgD (clone IA6-2), and CD27 (clone M-

T271)(BD Biosciences). For in vivo studies, mouse cells were gated out using Ter119 (clone 

TER119)(BD Biosciences), mCD45 (clone 30-F11), and hCD45 (clone 2D1)(Biolegend). Live 

cells were identified using Live/Dead® Fixable Dead stain from Thermo Fisher Scientific. 

Samples were washed with cold PBS and acquired on a BDCelesta. Data was analyzed using 

FlowJo.  

 

ELISA. Levels of IgG were measured in T:B coculture supernatant and in mouse serum using the 

Human IgG ELISA kits from Bethyl Laboratories following manufacturers protocol.  

 

In vivo human T:B interactions in humanized mice. ICOS+/- CD4+ T cells and B cells were 

isolated as previously described. Cells were resuspended in a 1:1 ratio in sterile PBS and 0.1-1 

million cells were injected retro-orbitally into MISTRG6 humanized mice. After 2 weeks, mice 

were euthanized and phenotype of human B cells /plasmablasts in the spleen was analyzed by flow 
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cytometry as previously described. Serum human immunoglobulins were analyzed using an 

ELISA kit, as previously described.  

 

MesoScale Discovery Assay. U-PLEX custom immuno-oncology panel kits were used to measure 

supernatant cytokines (IFNg, sCD40L, and IL-21) following manufacturer’s recommendations. 

Sort purified ICOS+ CD4+ T cells were cultured in the presence of 200 ng/mL PMA and 1 ug/mL 

Ionomycin for 24 hours. Following stimulation, supernatant was collected and used to measure 

cytokine secretion.  

 

Statistics. Specific tests utilized for all comparisons are noted in the legends for each figure panel. 

 

Data Availability. Supporting data for figures is included in supplementary materials appendix. 
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Chapter 4: General Discussion and Closing Remarks 

4.1 Introduction 

The advent of immunotherapies revolutionized the field of oncology, expanding the arsenal of 

tools available to treat patients with cancer. Unlike traditional cancer therapy, immunotherapies 

seek to harness the body’s own immune system to create or enhance an anti-tumor response. This 

powerful therapy has demonstrated impressive clinical results and shows extreme promise. In 

particular, ICIs have emerged as a core pillar of cancer immunotherapy. Because this class of 

therapy does not target specific cancer antigens and instead helps to invigorate a T cell-mediated 

anti-tumor response, ICIs are broadly applicable across a range of tumor types and patients. Thus, 

ICIs enable long-term survival of patients with previously nonresponsive advanced disease and act 

as key tools for early interventions, which have dramatically improved clinical outcomes.   

 

Despite the many advancements in the field of ICIs, several challenges still exist. A large 

proportion of patients do not respond to ICIs, which calls for the development of new checkpoint 

inhibitors and therapeutic combinations. To rationally design new therapies and combinations, the 

underlying mechanisms that drive ICI-induced anti-tumor responses must be fully understood. 

Many studies have demonstrated the differing modes of action of CTLA-4 and PD-1 blockade, 

however further studies delineating additional checkpoint targets are warranted. Furthermore, ICIs 

are associated with the development of irAEs, with especially high rates among patients receiving 

CCB therapy. To fully optimize ICI therapy and treat these toxicities, it is critical to develop a 

robust understanding of the pathogenesis of irAEs. With this project, we aimed to expand the 

knowledge of ICI efficacy and toxicity in human cancer patients and uncover distinct cellular 

mechanisms that contribute to these factors. 
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4.2 Effects of PD-L1 blockade on dendritic cell function 

Blockade of the inhibitory PD-1/PD-L1 signaling axis has resulted in significant clinical outcomes 

in patients with a broad spectrum of tumor types including melanoma, colorectal cancer, and 

lymphoma92. Because both molecules are involved in the same signaling axis, anti-PD-1 and anti-

PD-L1 have been studied interchangeably within the clinic. Both therapies enhance anti-tumor T 

cell responses, but the function and expression patterns of the molecules themselves differ greatly. 

Emerging studies have revealed distinct genomic and cellular mechanisms underlying the efficacy 

of anti-CTLA-4 and anti-PD-161,62, which prompted us to investigate the mechanistic differences 

between PD-1 and PD-L1 blockade. 

 

Through a combination of transcriptomic and proteomic analyses, we assessed changes in T cells 

and myeloid cells from NSCLC patients after receiving one cycle of either single agent anti-PD-1 

(nivolumab) or anti-PD-L1 (atezolizumab). Our findings indicate distinct, non-overlapping gene 

expression changes in patients receiving anti-PD-1 compared to anti-PD-L1 (Figure 2.2). As has 

been previously reported, anti-PD-1 primarily leads to transcriptomic changes within T cells62. 

However, it was interesting to see that anti-PD-L1 led to distinct changes in gene expression within 

CD14+ monocytes that was not seen with PD-1 blockade (Figure 2.2). Among these transcriptomic 

changes, we observed an increase in genes related to inflammation (e.g. HBEGF, NLRP3, and 

CXCL1) and inflammasome-associated cytokines (e.g. IL-1, IL-18), which was also reflected 

through increased inflammatory cytokines in patient sera (Figure 2.2, Figure 2.3). To further 

corroborate these findings, we studied patients with AMM who had received anti-PD-L1 treatment 

and found significant phenotypic changes in both circulating and TME myeloid cells within the 

BM. At early timepoints following anti-PD-L1 treatment, AMM patients displayed transient, 
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increased levels of monocytes (Figure 2.5, Figure 2.6, Figure 2.8, Figure 2.10, Figure 2.11). The 

enriched monocyte population expressed elevated levels of HLA-DR and CD40, both markers of 

activation (Figure 2.5, Figure 2.9). Together, these data clearly show that anti-PD-L1 specifically 

targets myeloid cells in cancer patients, leading to rapid, systemic myeloid inflammation.  

 

Current knowledge of checkpoint molecules supports the notion of anti-PD-L1 targeting myeloid 

cells, as PD-L1 is found on a variety of cell types beyond tumor cells96,129-131. Expression of PD-

L1 can be upregulated on several different cell types, such as myeloid cells, via inflammatory 

cytokine stimulation129-131. Additionally, and most notably, it is well known that PD-L1 is 

constitutively expressed on a subset of myeloid APCs, including DCs94. Although human studies 

are lacking, there have been several studies conducted in murine models that highlight a possible 

role of PD-L1+ myeloid cells in the anti-tumor response94,96,132. Considering the importance of 

DCs in the cancer immunity cycle and observed anti-PD-L1 induced myeloid cell changes, we 

interrogated the effect of PD-L1 blockade on the biology of human monocyte-derived DCs (Mo-

DCs). Interestingly, we found that anti-PD-L1 had a drastic effect on Mo-DCs alone and in the 

context of DC:T cell interactions. When PD-L1 was blocked, Mo-DCs demonstrated elevated 

markers of maturation, increased secretion of inflammatory cytokines, and rapid activation of 

caspase-1, an important component in the inflammasome complex (Figure 2.12). Furthermore, 

anti-PD-L1 induced even greater levels of maturation of Mo-DCs in the context of DC:T cell 

interactions and led to a greater expansion of antigen specific T cells, suggesting enhanced DC 

function (Figure 2.13, Figure 2.14). 
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Targeting the PD-1/PD-L1 axis was previously thought to primarily exert an anti-tumor immune 

response through the reinvigoration of T cells within the tumor. While this mechanism still holds 

true, our work highlights a new, underexplored mode of action through the activation of myeloid 

cells during PD-L1 blockade. Anti-PD-L1 acts directly on DCs, inducing maturation and 

enhancing the expansion of antigen specific T cells, indicating a new mechanism of efficacy of 

PD-L1 blockade within the afferent arm of the cancer immunity cycle (Figure 4.1). This finding is 

critical, as it contributes to the understanding that the PD-1/PD-L1 signaling axis plays more than 

one role during tumor immune evasion. This inhibitory checkpoint not only dampens anti-tumor 

T cell responses within the TME, but it can also interfere with T cell priming and activation during 

the early stages of the cancer immunity cycle and may be involved in the regulation of myeloid 

inflammation. Specifically, this axis appears to restrict T cell responses during cross-presentation 

of tumor antigens by DCs. Consequently, through the blockade of PD-L1, we are able to enhance 

priming and expansion of tumor specific T cells, aiding in the anti-tumor response. 

 

The findings reported in this study contribute to the growing body of work that defines a unique 

mechanism of action of anti-PD-L1 apart from that of anti-PD-1. Many studies previously linked 

the expression levels of PD-L1 in tumor tissue to the response rates of anti-PD-L1 or anti-PD-1 

therapy58,127,133-136. However, clinical data demonstrates decent response rates in patients with 

tumors lacking PD-L1 expression127,134, suggesting the impact of PD-L1 blockade is mediated in 

part by factors outside of the tumor itself. Additionally, patterns of PD-L1 expression that correlate 

with outcome differ for anti-PD-1 versus anti-PD-L1. In the context of PD-L1 blockade, 

expression levels of PD-L1 on myeloid cells and DCs are associated with patient response107,137. 

On the other hand, PD-L1 expression on tumor cells correlate with response to anti-PD-1137. 
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Several recent studies in murine models support our findings, further demonstrating the essential 

role of PD-L1 expression on DCs in contributing to the efficacy of anti-PD-L1 therapy96,126,132. 

Additionally, in both human and murine samples, high levels of functional PD-L1 expression on 

DCs and macrophages were reported in the TME and in draining lymph nodes, both of which 

correlated with the efficacy of ICI132.  

 

In summary, we demonstrate a distinct mechanism of action of PD-L1 blockade in human cancer 

patients, through enhancement of DC-mediated T cell priming and activation. Developing a 

thorough understanding of the precise mechanisms that drive checkpoint inhibitor efficacy is 

crucial. Knowledge of molecular and cellular mechanisms that lead to tumor regression provides 

potential explanations as to why a large subset of patients do not respond to therapy. For example, 

studies show enrichment and inflammation of myeloid cells may actually suppress the T cell-

mediated anti-tumor response109,138, which offers one explanation as to why some patients do not 

respond to anti-PD-L1 therapy. As such, rational therapeutic combinations may be designed to 

improve patient outcomes. Data from our study suggests harnessing factors within the afferent arm 

of the cancer immunity cycle, such as agonists targeting CD40/CD40L signaling, may boost anti-

PD-L1 efficacy.  
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Figure 4.1. Anti-PD-L1 mechanisms of action. PD-L1 blockade induces an anti-tumor response 

through invigoration of T cells within the TME and within the affluent arm of the cancer immunity 

cycle, through enhancing T cell priming and activation via DCs. 
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4.3 Importance of T:B crosstalk in CCB-induced irAEs 

The emergence of ICIs as a foundation of cancer therapy has afforded new treatment options for 

patients with previously nonresponsive tumors. Although clinical data shows impressive durable 

effects across a variety of tumor types, the development of irAEs remain a significant challenge. 

ICIs are associated with high rates of irAEs, with especially high rates of severe toxicities 

occurring in patients who receive combination anti-CTLA-4 and anti-PD-1 treatment. Most irAEs 

can be treated with the administration of steroids. However, high grade irAEs are more difficult to 

manage, often requiring patients to pause or completely come off ICI treatment. Ultimately, the 

disruption of treatment limits the optimal application of ICI and reduces patient outcomes.  

 

Because irAEs pose a significant challenge to ICI treatment, it is crucial to understand the 

mechanisms by which these toxicities develop. The molecular and cellular components that 

contribute to the manifestation of irAEs is not yet fully understood. Both T and B cells have 

previously been individually implicated in the development of irAEs. Additionally, CTLA-4 and 

PD-1 checkpoints are involved in maintaining T and B cell peripheral tolerance. Therefore, we 

hypothesized that CCB induced T:B interactions may play a central role in the pathogenesis of 

irAEs, and sought to uncover the nature of specific cells involved. 

 

To address this, we utilized pre- and post-treatment peripheral blood samples from melanoma 

patients receiving CCB therapy. Using single cell mass cytometry, we identified a distinct CD4+ 

memory T cell population that was significantly enriched following CCB, undergoing early 

proliferation as noted by the expression of Ki-67 (Figure 3.1). This population was characterized 

by the expression of ICOS and PD-1, markers previously linked to TFH cells, but surprisingly 
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lacked the expression of CXCR5, which is a key marker of TFH cells (Figure 3.1). Interestingly, 

the phenotype of this population appeared to be similar to that of another recently defined helper 

T cell population, termed T peripheral helper (TPH) cells, that have been described as key players 

in a number of autoimmune diseases including rheumatoid arthritis (RA) and systemic lupus 

erythematosus (SLE). Studies show that the function of these cells is similar to TFH cells, as they 

provide help to B cells to support activation and differentiation. However, unlike TFH cells, TPH 

cells do not function within germinal centers in secondary lymphoid organs, but instead interact 

with B cells in the periphery. In particular, TPH cells have been reported in circulation and within 

autoimmune inflamed tissue.  

 

Having made this connection, we asked the question if the enriched ICOS+CD4+ T cells observed 

following CCB function in the same way as TPH cells. Indeed, we found that ICOS+CD4+ T cells 

do in fact provide help to B cells both in vitro and in vivo, leading to increased differentiation of 

B cells into plasmablasts with subsequent production of immunoglobulins (Figure 3.2). Notably, 

the ICOS+CD4+ T cells preferentially provide help to memory over naïve B cells suggesting that 

pre-existing autoreactive memory B cells may be targets of these cells (Figure 3.2). Furthermore, 

we report the importance of CD40, IL-21, and IFNg signaling in maintaining ICOS+CD4+ T cell 

help to B cells (Figure 3.3), highlighting some of the factors involved in this cellular interaction. 

 

When looking at the patterns of irAE development, a significant question emerges- why do some 

patients develop severe, high grade toxicities while others do not? In an effort to answer this 

question, we stratified our patient samples based on irAE grading, categorizing patients with 

toxicities below grade 3 as low grade and those with grade 3-4 as high grade. Surprisingly, the 
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frequency of circulating ICOS+CD4+ T cells did not differ between low grade versus high grade 

patients (Figure 3.4). This led us to hypothesize that the phenotype and function of ICOS+CD4+ 

T cells may differ between patients with or without high grade irAEs. Indeed, ICOS+CD4+ T cells 

from high grade patients demonstrated a higher capacity to provide B cell help compared to those 

from low grade patients (Figure 3.2). Additionally, when looking at ICOS+CD4+ subpopulations, 

we found a higher proportion of FOXP3+CD25+ cells in patients with low grade toxicities, 

consistent with a Treg phenotype (Figure 3.2, Figure 3.4). Furthermore, when this Treg population 

was removed, we saw enhanced B cell help (Figure 3.2), suggesting Tregs may suppress 

pathogenic T:B interactions and provide a protective effect. In other words, patients with CCB-

induced expansion of Tregs may not develop severe irAEs due to the immunosuppressive effects 

of this specific T cell population. 

 

In addition, there was a significant increase in plasmablast and CD11c+CD21lo B cells specifically 

in high grade patients (Figure 3.1). This finding is consistent with previous studies, which noted a 

unique activation of CD21lo B cells post-CCB therapy in patients with high grade toxicities83. 

Notably, the CD11c+CD21lo B cell population we observed also expressed Tbet (Figure 3.1), 

another marker used to characterize B cell populations implicated in autoimmunity, further 

suggesting the potential pathogenic nature of this expanded population. 

 

Furthermore, we observed elevated levels of CXCR3 expression in proliferating CD4+ and CD8+ 

T cells as well as CD11c+CD21lo B cells among patients with high grade irAEs (Figure 3.4). 

CXCR3 is a chemokine receptor associated with the homing of immune cells to inflamed tissues139, 

suggesting in high grade patients, expression of CXCR3 on several activated cell populations may 
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lead to the migration of these cells to tissues where they contribute to the pathogenesis of various 

irAEs. Interestingly, the expression of CXCR3 in the ICOS+CD4+ population was associated with 

an effector/activated phenotype, as evidenced by higher expression of Tbet and HLA-DR (Figure 

3.4), which may explain why these cells are able provide more help to B cells in high grade 

patients. 

 

Collectively, the observed phenotypic and functional differences between low grade and high 

grade patients offer profound new insights into the mechanisms of irAE development. Enriched 

CD11c+CD21lo B cells, enhanced effector functions in ICOS+ TPH-like T cells, and CXCR3 

expression all contribute to the manifestation of autoimmunity following CCB. Conversely, the 

presence of Tregs suppresses TPH:B cell interactions and prevents severe irAE development 

(Figure 4.2).  

 

In summary, we show that both ICOS+CD4+ T cells and CD11c+CD21lo B cells are targets of 

combination anti-PD-1 and anti-CTLA-4, as evidenced by the proliferation and increased 

frequency observed following treatment. Our findings are corroborated by previous studies which 

demonstrated CTLA-4 blockade results in the expansion of ICOS+CD4+ T cells, although the 

function of these cells was not described22. Furthermore, other studies show elevated levels of 

CD11c+CD21lo B cells post CCB, noting increased proliferation and activation following therapy. 

Notably, this specific B cell population was associated with the onset of severe toxicities in 

melanoma patients83, suggesting a central role of CD11c+CD21lo B cells in irAE development.  
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While our study did not explore which ICOS+CD4+ T cell and CD11c+CD21lo B cell clones are 

enriched post CCB, it is reasonable to assume there may be some expansion of pathogenic clones 

based on the current knowledge of these populations in autoimmune diseases. As previously 

mentioned, several studies have recently outlined the importance of T:B interactions in 

autoimmunity, particularly within sites of autoimmune inflamed tissue. In RA and SLE, elevated 

levels of both TPH and CD11c+CD21lo B cells are found in inflamed tissues and the frequency 

of these populations is highly associated with one another in circulation. Based on correlations 

between these cell populations, CD11c+CD21lo B cells are thought to be a potential target of TPH 

cells140. This further highlights the importance of our findings that CCB induces expansion of both 

ICOS+ TPH-like T cells and CD11c+CD21lo B cells, suggesting ICI therapy may promote the 

activation and interaction of autoimmune T and B cells. Furthermore, studies in murine models 

and in humans have described a similar population of CD11c+Tbet+ B cells expanded and 

enriched for autoreactive specificities in SLE141-143. Data shows IL-21 is able to promote the 

differentiation of these cells into Ig-secreting autoreactive plasma cells and loss of these cells leads 

to a reduction of autoimmune antibodies141,144, identifying CD11c+Tbet+ B cells as a direct 

contributor to autoimmunity.  

 

Finally, another important insight from our studies is the role of Tregs in suppressing T:B 

interactions involving TPH cells. Tregs have been extensively studied for their role in suppressing 

T cell responses. Our data suggest that induction of Tregs may also be critical in regulating 

interactions between TPH cells and preexisting autoreactive B cells to prevent autoimmunity. 

Thus, Tregs may play an important role in regulating autoimmunity by also impacting T:B help.  
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Figure 4.2. T:B interactions contribute to irAE development. Suggested mechanism of T:B 

interactions and tissue homing in the development of high grade versus low grade irAEs following 

combination checkpoint therapy with anti-CTLA-4 and anti-PD-1. CCB induces proliferation in a 

subset of CD8+ and CD4+ T cells. (A) High grade patients exhibit CXCR3 expression in 

proliferating CD8+ T cells, ICOS+CD4+ T cells, and CD11c+CD21lo B cells, suggesting 

trafficking to inflamed tissues where ICOS+CD4+ T cells interact with and provide help to 
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autoreactive B cells. (B) Low grade patients have an expansion of Tregs following CCB, which 

inhibits pathogenic T:B interactions and protects from the development of severe irAEs.   
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These data therefore point to Tregs as a potentially important target of therapeutic approaches to 

prevent CCB-induced irAEs. 

 

4.4 Future Studies and Closing Remarks 

The approval of the first ICIs ushered in a new era of cancer treatment, drastically improving 

patient outcomes and influencing the growth of the field of cancer immunology. However, the 

success of ICIs has not come without challenges, particularly surrounding efficacy and toxicity. 

The work presented herein uncovers some of the mechanisms of efficacy and toxicity in patients 

receiving ICI, contributing to the greater understanding of the effects of ICI on a wide range of 

immune cell populations. Here, we establish DCs as a direct target of anti-PD-L1 therapy, lending 

to the anti-tumor response through enhancement of T cell priming and activation. Thus, we 

describe the key role of PD-L1 blockade in the afferent arm of the tumor immunity cycle. 

Secondly, we identify a CCB-induced enrichment of a T helper cell population responsible for 

providing help to B cells, highlighting the role of these cells in the pathogenesis of irAEs. We also 

uncover factors that contribute to the development of severe toxicities, namely phenotypic and 

functional aspects of T and B cells may be pathogenic and the protective role of Tregs. 

 

This work has high clinical relevance and translational potential as we primarily utilized patient 

samples, affording us the ability to study the effects of ICIs in real time. Our findings of the 

differential effects of PD-1 versus PD-L1 blockade provide insights into the complex mechanisms 

by which these therapies exert their action, particularly highlighting a new avenue of potential 

anti-PD-L1 combinations. Harnessing the afferent arm of the cancer immunity cycle, such as 

targeting components involved in DC mediated T cell priming, may be of particular interest. 



 
 

92 

Thoroughly deciphering distinct ICI mechanisms will help clinicians better understand why only 

a subset of patients respond to ICIs. Furthermore, as irAEs remain a significant challenge in the 

clinic, our findings contribute to the ongoing effort to uncover the mechanisms by which irAEs 

develop. We note several important factors that may be of interest as new methods to prevent or 

treat toxicities are developed. As such, our studies provide the rationale for further exploration into 

the differences between patients who experience low grade versus high grade toxicities, 

particularly focusing on distinct baseline features that may be used to identify patients with high 

risk of irAEs. Using biomarkers to predict toxicities will allow clinicians to select which patients 

will receive the most benefit of ICIs or afford the opportunity for preventative measures to be 

taken. 

 

For years, the classic paradigm of the anti-tumor response driven by PD-1/PD-L1 blockade was 

based off the notion of reinvigoration of tumor specific T cells within the tumor. However, studies 

from our lab and others describe a more complex mechanism that exists. DC:T cell interactions 

appear to play a critical role in the formation of tumor immunity126, by priming and activating 

novel or early memory T cell responses. Through disruption of the PD-1/PD-L1 signaling axis, 

checkpoint inhibitors enhance this cellular interaction, resulting in the expansion of effector T 

cells. Anti-PD-1 has also been shown to support effector T cell responses in chronic viral infections 

by promoting the activation of stem-like T cells in lymph nodes, a population essential for 

sustaining effector T cell responses145,146. Stem-like T cells have garnered great interest, as they 

have recently been reported as a critical component in mounting a successful anti-tumor response 

following ICI therapy104,147-149, further highlighting the importance of DC:T cell interactions. Thus, 

PD-1/PD-L1 blockade may not only enhance cross-presentation of antigens to prime T cells, but 
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may also support stem-like T cells which give rise to effector T cells. Ultimately, the findings from 

our study add to the growing body of evidence that targeting the PD-1/PD-L1 axis induces an anti-

tumor response heavily mediated by DC priming/activation of new T cells as opposed to 

invigorating exhausted, pre-existing intratumoral T cells.   

 

While we emphasize the effect of anti-PD-L1 on DCs, the location of where these interactions 

occur remains unknown.  The trafficking of DCs and T cells between the tumor and draining lymph 

nodes as well as expansion of T cells within lymph nodes have been implicated in anti-tumor 

immunity132,150-154. In particular, a subset of DCs in a melanoma mouse model were found to be 

the sole transporter of antigens to tumor draining lymph nodes and subsequently primed tumor-

specific CD8+ T cells152. Importantly, these DCs were required for tumor control upon PD-L1 

blockade152. Together, this data suggests tumor specific DC:T cell interactions take place within 

lymph nodes. However, alternative evidence indicates it is also possible that DC:T cell interactions 

occur within specific sites in the tumor. Proimmune intratumoral DCs have been characterized 

across multiple mouse models and human tumor biopsies150. Similarly, lymphoid aggregates 

containing high amounts of DCs have been found in several types of human tumors, arguing DC:T 

cell interactions can also occur within intratumoral antigen-presenting-cell niches149. As such, 

further studies are warranted to uncover the exact details of tumor specific DC:T cell interactions. 

 

Our findings also provide new insights into the mechanisms of irAE pathogenesis, highlighting 

key cellular and molecular components. However, many important questions remain unanswered. 

A significant area of discourse within the field is whether patients who experience irAEs also have 

a higher likelihood of clinical ICI response. Several studies have indicated a positive association, 
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describing increased response rates among patients who develop irAEs, suggesting the 

development of these toxicities may be linked to or predict ICI response155-157. These findings are 

inconsistent among various studies, as several groups have reported conflicting results, indicating 

poorer outcomes among patients with specific irAEs and the observation of similar patterns of 

irAEs in patients who did not respond to ICI158-161. The correlation between irAEs and ICI response 

may ultimately differ based on the agent used, tumor type, and specific toxicities. Further studies 

are warranted to delineate the relationship between toxicity and anti-tumor response. 

 

Management of irAEs remains a significant clinical challenge. Accordingly, there has been a great 

interest in developing tools to predict or prevent these toxicities. Many groups have focused on 

developing biomarkers to predict the risk of irAEs. One potential avenue is identification of 

specific human leukocyte antigen (HLA) genes that may predispose patients to ICI induced irAEs. 

A few studies have described different HLA alleles associated with the onset of organ specific 

toxicities, such as colitis, pruritis, and arthritis162,163. Similarly, ongoing work is assessing 

susceptible loci involved in various autoimmune diseases, with the hope this will inform the 

development of polygenic irAE risk scores for patients receiving ICIs164. Another potential source 

of biomarkers is the gut microbiota. Several studies have noted features of altered gut microbiome 

associated with ICI response and the protection against irAEs165,166. Currently, there is an ongoing 

clinical trial aiming to evaluate the role of the intestinal microbiome and autoimmune panels as a 

predictor of severe irAEs in solid tumor patients receiving ICIs167. Finally, a growing body of 

evidence, including data from our studies, suggests an early change in the immune signature in 

peripheral blood may be a useful biomarker. Several studies have assessed baseline immune cell 

alterations, indicating features that may predispose patients to irAEs and therefore, may be utilized 
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as biomarkers. Elevated levels of IL-17 and IL-6 prior to treatment have been associated with 

irAEs, as well as global cytokine dysregulation marked by elevated expression of several cytokines 

including GM-CSF and IL1B168-170. Furthermore, baseline abundance of an activated memory CD4 

T cell subset and TCR diversity was also associated with severe irAE development119. We and 

others report an early increase in circulating CD21lo B cells and plasmablasts as well as elevated 

levels of CXCR3 after CCB therapy is associated with the development of severe irAEs83. 

Additionally, early diversification of the T cell repertoire in patients receiving anti-CTLA-4 

preceded the onset of irAEs and was associated with increased levels of toxicity171. Studies to 

identify suitable biomarkers are ongoing, with the goal of developing a way to predict risk of irAEs 

and thus, improving the management of ICI induced toxicities.  

 

Our discovery of a CCB-induced enrichment of TPH-like cells that provide help to B cells is 

significant, as it establishes important cellular players in irAE pathogenesis. However, there is a 

pressing need to further interrogate these interactions, particularly focusing on where they occur 

and if the cells involved are truly pathogenic. We show elevated levels of CXCR3, an 

inflammatory chemokine receptor involved in immune cell trafficking139, on a subset of T and B 

cells in patients with high grade toxicities. Because we analyzed circulating lymphocytes, we 

cannot conclude that the cells we describe traffic to peripheral tissues. However, our 

characterizations are consistent with several other studies of TPH cells in autoimmune and 

inflammatory diseases. The seminal study defining TPH cells was conducted using pathogenic 

tissue samples from patients with RA, where they fully characterized the phenotype and function 

of TPH cells124. TPH cells from RA tissue expressed high levels of varying tissue-homing 

receptors, especially CXCR3, suggesting these cells do, in fact, migrate to peripheral sites of 
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inflammation124. Additionally, TPH cells were discovered in intestinal tissue of patients with 

inflammatory bowel disease (IBD), with a specific enrichment in sites of inflammation, and were 

associated with a pathogenic B cell response172. Thus, it is possible CCB-induced TPH-like cells 

and CD11c+CD21lo B cells migrate to sites of inflamed tissue, where they colocalize and mediate 

autoimmunity. Future studies should focus on analyzing these cell populations in irAE affected 

tissues, assessing colocalization and the presence of autoreactive clones. 

 

To further the understanding of the mechanisms underlying irAE development, it is critical to 

study these toxicities in biologically relevant systems. Models to study ICI induced autoimmune 

toxicities are extremely limited, posing a unique challenge to the field. Currently, there are few 

models available that accurately recapitulate the biology of irAEs167, which limits the ability to 

truly uncover mechanisms of irAE pathogenesis. Efforts to improve preclinical studies are 

ongoing. Recently, advancements have been made with the development of a genetic mouse model 

mimicking ICI induced myocarditis173. With the use of this model, investigators were able to 

interrogate the precise mechanisms of ICI myocarditis and establish modalities to mitigate the 

onset of this toxicity173. The emergence of this new model is promising, as it may pave the way 

for the creation of future models to study additional tissue specific irAEs.   

 

In sum, the work presented herein contributes to the expanding body of work uncovering the 

mechanisms of ICI efficacy and toxicity. Through the use of clinical patient samples, we 

highlighted the role of PD-L1 blockade on enhancing DC:T cell interactions to exert an anti-tumor 

response, and established several key cellular and molecular components associated with CCB 

induced irAEs. We hope the insights described by this work will pave the way for future studies, 
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allowing for a more robust understanding of ICIs and advancing clinical practices to support 

optimal care for all patients.  
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