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Abstract 

While traditional cancer interventions such as surgery, radiation, and chemotherapy are aimed at 
killing or removing the tumor cells themselves, immunotherapies instead seek to establish long-lasting, 
robust antitumor immune responses. One approach that has shown promising results in preclinical 
mouse models is the use of agonist antibodies targeting costimulatory, or activating, receptors on 

effector immune cells, particularly CD8+ T cells. Translation of these therapeutics into the clinic has 
been hampered by severe, sometimes fatal, on-target, off-tumor toxicities. Thus, the field at large has 
shifted focus to developing agonist antibodies with tumor restricted activity. To that end, we developed 
collagen anchored agonist antibodies, an approach we have previously validated with collagen anchored 
cytokines. When injected directly into the tumor, these collagen anchoring therapies are preferentially 
retained in the tumor microenvironment (TME), enhancing efficacy while limiting systemic toxicities. 

We first attempted to engineer a generalizable antibody-anchoring platform by constructing 
fusions of IgG binding domains (IgGBs) to collagen binding domains. However, due to the weak 
affinity of existing IgGBs and rapid in vivo exchange with endogenous IgG, this platform 
underperformed at retaining agonist antibodies in the TME. 

We then pivoted to constructing direct agonist antibody fusions to collagen binding domains, 
demonstrating that this is a strategy generalizable to a range of antibody therapeutics. In vivo, we tested 
agonist antibodies targeting 4-1BB and CD28 fused to the collagen binding domain LAIR (α4-1BB- 
LAIR and αCD28-LAIR, respectively), in a range of monotherapy and combination therapies. We 
observed that while combination treatment of α4-1BB-LAIR with an antitumor antibody (TA99) 

displayed only modest efficacy in the B16F10 murine melanoma model, simultaneous depletion of CD4+ 

T cells during treatment boosted cure rates to over 90% of mice. We elucidated two mechanisms of 
action for this synergy: αCD4 eliminated tumor draining lymph node Tregs, enhancing priming and 

activation of CD8+ T cells, and TA99 + α4-1BB-LAIR supported the cytotoxic program of these newly 

primed CD8+ T cells within the TME. Replacement of αCD4 with αCTLA-4, a clinically approved 
antibody that enhances T cell priming, produced equivalent cure rates while additionally generating 
robust immunological memory. Together, my thesis work demonstrates that collagen anchoring is an 
effective strategy to improve the therapeutic index of agonist antibody therapies and furthermore 
uncovers a fundamental two-step approach to designing effective cancer immunotherapy 
combinations. 
 

Thesis Supervisor: K. Dane Wittrup, Ph.D. 
Title: Carbon P. Dubbs Professor of Chemical Engineering and Biological Engineering 

  



 
 

 

4 

Acknowledgements 

A PhD often feels like a solo endeavor. Even within a cohesive research group such as ours, 
everyone has their own independent project that come with unique challenges. Riding the highs 
and lows of research can feel isolating at times. However, the truth is a successful PhD is truly a 
community effort. Good science takes collaborations and contributions from colleagues. And more 
importantly, pushing through unavoidable bouts of science gone wrong requires support from 
colleagues and friends near and far. I could write another 200 pages about the people, places, and 
experiences that have gotten me through these past 5+ years of grad school, but to spare you all 
(and make sure I have time to finish the scientific parts of this work) I’ll try to be brief. 

 
First and foremost, I owe a huge debt of gratitude to my PhD advisor, Dane. Thanks for taking a 
chance on some kid who had never held a micropipette and didn’t know the difference between a 

CD4+ and CD8+ T cell. Dane has been nothing but supportive during my graduate studies since 
day one. Staying engaged enough to provide guidance while still allowing me to steer my own 
projects and grow as independent researchers is a fine line to walk, and Dane navigated it 
exceedingly well. I am grateful that he allowed me to follow the research questions that interested 
me - even as I pushed the bounds of our group's collective immunology skillset. This freedom has 
allowed me to discover my own research interests and passions and become a better scientist. I 
wouldn’t be where I am today without Dane’s unwavering support, and I hope I can be just as 
effective as a mentor in my own independent research career. 

 
I credit my initial love for research to Dr. Mohan Sankaran, my undergraduate research advisor at 
CWRU (he has since moved his lab to UIUC). I spent all 4 years of undergrad working in Mohan’s 
lab and even though I was a clueless 18-year-old he let me take on my own project and always made 
me feel like I was a part of the team. I thought I was working in his lab just to gain some hands-on 
experience to put on my resume and quickly found my love for research in his group. Without his 
encouragement and guidance, I do not know if I would have pursued a PhD. Also, thank you to 
Andres Bujanda and Derek Demaree, my research mentors at ARL, who helped to reaffirm my 
love for research (and gave me a taste of what non-academic research is like). Derek and Andy were 
not only great mentors but became close friends during my time in Baltimore. 

 
A special thanks to my committee members Chris Love, Darrell Irvine, and Michael Dougan who 
have been a constant source of support and scientific insight throughout my PhD. You all helped to 
push the science further and I am thankful you all agreed to serve on my committee. It has been a 
pleasure learning from all of you over the years. I am particularly thankful to Michael who took 
extra time to provide career advice outside of our regularly scheduled committee meetings. 

 
The Wittrup lab has been a phenomenal environment to train in and I’ve learned so much from all my 
colleagues. Alison, Adrienne, Naveen, Noor, Emi, Alli, Yash, Sarah, Bri, Keith, Anthony, Jordan, 
Luciano, Megan, Lauren, Owen, Liz, David, Bill, Henry, and Cora - thanks for fostering such a 
supportive, collaborative, and fun environment. You all were not only great colleagues but even better 
friends. I will miss our meandering office chats, group runs, and after work happy hours. I greatly



 

 

5 

 

appreciate you all putting up with my vast, and often obscure, music taste in lab. I don’t know a lot 
of labs that go from running 12 hour flow cytometry experiments one week to physically running 200 
mile relay races the next, but I do know I am grateful to have been a part of this group. 

 
A few people in particular - Alli, Yash, Sarah, and I joined the lab together and it has been a pleasure 
to get to know you all and go through this journey alongside you three. To Lauren, Luciano, and 
Jordan: I’ve truly enjoyed all our lunch breaks, science haikus, memes, and productive 
collaborations. You all have been some of my closest friends in grad school. Thanks for making the 
lab such a fun place. I will miss you all dearly and I look forward to our continued friendships after 
grad school! 

 
A special thanks to Bri, who has been not only a critical collaborator but also one of my closest 
friends in grad school. Thanks for putting up with me bothering you in the office all day. Our 
friendship has evolved a lot along the way, and you are truly one of my closest friends here. I know 
I can always count on you for advice in and out of lab and I cannot picture my time in the 
Wittrup lab, or in Boston, without you. It has been a privilege to work alongside you and see you 
grow as a scientist and I look forward to seeing all that you accomplish in the future. I will truly 
miss seeing you all day long, but I know that we have many adventures ahead of us. And an extra 
thank you for adopting Tucker (temporarily) and Cookie (permanently). Having a lab pup has 
been one of the unexpected perks of the Wittrup lab and I will really miss them. 

 
I had the pleasure of mentoring two phenomenal undergraduate students during my PhD - Izumi 
and Shira. I learned so much about how to be a good mentor and educator working with you both. 
I’m excited to see what you all accomplish in your careers. Thanks in particular to Izumi for 
entrusting me (and her co-mentor Noor) to guide her through her senior thesis research and who 
has remained a close friend after graduating. Looking forward to visiting you on the west coast! 

 
A huge thanks to the rotating cast of Elm Street roommates - Atti, Josh, Tomer, Raph, Jake, 
Chatty, Spencer, Trey, and Ashwin. Our culinary adventures, DIY projects, and admiration for 
obscure competition reality TV shows kept me sane throughout grad school. It’s been wonderful 
living with you all over the years. Many days in grad school I found myself drained and having such 
a supportive environment to come home to was invaluable. I’m glad to call you all close friends. I 
will really miss living in that apartment and I will certainly cherish the countless memories we have 
from our time there. 

 

I wouldn’t have survived this PhD without my workout buddy, fellow yacht chef, and grad school 
best friend Atti. As the only three attendees of the MIT BE visit weekend, there was no doubt Atti, 
Josh, and I were going to be friends, but I couldn’t have anticipated how special our friendship 
would be. Atti and I arrived in Boston on the same day and spent the next 5 years living together, 
longer than I’ve lived with anyone besides my immediate family. The two of us have experienced the 
highs and lows of these past 6 years side by side and I can’t imagine my journey here any other way. 
Thanks for always being there for me. So many of my favorite memories from graduate school are 
with you and I’m looking forward to many more fun times together. 

 
Another special note of appreciation to Jake, who moved into Elm during the depths of the 



 

 

6 

pandemic and quickly became one of my best friends. Thanks for sharing your love of music with me 
and introducing me to my favorite band of all time, Slaughter beach, Dog. (And thanks to SBD, whose 
music got me through some of the harder parts of pandemic grad school). Also thank you for getting a 
second job at Lamplighter and securing me a constant source of free beer after long days at lab. 
 
A special nod to my quarantine pod Atti, Elena, Josh, Iz and Raph. I couldn’t have picked a better 
group to be stuck inside with for three months straight and thanks for keeping me endlessly entertained 
during those uncertain times. Also, thanks to Juliet who proved that you can make real friends on 
twitter. Our weekly movie nights and baking adventures during the height of the pandemic were always 
a nice break from the craziness of the grad school COVID era. 
 
I’m blessed to have so many friends in the Boston area and beyond. In addition to those I’ve already 
mentioned, thanks to the entire 2017 MIT ChemE PhD cohort (along with the 2017 MIT BE PhD 
cohort who allowed me to be an honorary member), Amber, Amanda, Emma, Chris, Gallagher, Alycia, 
Vanitha, Steph (Friend and Gaglione!), Haley, Ashley, Sasan, Howard, and Katie for being supportive 
friends throughout this long journey. And thanks to Robyn, Matt, Fiona, Steve, Will, Sara, and Erik for 
stopping through Boston throughout the years and pulling me out of the MIT bubble. Cheers to my 
friends across the pond from ImmunOctoberfest 2022! Hope to see you all at the next one. And thank 
you to those friends and family in the Buffalo area as well as in Houston and Scottsdale. I didn’t get to 
visit as much as I would have liked these past few years (partially because of graduate school, partially 
because of the pandemic), but you all have been so loving and supportive when I did. Looking forward 
to having more time to spend together after graduation! 
 
And lastly and most importantly thank you to my parents. I wouldn’t be where I am today without 
your never-ending love and support. Always eager to tell anyone who will listen about their son who 
studies at MIT - you all have been my biggest cheerleaders and given me the support to follow my 
dreams. Thank you for always being understanding of my long work hours or when I needed to pop 
into lab while you were in town to passage my cells or check on my mice. I could not have asked for 
more supportive or loving parents and words cannot convey what you both mean to me. From our 
COVID Christmas at Elm Street to our two-week post defense Italy trip we’ve managed to squeeze a 
lot of memories into these crazy few years of grad school. Looking forward to many more family 
adventures in the future and I love you guys. 
  



 

 

7 

Table of Contents 

Acknowledgements ............................................................................................................... 4 

Table of Contents ................................................................................................................. 7 

List of Figures..................................................................................................................... 10 

List of Tables ...................................................................................................................... 12 

Chapter 1: Introduction ....................................................................................................... 13 

Cancer immunotherapy: a paradigm shift in cancer treatment.......................................................... 13 

Agonist antibodies drive signaling through activating receptors ....................................................... 14 
CD28 ...................................................................................................................................................................................... 16 
4-1BB (CD137) ..................................................................................................................................................................... 18 

Intratumoral immunotherapy................................................................................................................ 20 

Targeting the extracellular matrix ........................................................................................................ 22 
Lumican ................................................................................................................................................................................. 23 
Leukocyte associated Immunoglobulin-like Receptor (LAIR) ........................................................................................ 23 

Outline of thesis ..................................................................................................................................... 24 

Chapter 2: Collagen anchored IgG binders (IgGBs)............................................................ 27 

2.1: Introduction ..................................................................................................................................... 27 
Protein A/G .......................................................................................................................................................................... 27 
Fibronectin scaffold ............................................................................................................................................................. 29 
Sso7d scaffold ....................................................................................................................................................................... 30 
Peptide IgG binders ............................................................................................................................................................. 31 
Conjugating binding handles onto IgGs ............................................................................................................................ 31 

2.2: Results .............................................................................................................................................. 32 
IgGB-lumican fusions bind collagen and IgG’s with varying affinity............................................................................. 32 
IgGB-lumican fusions are ineffective at retaining IgG’s in the TME ............................................................................ 34 

2.3: Discussion ........................................................................................................................................ 36 

2.4: Figures ............................................................................................................................................. 38 

2.5: Tables ............................................................................................................................................... 43 

2.6: Materials and Methods ................................................................................................................... 50 
Cloning and Protein Production ......................................................................................................................................... 50 
Collagen ELISA .................................................................................................................................................................... 51 
IgG binding ELISA .............................................................................................................................................................. 51 
Cells ........................................................................................................................................................................................ 52 
Mice ........................................................................................................................................................................................ 52 
IVIS and serum measurements ........................................................................................................................................... 52 
Statistical Methods ................................................................................................................................................................ 53 
Acknowledgements .............................................................................................................................................................. 53 

Chapter 3: Testing collagen anchoring agonist antibodies in preclinical cancer models ..... 54 

3.1: Introduction ..................................................................................................................................... 54 



 

 

8 

The role of CD28 signaling in the PD-1 pathway............................................................................................................. 54 
Bystander T cell in tumors ................................................................................................................................................... 55 
Alum anchoring .................................................................................................................................................................... 56 

3.2: Results .............................................................................................................................................. 57 
ɑ4-1BB, ɑCD3, ɑCD40, and ɑOX40 are amenable to lumican and LAIR fusion........................................................ 57 
IgG-LAIR is preferentially retained in the tumor microenvironment ............................................................................ 57 
ɑ4-1BB-LAIR + LAIR-MSA-IL-2 has minimal efficacy in B16F10 model .................................................................. 58 
Localized ɑ4-1BB-LAIR is ineffective as a monotherapy in inflamed tumor models .................................................. 59 
TA99 + ɑ4-1BB-LAIR demonstrates modest efficacy in B16F10 melanoma model................................................... 60 
Single dose TA99 + ɑ4-1BB-LAIR does not synergize with ɑPD-1 in B16F10 melanoma model ............................ 61 
No evidence of toxicity is seen with ɑ4-1BB constructs in our model system ............................................................. 62 
ɑCD28 amenable to expression as Fab, binds cell-surface expressed CD28................................................................. 64 
ɑCD28 Fab construct does not display agonistic activity in vitro or in vivo ..................................................................... 66 
ɑCD28 hamster-mouse hinge chimera antibody is active in vitro and amenable to LAIR fusion ................................ 67 
ɑCD28 hamster-mouse chimeric antibody has minimal in vivo efficacy ......................................................................... 69 

3.3: Discussion ........................................................................................................................................ 71 

3.4: Figures ............................................................................................................................................. 76 

3.5: Tables ............................................................................................................................................... 96 

3.6: Materials and Methods ................................................................................................................. 105 
Mice ...................................................................................................................................................................................... 105 
Cells ...................................................................................................................................................................................... 105 
Tumor Inoculation and Treatment ................................................................................................................................... 105 
Cloning and Protein Production ....................................................................................................................................... 107 
Collagen I ELISA ............................................................................................................................................................... 109 
IVIS ...................................................................................................................................................................................... 110 
Surface 4-1BB Binding Assay ............................................................................................................................................ 111 
In vitro T cell activation assays ........................................................................................................................................... 111 
Adoptive Cell Therapy (ACT) ........................................................................................................................................... 112 
Tumor Cytokine/Chemokine Analysis ............................................................................................................................ 113 
Statistical Methods .............................................................................................................................................................. 113 
Acknowledgements ............................................................................................................................................................ 113 

Chapter 4: Tregs constrain CD8+ T cell priming required for curative intratumorally 
anchored anti-4-1BB immunotherapy ................................................................................ 114 

4.1: Introduction .................................................................................................................................... 114 

4.2: Results ............................................................................................................................................. 117 
TA99 + ɑ4-1BB-LAIR synergizes robustly with CD4 compartment depletion ......................................................... 117 
ɑCD4 improves priming in the TdLN ............................................................................................................................. 118 
TdLN has increased proliferation and T cell gene signatures by Bulk-RNA sequencing .......................................... 120 
Tx + ɑCD4 leads to cytotoxic CD8+ T cell program in the tumor .............................................................................. 121 
Treg depletion results in equivalent efficacy as whole CD4 compartment depletion ................................................. 122 
Therapy induced de novo priming is necessary for therapeutic efficacy ......................................................................... 124 
ɑCTLA-4 therapy also synergizes with TA99 + ɑ4-1BB-LAIR.................................................................................... 126 

4.3: Discussion ...................................................................................................................................... 126 

4.4: Figures ........................................................................................................................................... 132 

4.5: Tables ............................................................................................................................................. 157 

4.6: Materials and Methods ................................................................................................................. 159 



 

 

9 

Study Design ....................................................................................................................................................................... 159 
Mice ...................................................................................................................................................................................... 159 
Cells ...................................................................................................................................................................................... 160 
Cloning and Protein Production ....................................................................................................................................... 160 
Collagen I ELISA ............................................................................................................................................................... 162 
Surface 4-1BB Binding Assay ............................................................................................................................................ 162 
Tumor Inoculation and Treatment ................................................................................................................................... 163 
IVIS ...................................................................................................................................................................................... 164 
Tumor Cytokine/Chemokine Analysis ............................................................................................................................ 165 
Flow Cytometry .................................................................................................................................................................. 165 
RNA extraction for Sequencing ........................................................................................................................................ 167 
RNA-seq Library Preparation and Sequencing ............................................................................................................... 168 
RNA-seq Alignment, Quantification, and Quality Control ........................................................................................... 168 
RNA-Seq Analysis .............................................................................................................................................................. 169 
Statistical Methods .............................................................................................................................................................. 169 
Acknowledgements ............................................................................................................................................................ 170 

Chapter 5: Conclusions and Future Outlooks..................................................................... 171 

Future work .......................................................................................................................................... 174 

References ......................................................................................................................... 177 
 

  



 

 

10 

List of Figures 

Figure 2-1: Sso7d-MSA-lumican is highly aggregated ............................................................................. 38 
Figure 2-2: A subset of IgGB-lumican fusions display binding to mouse IgG2a ................................. 39 
Figure 2-3: All IgGB-lumican fusions exhibit binding to plate bound collagen ................................... 40 
Figure 2-4: IgG:IgGB-Lumican complex formation ............................................................................... 41 
Figure 2-5: IgGB-lumican fusions do a poor job of retaining IgG in TME ......................................... 42 
Figure 3-1: Lumican and LAIR antibody fusions bind collagen I coated plates by ELISA ................. 76 
Figure 3-2: IgG-LAIR is retained in the tumor microenvironment ....................................................... 77 
Figure 3-3: ɑ4-1BB binding to 4-1BB is unaffected by LAIR fusion .................................................... 78 
Figure 3-4: Collagen anchoring does not improve efficacy of ɑ4-1BB combined with LAIR-MSA-IL-
2 ................................................................................................................................................................... 79 
Figure 3-5: Collagen anchoring does not improve efficacy of ɑ4-1BB monotherapy .......................... 80 
Figure 3-6: TA99 + ɑ4-1BB-LAIR leads to minor growth delay in B16F10 ........................................ 81 
Figure 3-7: TA99 + ɑ4-1BB does not improve ɑPD-1 responsiveness in B16F10 tumors ................ 83 
Figure 3-8: TA99 + ɑ4-1BB has minimal efficacy and toxicity in aged mice........................................ 84 
Figure 3-9: TA99 + ɑ4-1BB does not alter serum cytokine profile in aged mice ................................. 86 
Figure 3-10: Recombinant ɑCD28 binds surface CD28 with similar affinity to commercial ɑCD28 87 
Figure 3-11: ɑCD28 Fabs bind surface CD28 in vitro ............................................................................ 88 
Figure 3-12: ɑCD28 Fabs have no activity in vivo .................................................................................. 89 
Figure 3-13: ɑCD28 Fabs are not active in vitro ..................................................................................... 90 
Figure 3-14: Hinge chimera ɑCD28 antibody is active in vitro .............................................................. 92 
Figure 3-15: ɑCD28-LAIR does not synergize with ɑPD-1 ................................................................... 93 
Figure 3-16: ɑCD28-LAIR + ɑCD3-LAIR have effect on tumor growth ............................................ 94 
Figure 4-1: TA99 + ɑ4-1BB-LAIR synergizes robustly with CD4+ T cell depletion .........................133 
Figure 4-2: 2.5F-Fc + ɑ4-1BB-LAIR also synergizes with CD4+ T cell depletion in the MC38 tumor 
model .........................................................................................................................................................134 
Figure 4-3: Tumor supernatant cytokine/chemokine analysis does not explain differences in efficacy
 ...................................................................................................................................................................136 
Figure 4-4: ɑCD4 leads to near complete depletion of CD4+ T cells in the tumor and TdLN ........137 
Figure 4-5: ɑCD4 leads to new wave of CD8+ T cell priming .............................................................138 
Figure 4-6: Tx supports cytotoxicity of newly primed CD8+ T cells in the tumor .............................140 
Figure 4-7: 4-1BB expression on CD8+ TILs uniform across treatment groups ................................141 
Figure 4-8: ɑCD4 drives proliferation in the TdLN..............................................................................143 
Figure 4-9: Day 6 Tx + ɑCD4 samples have unique gene signature ...................................................144 
Figure 4-10: Tx + ɑCD4 upregulated gene clusters enriched for CD8+ effector programs and IFNγ 
signature ....................................................................................................................................................146 
Figure 4-11: Tx + ɑCD4 associated with cytotoxic T cell signature in the tumor .............................147 
Figure 4-12: Tx + ɑCD4 efficacy is Treg dependent ............................................................................148 
Figure 4-13: Tx + ɑCD4 requires de novo priming for efficacy ..........................................................150 
Figure 4-14: Delayed FTY720 initiation does not affect therapeutic efficacy of Tx + ɑCD4 ...........152 



 

 

11 

Figure 4-15: ɑCTLA-4 can replace ɑCD4 while maintaining efficacy and rescuing memory formation
 ...................................................................................................................................................................154 
Figure 4-16: Example gating ....................................................................................................................155 
Figure 4-17: Low read samples removed from RNA-sequencing analysis ..........................................156 
 

  



 

 

12 

List of Tables 

Table 2-1: Amino acid sequence table ...................................................................................................... 43 
Table 3-1: Amino acid sequence table ...................................................................................................... 96 
Table 4-1: Amino acid sequence table ....................................................................................................157 
 
 
  



 

 

13 

Chapter 1: Introduction 

Cancer immunotherapy: a paradigm shift in cancer treatment 

Despite tens of billions of dollars invested in oncology R&D annually, cancer is still responsible for 1 

out of every 6 deaths worldwide, with an estimated 10 million people succumbing to this disease 

annually (1). Over the past several thousand years, dating back to ancient Egypt, there have been 

sporadic case reports of spontaneous tumor regression, with nearly all cases occurring with concurrent 

infection (2, 3). Based on these case reports, in the late 1800s Dr. William Coley began injecting 

patients locally with various bacterial formulations and observed substantial tumor shrinkage, 

publishing his first results in 1891 (4). Although Coley treated thousands of patients over his career 

and published dozens of papers on the efficacy of this approach (termed “Coley’s Toxin”), 

inconsistencies in his work due to poor study design and the use of various formulations and 

administration strategies led to extensive criticism and the practice was largely abandoned (5). Coley’s 

toxin is now considered the first cancer immunotherapy treatment, with Coley himself often 

recognized as the “Father of cancer immunotherapy” (so much so that the Cancer Research Institute 

now gives out an annual prestigious “William B. Coley Award” to recognize outstanding work in the 

tumor immunology field).  

 

Throughout the 20th century, several fundamental immunological discoveries, including the 

identification of T cells, dendritic cells, and NK cells, gave us a better understanding of how the 

immune system recognizes and kills tumor cells (3). For over 40 years now intravesical delivery of 

Bacillus Calmette-Guérin (BCG), a live attenuated virus, has been the standard of care for bladder 
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cancer and in 1990 became the one of the first U.S. Food and Drug Administration (FDA) approved 

cancer immunotherapies (6).  Around the same time, recombinant interferon alpha (IFNɑ) and 

interleukin 2 (IL-2) also received approval for treatment in several different cancer indications (7, 8). 

Although these biologics induced robust antitumor immune responses, they were also hampered by 

severe immune related adverse events (irAEs), with treatment related adverse deaths for high dose IL-

2 therapy initially in the 2-4% range. Thus, it was not until the approval of ɑCTLA-4, the first 

checkpoint blockade therapy, for metastatic melanoma in 2011 that cancer immunotherapy cemented 

its role as a new pillar of cancer treatment (9). This approval along with ongoing promising trials of 

ɑPD-1 therapy and CAR-T cell therapies at the time led to Science magazine naming cancer 

immunotherapy the 2013 breakthrough of the year (10). In the ensuing 10 years, cancer 

immunotherapy has seen a boom, with a range of checkpoint blockade approvals and CAR-T cell 

therapies for a number of indications (11, 12). A 2019 survey cataloged almost 4,000 active immuno-

oncology drugs in development (13). This includes a wide array of modalities, including cytokines, cell 

therapies, antibodies, oncolytic viruses, and cancer vaccines, among others. In this thesis, we focus on 

agonist antibody therapies, a class of antibody drugs that bind to and drive signaling through activating 

receptors expressed on effector immune cells in an effort to improve their anticancer capacity.  

Agonist antibodies drive signaling through activating receptors 

Agonist antibodies are a class of therapeutics that bind to and elicit signaling through their target 

receptor (differing from antagonists, such as those used in checkpoint blockade therapy, which instead 

seek to block signaling through their target receptor). In the context of cancer immunotherapy, agonist 

antibodies typically target activating or costimulatory receptors expressed on effector cells and include 

targets such as CD28, 4-1BB, CD40, OX40, GITR, CD27, and ICOS (14–16). Signaling through these 
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receptors leads to a wide range of downstream effects, some overlapping and some distinct. In general, 

these costimulatory receptors lead to increased proliferation and survival, improved effector function, 

and better antitumor immune responses.  

 

It is widely appreciated that signaling through costimulatory receptors requires receptor clustering, 

and this is typically accomplished endogenously through trans presentation of dimeric (CD28 

superfamily receptors) or trimeric (most tumor necrosis factor receptor superfamily (TNFRSF) 

receptors) ligands by antigen presenting cells (APCs). In the case of agonist antibody induced signaling, 

antibody affinity and epitope can play a role but often signaling is driven by Fc gamma receptor (FcγR) 

mediated antibody cross linking, which then drives receptor clustering (17). Mice and humans express 

a wide range of FcγRs, most of which are “activating” receptors that contain an immunoreceptor 

tyrosine-based activation motif (ITAM), which transmits positive signals to FcγR expressing (primarily 

myeloid) cells, leading to cell activation and antibody dependent cellular cytotoxicity (ADCC) and/or 

antibody dependent cellular phagocytosis (ADCP). In addition, both species express an inhibitory 

receptor (FcγRIIB) that instead contains an immunoreceptor tyrosine-based inhibitory motif (ITIM), 

which delivers an inhibitory signal and crucially does not elicit ADCC/ADCP (18–20). Preclinical 

studies have demonstrated that agonist antibodies which bind preferentially to FcγRIIB (which is also 

referred to having a low activating:inhibitory, or A:I, ratio) led to optimal signaling. This has been 

most extensively studied in the context of ɑCD40 agonists but has also been highlighted in the context 

of other agonists such as ɑ4-1BB agonist antibodies (21–24). In these studies, use of antibody isotypes 

that have high A:I ratios (mIgG2a) have minimal immunostimulatory capacity (and instead can lead 

to target cell depletion), where antibody isotypes that have low A:I ratios (mIgG1) were potent 

agonists. In vitro, however, activating FcγR are also able to drive agonism and thus the critical role for 
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FcγRIIB engagement may be the lack of ADCC/ADCP, increased in vivo bioavailability of this 

receptor, or a combination of the two (16). This mechanism of action has several consequences. For 

one, FcγR expression on myeloid cells in the liver may contribute to the observed hepatic toxicity of 

both ɑCD40 agonists and ɑ4-1BB agonists (25, 26). Additionally, because of the required ternary 

interactions between both target receptor and FcγR, these agonist antibodies often exhibit bell shaped 

response curves, with a “sweet spot” dose of maximum agonism (16). Furthermore, because of tumor-

to-tumor heterogeneity in levels of infiltration of 1) effector cells expressing the agonist target receptor 

and 2) myeloid cells expressing FcγRs, this optimal dosing point can vary from patient to patient, 

further complicating the dosing of these agonist antibodies.  

 

Although there is a wide range of interesting costimulatory targets being explored both preclinically 

and clinically, in this thesis we focus on CD28 and 4-1BB. Below we provide basic immunology 

background and brief summaries of preclinical development to date surrounding these two targets.  

CD28 

CD28 is a constitutively expressed immunoglobulin (Ig) family surface cell receptor present on the 

cell surface as a disulfide linked homodimer expressed on nearly all naive T cells in humans as well as 

nearly all CD4+ T cells and about half of CD8+ T cells in the periphery. In contrast, CD28 is expressed 

on all T cells in mice (27, 28). CD28 has two endogenous ligands, CD80 (B7.1) and CD86 (B7.2) that 

are both expressed at high levels on APCs, albeit with slightly altered temporal dynamics. CD28 binds 

to both ligands with similar affinities (4 µM and 20 µM for CD80 and CD86, respectively) (29). 

Notably, CD28 competes with CTLA-4 for binding to these two ligands (with CTLA-4 having a higher 

affinity for both), and therefore CTLA-4 represents a counter regulatory mechanism for CD28 

signaling (30). CD28 is canonically thought of as “signal two” in the two-signal T cell priming 
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hypothesis, with “signal one” being TCR engagement with its cognate peptide displayed on MHC 

(31). T cells that only receive signals through the TCR without CD28 signaling become anergic or 

undergo apoptosis, an important aspect of peripheral tolerance and a means to prevent activation of 

self-reactive T cells that were not deleted in the thymus (32). Thus, CD28 signaling is critical for proper 

T cell priming and differentiation.  

 

Signaling through CD28 acts on a diverse range of downstream targets (33). CD28 signaling activates 

phosphoinositide-3 kinase (PI3K) which increases cell metabolism and promotes cell survival by 

increasing expression of Bcl family pro-survival factors. Downstream signaling via growth factor 

receptor-bound protein 2 (Grb2), on the other hand, leads to increased IL-2 expression and activation 

of transcription factors such as NFAT, NFκB, and AP-1. Overall, CD28 signaling leads to enhanced 

proliferation and survival, altered cell metabolism, actin cytoskeleton rearrangement, co-stimulatory 

receptor expression, and cytokine production.  

 

Early preclinical work in the cancer immunology field demonstrated that tumor cells lines engineered 

to express B7, the endogenous ligand for CD28, were spontaneously rejected after implantation in a 

CD8+ T cell dependent manner.  Additionally, there were early reports of evidence of tumor growth 

delay in tumor bearing mice with treated with ɑCD28 (34, 35). However, development of ɑCD28 

agonists was largely halted after a phase I clinical trial of an ɑCD28 superagonist (TGN1412) had 

disastrous results, with 6 health volunteers hospitalized in the ICU after experiencing severe cytokine 

release syndrome (CRS) mere hours after infusion of the drug (36). It was later found that effector 

memory CD4+ T cells were the likely culprit of this life-threatening case of CRS, and all development 

of this biologic was stopped (37). More recently, there has been renewed interest in targeting CD28 
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for cancer immunotherapy, specifically using trispecifics/bispecifics targeting PD-L1 or tumor 

antigens and CD28 (and CD3 in the case of trispecifics) to restrict activity of these agonists to the 

tumor microenvironment (38–42). Three of these bispecifics targeting MUC16, PSMA, and EGFR 

have entered clinical testing and early results for the EGFRxCD28 bispecific showing it is well 

tolerated with no dose limiting toxicities observed thus far (43–45). An engineered CD80-Fc fusion 

that is able to simultaneously block PD-L1 and CTLA-4 while agonizing CD28 (ALPN-202, 

davoceticept) has also displayed improved efficacy over ɑPD-L1 alone in humanized mouse models 

and in early phase I trials has been well tolerated (46, 47). Thus, there has been a renewed appetite, 

and favorable early safety signals, for tumor localized ɑCD28 agonists.  

4-1BB (CD137)  

4-1BB, also known as CD137 or tumor necrosis factor receptor super family 9 (TNFRSF9) is a cell 

surface receptor not expressed on naive T cells but is upregulated on both CD4+ and CD8+ T cells 

upon activation (48). It is also expressed on a host of other cells, including activated NK cells, dendritic 

cells, monocytes, neutrophils, B cells, and endothelial cells (49–51). 4-1BB exists both as a monomer 

and dimer on the cell surface (52, 53). 4-1BB’s ligand, 4-1BBL, is expressed as a trimer on the surface 

of APCs and successful signaling requires the trimeric ligand binding with a trimer of 4-1BB and then 

subsequent higher order clustering of these trimeric receptors (54, 55). The signaling cascade following 

trimer clustering is complicated, but is primarily mediated through two signaling adapters, TNF 

receptor associated factors 1 and 2 (TRAF1 and TRAF2), which bind to the cytoplasmic tail of 4-1BB. 

When multiple TRAF2 proteins are brought in close proximity to one another a polyubiquitin chain 

is formed which recruits additional adaptor proteins leading to further signal transmission and eventual 

activation of NFκB. The exact function of TRAF1 in 4-1BB signaling is, on the other hand, not as 

well understood (56).  
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4-1BB signaling can lead to Th1 polarization, prevention of antigen induced cell death (AICD), 

increased proliferation, improved effector function, and increased cytokine production (56–60). 4-

1BB also plays a pivotal role in the formation and maintenance of memory CD8+ T cells via 

modulation of autocrine IL-2 signaling (60). Furthermore, on NK cells 4-1BB signaling can lead to 

upregulation of the high affinity IL-2Rɑ (CD25) as well as increased proliferation, IFNγ production, 

and in some cases enhanced cytotoxicity (61–64).  

 

It was first demonstrated over 25 years ago by Melero and colleagues that agonist antibodies targeting 

4-1BB could enhance CD8+ T cell mediated antitumor immunity and eradicate tumors in certain 

contexts (65). Since then, many preclinical studies have reported efficacy of ɑ4-1BB agonist antibodies 

alone and in combination with a wide range of immunomodulators, including but not limited to other 

agonist antibodies, cytokine therapies, vaccines, and checkpoint blockade therapies (66). Clinical stage 

ɑ4-1BB agonists first entered human trials in 2005, with Urelumab and Utomilumab being the first 

two agonist antibodies targeting 4-1BB tested in patients. Urelumab was initially promising in early 

phase I trials, but severe liver toxicities in phase II trials, including two cases of fatal liver toxicity, has 

necessitated drastically decreasing the dose of this antibody. At safe doses, this antibody has seen 

limited efficacy (67). Utomilumab, on the other hand, has an excellent safety profile but little clinical 

activity, and thus development has been discontinued (68, 69). The different isotypes of these 

antibodies (Urelumab being human IgG4 and Utomilumab human IgG2) and their different epitopes 

(Urelumab does not compete with 4-1BBL, while Utomilumab) likely explains the different agonistic 

capabilities of these two biologics (68). Since these two antibodies first entered the clinic, a slew of 

second generation ɑ4-1BB agonists have followed suit, with at least 41 new ɑ4-1BB agonists entering 
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clinical testing between January 2017 and December 2022 (66, 70). Some of these agonists are standard 

IgG formats with engineered Fc regions to modulate FcγRIIB binding (and thus differential reliance 

of FcγR mediated clustering) and/or targeting different epitopes than Urelumab/Utomilumab, with 

hopes that these changes will be enough to identify a “sweet spot” between these two agonists with 

optimal clinical activity and tolerability. However, the vast majority of new ɑ4-1BB agonists entering 

the clinic employ various strategies to limit activity to the tumor microenvironment (TME) (and/or 

the tumor draining lymphoid tissue), either through the use of bispecifics that bind to 4-1BB and 

either a tumor associated antigen such as HER2 or another immunological target such as PD-L1, or 

by engineering antibodies that only function in tumor specific biochemical niches, such as antibodies 

that only bind in ATP rich environments or antibodies whose binding domains are masked and only 

rendered functional after cleavage by tumor specific proteases (71–75). Many of these next generation 

ɑ4-1BB agonists have just begun phase I trials and data on their safety and clinical efficacy is not yet 

available. However, taking a holistic view of the state of ɑ4-1BB agonist development, it is clear that 

the field has largely converged onto efforts to engineer ɑ4-1BB agonists with TME restricted activity.  

Intratumoral immunotherapy  

Intratumoral immunotherapy is as old as immunotherapy itself, with the aforementioned Coley’s toxin 

injected directly into visible sarcoma and carcinoma lesions. BCG, discussed previously in the context 

of bladder cancer, has also been tested as an intratumoral therapy in other indications outside of 

bladder cancer, such as malignant melanoma and head and neck sarcoma (76, 77). In 2015, the first 

intratumoral oncolytic viral therapy, Talimogene lapherparepvec (T-VEC) was approved by the FDA 

for treatment of unresectable melanoma based on high response rates reported in phase III trials (78, 
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79). However, difficulties with accessing tumors beyond cutaneous/subcutaneous lesions limited 

widespread adoption of intratumoral strategies.  

 

Improvements in interventional radiology, endoscopy, and laparoscopy have made once inaccessible 

lesions accessible, expanding the number of patients that can benefit from intratumoral therapies (80–

82). The number of ongoing clinical trials examining intratumoral immunotherapy has grown 

exponentially in recent years (83).  

 

One of the guiding principles of intratumoral immunotherapy is the hypothesis that robust, local 

immunostimulation can generate a systemic antitumor immune response (84). Coined an “abscopal 

response”, this would allow injection of one or a few accessible lesions to promote tumor regression 

at distant, uninjectable lesions. Clinical reports indeed support this hypothesis. In a clinical trial of 

intratumoral BCG in metastatic melanoma, tumor regression was observed in 90% of injected lesions 

and almost 20% of uninjected lesions (76). Indeed, T-VEC has also been reported to elicit responses 

in both visceral and non-visceral uninjected lesions, with some legions regressing completely (78, 85).   

 

However, intratumoral injection of free biologics does not necessarily limit systemic exposure. 

Therapeutic payloads injected into the tumor can easily enter systemic circulation via lymphatic 

drainage and/or through leaky tumor vasculature. In our own group, we observed that systemically 

administered MSA-IL-12 (intraperitoneally, i.p.) and intratumorally administered MSA-IL-12 elicited 

nearly identical toxicity in mice, as assessed by treatment related weight loss (86). Even larger 

molecules, such as ɑCD40 agonist antibodies, completely leak out of tumors within 48 hours of 

injection (87). Similar results have been observed in human clinical intratumoral immunotherapy trials, 
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with rhIL-12 detectable in the serum within 30 minutes of local injection into head and neck squamous 

cell carcinoma and side effects associated with local administration of recombinant tumor necrosis 

factor alpha similar to those experienced with systemic administration (88, 89). Although technical 

advances have made intratumoral injections feasible in a wide array of clinical presentations, the rapid 

systemic dissemination after local administration highlights the need for better engineered strategies 

to retain locally administered payloads. In this thesis, we use a collagen anchoring strategy to tether 

locally intratumorally administered agonist antibody payloads to collagen located in the tumor 

extracellular matrix (ECM).  

Targeting the extracellular matrix  

Collagen is a promising candidate for tumor localization for several reasons. Collagen is ubiquitously 

expressed (comprising one third of all protein in the body, by mass) and is the most abundant protein 

within the ECM (90). Furthermore, collagen is often overexpressed in tumors compared to healthy 

tissue and, because of its ubiquitous expression, this approach is relatively tumor type agonistic (91). 

Collagen has a relatively long half-life, limiting the amount of collagen-turnover mediated drug 

degradation. Indeed, modeling work from our own group confirmed that collagen turnover leads to 

negligible drug degradation (92). Imaging studies have also revealed that immune cells are often in 

close proximity to collagen rich regions of the tumor and even travel along collagen fibrils (93, 94). 

Thus, collagen localization of immunotherapy payloads will position these drugs in close proximity to 

infiltrating immune cells. Lastly, although we do not explore the role of targeting different collagen 

isoforms (or other ECM components for that matter) in this thesis, their non-uniform spatial 

distributions in the tumor suggest that it may be possible to fine tune delivery of different 

immunotherapeutic payloads to different regions of the TME (95). How targeting different ECM 
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components and collagen isoforms impacts tumor localization and therapeutic outcomes is an active 

area of research in our group.  

 

Our group and others have demonstrated that collagen anchoring of a wide array of 

immunomodulatory payloads can improve their therapeutic index (86, 92, 96–103). In this work, we 

focus on the use of two different collagen binding domains, lumican and LAIR. A brief background 

on each is provided below.  

Lumican 

Lumican is a ~40kDa protein that naturally binds to several collagen isoforms, notably collagen I and 

collagen IV (which are the most abundant form of collagen and a member of the basement membrane, 

respectively) (86). Lumican is a member of the small leucine-rich repeat proteoglycan family (SLRP) 

and is thought to play a role in regulating collagen fibrillogenesis, with lumican knockout mice showing 

increased skin laxity/fragility and corneal opacification (104, 105). Although no crystal structure for 

lumican has been published, like most SLPR members it is thought to have a horseshoe like structure 

with the concave portion of the protein binding to collagen (106). Measured in our lab, lumican has a 

dissociation constant (KD) for collagen I and IV in the hundreds of nanomolar range, indicating a 

moderately high affinity (86, 103).  Interestingly, lumican may also play a role in innate immune 

responses, with evidence that lumican can present lipopolysaccharide (LPS) to CD14, a TLR co-

receptor (107). In vitro, lumican-deficient macrophages have impaired responses to LPS.   

Leukocyte associated Immunoglobulin-like Receptor (LAIR) 

Leukocyte associated Immunoglobulin -like Receptor 1, or LAIR1 (often abbreviated as simply 

“LAIR” herein), is an inhibitory receptor containing a cytoplasmic ITIM that is expressed on immune 
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cells. Evidence suggests that LAIR is not critical for preventing immune cell overactivation or 

autoimmunity, with LAIR knockout mice being relatively healthy with only minor altered immune 

phenotypes (slightly higher percentages of activated T cells in the spleen and lowered serum IgG1 

levels, among other minor changes) (108). This suggests that any inhibitory function LAIR plays is 

primarily redundant in vivo with other inhibitory receptors. This is in stark contrast to inhibitory 

receptors such as CTLA-4 and PD-1, which play a crucial role in preventing severe, sometimes fatal, 

autoimmunity (109–111). One interesting consequence of selecting LAIR as a collagen binding 

domain is that it will likely compete with endogenous LAIR for binding sites and may block inhibitory 

LAIR signaling within the tumor. Indeed, tumor cells engineered to constitutively express hLAIR2 or 

treatment with hLAIR2-Fc fusion proteins sensitizes tumors to ɑPD-1 therapy (112, 113). It is 

impossible to de-couple these effects of blocking endogenous LAIR signaling with collagen anchoring 

in our work, and we cannot rule out if this has some impact on therapeutic outcomes.  

Outline of thesis  

Chapter two outlines our initial efforts to develop a generalizable platform for retention of antibody 

payloads in the TME. To do this, we utilized a collagen anchoring strategy, in which various IgG 

binding (IgGB) domains were fused to the collagen binding protein lumican (termed “IgGB-lumican” 

fusions). Although these fusions were functional in vitro and we observed evidence of intratumoral 

retention of IgGB-lumican fusions in the TME, IgG was poorly retained in the TME due to rapid 

exchange with endogenous IgG.  

 

In chapter three, we instead direct our efforts towards constructing direct antibody fusions to collagen 

binding domains. We show that this strategy is applicable to both a wide range of antibodies and 
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collagen binding proteins. We then proceed to study collagen anchoring versions of ɑ4-1BB and 

ɑCD28 by fusing them to the ectodomain of Leukocyte Associated Immunoglobulin -like Receptor 1 

(LAIR1) and testing them in vivo in a number of immunotherapy combinations. Unlike our previously 

published cytokine work (86, 92), where we saw striking increases in efficacy and decreases in 

treatment related toxicity, we did not observe major improvements of collagen anchoring antibody 

formats for most combinations tested. In fact, for some ɑCD28 combinations we observed 

diminished efficacy for the collagen anchoring formants when compared to free cytokine. However, 

we did observe a small improvement in efficacy for one combination, TA99 + ɑ4-1BB-LAIR, when 

compared to non-collagen anchoring TA99 + ɑ4-1BB.  

 

In chapter 4, we further explore this combination and, in the course of performing cellular depletion 

studies to dissect out which immune populations are important for efficacy, we found that 

simultaneous depletion of CD4+ T cells boosted cure rates to over 90% of mice. Using flow cytometry 

and bulk RNA-sequencing, we probed the immunological mechanism of this combination. We 

elucidated two mechanisms of action for this synergy: ɑCD4 eliminated tumor draining lymph node 

Tregs, enhancing priming and activation of CD8+ T cells, and TA99 + ɑ4-1BB-LAIR supported the 

cytotoxic program of these newly primed CD8+ T cells within the tumor microenvironment. Although 

we observed robust primary tumor efficacy, these mice failed to form long-term immunological 

memory and ultimately succumbed to tumor rechallenge. Because of this poor memory response and 

the translational infeasibility of long term CD4+ T cell depletion, we sought out alternative clinically 

relevant “priming agents” to replace ɑCD4.  We observed replacement of ɑCD4 with ɑCTLA-4, a 

clinically approved antibody that enhances T cell priming, resulted in equivalent cure rates while 

additionally aiding mice in generating robust immunological memory against secondary tumor 
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rechallenge. Holistically, this thesis outlines efforts to develop collagen anchored agonist antibodies 

for cancer immunotherapy. Furthermore, our work in chapter three and more so chapter four 

uncovers a fundamental two-step approach to combination immunotherapy:  1) prime CD8+ T cells 

by regulatory T cell depletion/inhibition; and then 2) support these infiltrating CD8+ T cells with 

tumor-localized immune agonism (in this work with a ɑ4-1BB agonist antibody).   
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Chapter 2: Collagen anchored IgG binders (IgGBs) 

2.1: Introduction 

In this chapter we outline efforts to engineer a generalizable strategy to anchor agonist antibodies to 

the tumor microenvironment. To do this, we constructed fusion proteins consisting of 1) a panel of 

IgG binding domains (IgGBs) and 2) lumican, a collagen binding domain previously validated in our 

lab to improve tumor localization of cytokine fusions (86). We termed these fusion proteins IgGB-

lumican fusions and envisioned this platform would allow us to rapidly screen a wide range of available 

preclinical agonist antibodies for tumor localization, including commercial antibodies for which 

sequences to express in-house were not readily available. In theory, agonist antibodies of interest 

would be co-incubated with our IgGB-lumican fusion and administered intratumorally - the IgGB-

lumican fusion acting as a bispecific tether linking the therapeutic antibodies to the collagen rich 

extracellular matrix (ECM). This platform would be generalizable beyond agonist antibodies to any Fc 

containing protein, including antitumor antibodies, antagonistic antibodies, and cytokine-Fc fusions. 

A range of different IgGB have been reported in the literature, primarily for use in affinity purification 

of IgG or as detection agents for biosensors, western blots, flow cytometry, and other bioassays (114). 

Ultimately, this strategy failed because weak affinity for IgG of available IgGBs limited tumor 

retention and varying affinity to different IgG isotypes of available IgGBs would complicate head-to-

head comparisons. Below, we provide background on the various sources of IgGBs used in this study.  

Protein A/G 

Perhaps the best characterized IgG binding proteins are Protein A and Protein G, derived from 

Staphylococcus aureus and the group C and G Streptococcus bacteria, respectively. These proteins are 
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displayed on the bacterial surface and prevent antibody opsonization (and thus bacterial clearance) by 

binding to the Fc region of IgGs (115, 116). These proteins are routinely used to purify recombinantly 

expressed antibodies and Fc fusions, including for production of clinical stage biologics (117). More 

specifically, protein A is composed of 5 different IgG binding domains (A, B, C, D, and E) with 

approximately 80% sequence homology and a C-terminal hydrophobic transmembrane tail to anchor 

the protein to the bacterial surface. A modified version of the B domain, referred to as domain Z, has 

been extensively characterized and studied in the literature (118–120). This 58 amino acid protein 

consists of three alpha helices and contains several mutations to improve chemical stability (121). It 

has been reported in the literature that protein A or the engineered Z domain bind to IgG with a 

dissociation constant (KD) of 10-100 nM, depending on the specific construct and IgG species/isotype 

(122–124).  Additionally, data has suggested that dimers of two Z domains have a two-fold 

improvement in affinity over monomeric Z domains (118). Thus, we included a dimeric Z domain 

(termed “ZZ”) in our IgGB panel.  

 

Protein G consists of two (B1 and B2) or three (C1, C2 and C3) highly homologous Fc binding 

domains with several N-terminal albumin binding domains, depending on which bacterial strain it is 

derived from (125–129). The amino acid sequences of B1 and B2 are identical to C1 and C3. Whereas 

Protein A primarily interacts with the Fc region via hydrophobic interactions, Protein G interacts with 

the Fc region via polar and electrostatic contacts (126). Similar to Protein A, Protein G and its various 

subdomains bind to IgG with a KD in the 10-100 nM range (130, 131). However, Protein G exhibits 

weak Fab interactions, which can lead to aggregation when in solution with IgG. Fortunately, a single 

N37Y point mutation has been identified which abrogates Fab binding (132). A dimer of protein G 
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(B1 and B2) binding domains (containing N37Y point mutations) separated by a 15 amino acid linker 

derived from the native streptococcal protein, was included in our IgGB panel.  

Fibronectin scaffold 

Fibronectin is a large protein that forms a significant part of the extracellular matrix. One of 

fibronectin’s subdomains, the fibronectin Type III domain (FN3), is a member of the immunoglobulin 

superfamily and found in many proteins involved in molecular recognition, including cell-adhesion 

molecules, cytokine receptors, hormone receptors, and carbohydrate binding domains (133, 134). The 

10th FN3 domain (10FN3, out of 15 repeats total) of human fibronectin has been reported in the 

literature as a suitable “antibody mimic” scaffold for designing novel protein binders (133, 135). 10FN3 

consists of 94 residues and forms a “beta sandwich” structure, similar to the antibody VH domain. 

This “beta sandwich” contains 7 individual beta sheets connected by several unstructured loop 

domains. The three solvent accessible loops on the N-terminal face of the protein are the basis of the 

molecular recognition abilities of FN3 and are analogous to the complementarity-determining regions 

(CDRs) of antibody variable regions (136). By introducing mutations specifically into the loops of 

these domains, one can engineer large libraries of novel proteins and screen for binders, often termed 

“monobodies”, to specific target proteins. mRNA, phage display, and yeast display 10FN3 libraries 

have been developed and used to engineer novel binders with affinities in the micromolar to picomolar 

range (137–139). A PEG-ylated 10FN3 derived VEGFR2 inhibitor has been tested clinically for the 

treatment of recurrent glioblastoma (140–142). Although trials were terminated early due to lack of 

efficacy, this nevertheless demonstrates the translational potential of 10FN3 derived binders. 

 

Work from our own lab developing 10FN3 yeast libraries demonstrated that limited diversity libraries 

with just 7 mutations in each of two of the three solvent accessible loops (BC and FG loops, 14 
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mutations total) could still generate binders with sub-nanomolar affinity to lysozyme, a model antigen 

(143). Additionally, the highest affinity binders from this library all contained an interloop disulfide 

bond between the two mutated loops (between residues 28 and 77). Notably, this interloop disulfide 

bond is similar to those found in both camel and shark antibody binding domains (144, 145). Data 

suggested that this disulfide was critical to the high binding affinities of the isolated 10FN3 mutants, 

likely through increases in thermodynamic stability. Parallel work conducted by our group 

demonstrated that 10FN3 loops are also amenable to changes in loop length and that loop length 

diversity, in addition to loop composition, is a critical component of successful 10FN3 binder 

engineering (146). Subsequently our group generated a 10FN3 library with antibody-like CDR diversity 

while conserving some WT loop amino acid identities to improve stability. This library, termed G4, 

was demonstrably better at selecting high affinity binders when compared to naive, unbiased libraries 

(147). A high affinity binder to mIgG was isolated from this fibronectin library and subsequently used 

in the study outlined in this chapter.  

Sso7d scaffold 

Hyperthermophylic archaea and bacteria have evolved to thrive in extreme temperatures and pH, and 

thus proteins from these organisms often display increased stability and make suitable candidates for 

protein binding scaffolds. In particular, the Sso7d DNA-binding protein from Sulfolobus solfataricus has 

been used by our lab and others to engineer novel binders (148–150). The high stability and rigid 

structure of the Sso7d protein makes it more tolerable to mutations, a trait that has been demonstrated 

to improve the evolvability of proteins (151). Its small size (7 kDa) and high stability also make it 

highly amenable to fusion protein construction and expression. Additionally, unlike antibody and 

antibody-like binders (such as 10FN3 domains), which bind epitopes with flexible loops, the Sso7d 

binding paratope is a rigid beta sheet, which reduces the entropic penalty of binding (150). In the first 
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published demonstration of using the Sso7d platform to engineer novel binders, a high affinity binder 

to mIgG was identified and this Sso7d binder was included in our panel of IgGB (149). 

Peptide IgG binders 

To diversify our approach, we also included several smaller peptide IgGB. We selected two synthetic 

peptides from the literature. One was a small, 4 amino acid computationally designed peptide, RRGW 

(152). This peptide was designed specifically to bind a mouse IgG2a Fc region, and was demonstrated 

to bind IgG by SPR. In another approach, cyclic peptide phage display libraries were screened for IgG 

binders, and several binders that bound to consensus regions also involved in Protein A and Protein 

G binding were identified (153). Follow up work identified a second disulfide bridge that further 

stabilized the cyclic structure of the highest affinity peptide (123). This new peptide, Fc-III-4C, was 

reported to have 30-fold higher affinity for human IgG (while still maintaining binding to a broad 

range of IgG from different species). This peptide was also included in our IgGB panel.  

Conjugating binding handles onto IgGs 

An alternative approach to using binders that bind to the Fc itself is to chemically conjugate ligand 

“handles” onto the IgG of interest and use fusions of known binders to these ligand handles to 

collagen binding domains to localize the IgG. Our lab has previously engineered an ɑFITC single 

chain variable region (scFv) antibody fragment, 4m5.3, that binds FITC with femtomolar affinity 

(154). Because FITC is a relatively cheap reagent available with a range of conjugation formulations 

(such as the amine reactive NHS ester conjugation strategy used in this study) we employed this as a 

complementary strategy. In this approach, FITC labeled IgG would bind to 4m5.3-MSA-lumican, 

which would then bind tumor collagen.  
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2.2: Results 

IgGB-lumican fusions bind collagen and IgG’s with varying affinity 

We developed a panel of IgGBs fused to the collagen binding domain lumican as a generalizable IgG 

retention strategy. All constructs contained a mouse serum albumin (MSA) spacer between the IgGB 

and lumican and short flexible (G3S)1-2 linkers separated each domain (Table 2-1). Specifically, we 

designed two constructs based on Protein A/G - the first a dimer of the protein Z domain from 

Protein A (termed ZZ-MSA-Lumican) and the second a truncated version of Protein G containing a 

point mutation to eliminate Fab binding (termed Lumican-MSA-SpG2). We also identified IgGBs 

engineered from a fibronectin library and an Sso7d library, both developed by previous members of 

our lab, and constructed MSA-lumican fusions to both of these binders (147, 149). These constructs 

were termed lumican-MSA-Fn3 and Sso7d-MSA-lumican, respectively. Lastly, we identified two 

peptide IgG binders from the literature - one a short, positively charged peptide RRGW and the 

second a cyclic peptide (Fc-III-4C) identified from a phage library (123, 152). These constructs were 

termed lumican-MSA-RRGW, lumican-MSA-WGRR, and lumican-MSA-Fc-III-4C respectively. 

Decisions to construct N-terminus or C-terminus fusions for each IgG binder were made based on 

prior literature examples, except RRGW, which was constructed in both orientations, although 

collectively we refer to them as IgGB-lumican fusions regardless of orientation. All constructs 

contained a His tag for purification purposes.  

 

All 6 of these binders were recombinantly expressed in mammalian cells and confirmed to be the 

appropriate size by SDS-PAGE gel. Sso7d-MSA-Lumican appeared to contain a large fraction of 

aggregates by SDS-PAGE gel, and this was further confirmed by size exclusion (SEC) 
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chromatography (Fig. 2-1). Sso7d is naturally a positively charged protein as its endogenous ligand is 

DNA. Our lab has developed charge neutralized libraries which have decreased off-target binding and 

increased developability, but the IgG binding Sso7d we utilized in this study was isolated from a prior 

library (150). Thus, it is unsurprising that this charged Sso7d is aggregation prone. Because of its poor 

developability characteristics, we discontinued evaluation of this candidate.  

 

We next assessed the ability of the IgGB-lumican fusions to bind an isotype control mouse IgG2a 

(mIgG2a) via ELISA (Fig. 2-2). Both ZZ-MSA-lumican and lumican-MSA-SpG2 bound relatively high 

affinities (KD = 0.662 nM and KD = 94.4 nM, respectively). Lumican-MSA-Fn3 also bound mIgG2a 

with a measurable, albeit weak, affinity (KD = 1170 nM). Lumican-MSA-Fc-III-4C, lumican-MSA-

RRGW, and lumican-MSA-WGRR all displayed minimal binding to mIgG2a. In fact, any binding 

signal was equivalent to or below the non-specific binding signal of each of these constructs 

(determined using blocked but uncoated wells). Therefore, lumican-MSA-Fc-III-4C, lumican-MSA-

RRGW, and lumican-MSA-WGRR were discontinued from further development.  

 

As an alternative strategy, we recombinantly expressed an ɑFITC scFv fused to lumican, again with a 

mouse serum albumin (MSA) spacer between the scFv and lumican and short flexible (G3S)1-2 linkers 

separating each domain. We utilized clone 4m5.3, a high affinity ɑFITC scFv developed in our lab 

with a femto-molar affinity for FITC (KD = 400 fM). This construct was termed 4m5.3-MSA-lumican. 

By chemically conjugating FITC onto IgGs of interest (with a polyethylene glycol (PEG) linker to 

ensure the FITC motif is accessible to 4m5.3) this strategy allows the localization of any FITC labeled 

IgG regardless of isotype.  
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We next confirmed that lumican-MSA-Fn3, lumican-MSA-SpG2, ZZ-MSA-lumican, and 4m5.3-MSA-

lumican were able to bind collagen I and collagen IV via ELISA (Fig. 2-3). Indeed, we saw that all 

four constructs bound collagen with similar affinities to control lumican protein. All constructs 

displayed a higher affinity for collagen IV when compared to collagen I, consistent with prior reports 

in the literature and work from our own lab with cytokine-lumican fusions.  

IgGB-lumican fusions are ineffective at retaining IgG’s in the TME 

To assess the ability of our reduced panel of IgGB-lumican fusions to retain IgGs in the TME we 

utilized longitudinal in vivo fluorescence imaging. ZZ-MSA-lumican, lumican-MSA-SpG2, lumincan-

MSA-Fn3, and 4m5.3-MSA-lumican were labeled with AF568 and isotype control mIgG2a was labeled 

with AF647. Additionally, for pairing with the 4m5.3-MSA-lumican construct, we labeled isotype 

control mIgG2a with both AF647 and PEG-FITC. For this initial pilot study, BALB/c mice were 

inoculated with 4T1 tumors and intratumorally administered IgGB-lumican:IgG complexes on day 5. 

Prior to intratumoral injection we co-incubated mIgG2a (or mIgG2a-PEG-FITC) with IgGB-lumican 

fusions (or 4m5.3-MSA-Lumican) at a molar ratio of 0.9. The higher the ratio, the higher the free 

mIgG2a upon injection. However, dropping the ratio too low risks sacrificing the fluorescent signal. 

Based on equilibrium binding (assuming 1 nmol IgGB-lumican and 20 µL incubation volume) 0.9 was 

chosen as the ideal ratio (Fig. 2-4). 4T1 tumors were chosen for their high collagen content (155). For 

this pilot experiment, two mice were injected per construct with IgG:IgGB-lumican complexes and a 

single mouse was injected with IgGB-lumican alone. Mice were monitored longitudinally for retention 

of labeled IgG in the TME. Technical issues precluded monitoring analysis of IgGB-lumican fusions 

signal in vivo.  
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Unfortunately, all IgGs leaked out at a similar rate to control mIgG2a, indicating that none of the IgG 

retention strategies were successful (Fig. 2-5A). In addition to IVIS imaging, we collected serum from 

all animals 24 hours following intratumoral administration. We then measured fluorescence in the 

serum of both labeled mIgG2a and labeled IgGB-lumican fusions. We observed a high concentration 

of mIgG2a in the serum at this time point, consistent with our IVIS data. However, we observed a 

~10-fold lower concentration of IgGB-lumican in the serum for all constructs (Fig. 2-5B). Despite a 

lack of longitudinal IVIS data for the IgGB-lumican fusions, we interpreted the serum data to indicate 

that although the IgGB-lumican constructs were likely retained in the tumor microenvironment, 

mIgG2a quickly fell off of these constructs and leaked out of the tumor. Interestingly, we also 

observed a significant difference in retention of N-terminal versus C-terminal IgGB-lumican fusions 

retention based on serum data, with 4m5.3-MSA-Lumican and ZZ-MSA-Lumican exhibiting a lower 

serum concentration than Lumican-MSA-Fn3 and Lumican-MSA-SpG2. Measured affinity of these 

constructs via ELISA did not predict this outcome of N-terminal versus C-terminal retention 

differences. 

 

Given the measured in vitro affinities for IgGB-lumican constructs to mIgG2a, this is not an 

unsurprising outcome. However, because of the high affinity for 4m5.3-MSA-lumican to mIgG2a-

FITC, we did not expect this construct to exhibit such poor IgG retention in vivo. Post hoc analysis 

revealed that labeled mIgG2a-FITC had a poor degree of labeling (DOL) of only 0.9 moles of dye per 

mole of IgG. It is well documented that the lysine amine chemical conjugation strategy employed in 

this study typically results in a dye to antibody ratio that follows a Poisson distribution (156). Thus, 

using just the average DOL we can calculate what fraction of the mIgG2a pool contained 0, 1, 2, etc. 

dye labels. Given a measured DOL of 0.9, we calculated that over 40% of all mIgG2a were unlabeled. 
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Seeing that almost half of the injected mIgG2a-FITC was actually unlabeled and thus unable to bind 

to 4m5.3-MSA-lumican, this likely explains why this strategy underperformed in intratumoral IgG 

retention.  

2.3: Discussion 

In this chapter, we designed a panel of IgG binding domain proteins fused to the collagen binding 

domain lumican in an effort to generate a plug-and-play system to rapidly test tumor localized agonist 

antibodies. We hypothesized that this system would allow us to screen a wide range of tumor localized 

agonist antibodies in preclinical mouse tumor models. Direct fusion of collagen binding domains to 

agonist antibodies requires sourcing sequences, in-house expression, purification, and in vitro validation 

for each individual antibody candidate. We reasoned that our strategy would allow us to pick a single 

IgGB-lumican fusion that would pair with any and all available preclinical agonist antibodies, 

significantly cutting down on protein production and in vitro validation time. We quickly realized that 

this approach had two major drawbacks. First, the affinity of available IgGBs was insufficient to retain 

therapeutic IgGs in the TME over freely injected IgG, likely because high concentrations of 

endogenous IgG in vivo rapidly competed off our pre-loaded therapeutic antibodies. Secondly, IgGBs 

display varying affinity depending on antibody isotype and species. As preclinical agonist antibodies 

are often of rat and hamster origin (and to a lesser extent murine origin) and come in a range of 

isotypes, this meant that it would be nearly impossible to ensure uniform retention from antibody to 

antibody, making head-to-head comparisons of different locally retained agonists difficult. Although 

we could have undertaken a protein engineering campaign to generate IgGBs with higher affinity 

and/or more uniform binding profiles to different IgG species/isotypes, this likely would have been 

a time consuming endeavor without guaranteed success. Our second approach of chemically 
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conjugating FITC “handles” onto antibodies of interest and anchoring them to the TME with a 

ɑFITC-MSA-lumican fusion (specifically 4m5.3-MSA-lumican) solved the challenges associated with 

the IgGB-lumican fusions, but introduced new complicating factors. Batch-to-batch DOL variations 

again meant that different lots of prepared FITC labeled antibodies would have different tumor 

retention times, impeding on both head-to-head agonist comparisons and the reproducibility of this 

work. Indeed, the field of antibody drug conjugates has largely moved away from random amine 

labeling and instead relies on engineering free cysteines into the Fc region, allowing for controlled 

DOL (157). This approach would be useful in our use case as well, but again requires in-house 

antibody expression and purification. Instead, we chose to develop and express direct fusions of 

agonist antibodies to collagen binding domains, which we detail in the following chapters.  
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2.4: Figures 

 

Figure 2-1: Sso7d-MSA-lumican is highly aggregated 

SEC chromatogram of indicated proteins on a Superdex 200 increase 10/300GL column. 
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Figure 2-2: A subset of IgGB-lumican fusions display binding to mouse IgG2a 

(A) Equilibrium binding curve of indicated proteins to plate bound mouse IgG2a isotype control 

antibody (n = 1). (B) Non-specific binding to uncoated ELISA plate of indicated proteins (dotted 

lines) at highest concentrations with data from (A) replotted (solid lines) (n = 1).    
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Figure 2-3: All IgGB-lumican fusions exhibit binding to plate bound collagen 

Equilibrium binding curve of indicated proteins to plate bound (A) collagen I and (B) collagen IV (n 

= 1). 
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Figure 2-4: IgG:IgGB-Lumican complex formation 

Calculated free IgG at equilibrium binding conditions based on affinity of IgG binder (IgGB) and 

ratio of IgG to IgGB.  
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Figure 2-5: IgGB-lumican fusions do a poor job of retaining IgG in TME 

(A) Quantification of normalized radiant efficiency in mice receiving free IgG or IgG pre-complexed 

with indicated IgGB-lumican fusion (mean ± S.D, n = 2). (B) quantification of free IgG (left, mean 

± S.D, n = 2) and IgGB-lumican fusions (right, mean ± S.D, n = 3) in serum 24 hours after injection. 

Retention data were compared using two-way ANOVA with Tukey’s multiple hypothesis testing 

correction and serum data was compared using one way ANOVA with Tukey’s multiple hypothesis 

testing correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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2.5: Tables 

Table 2-1: Amino acid sequence table 

Key: signal peptide, binder, MSA, linker, lumican, His tag 

ZZ-MSA-lumican MRVPAQLLGLLLLWLPGARCAMRVPAQL
LGLLLLWLPGARCAVDNKFNKEQQNAF
YEILHLPNLNEEQRNAFIQSLKDDPSQSA
NLLAEAKKLNDAQAPKVDNKFNKEQQ
NAFYEILHLPNLNEEQRNAFIQSLKDDPS
QSANLLAEAKKLNDAQAPKGGGSEAHK
SEIAHRYNDLGEQHFKGLVLIAFSQYLQ
KCSYDEHAKLVQEVTDFAKTCVADESA
ANCDKSLHTLFGDKLCAIPNLRENYGEL
ADCCTKQEPERNECFLQHKDDNPSLPPF
ERPEAEAMCTSFKENPTTFMGHYLHEVA
RRHPYFYAPELLYYAEQYNEILTQCCAEA
DKESCLTPKLDGVKEKALVSSVRQRMKC
SSMQKFGERAFKAWAVARLSQTFPNADF
AEITKLATDLTKVNKECCHGDLLECAD
DRAELAKYMCENQATISSKLQTCCDKPL
LKKAHCLSEVEHDTMPADLPAIAADFVE
DQEVCKNYAEAKDVFLGTFLYEYSRRHP
DYSVSLLLRLAKKYEATLEKCCAEANPPA
CYGTVLAEFQPLVEEPKNLVKTNCDLYE
KLGEYGFQNAILVRYTQKAPQVSTPTLV
EAARNLGRVGTKCCTLPEDQRLPCVEDY
LSAILNRVCLLHEKTPVSEHVTKCCSGSL
VERRPCFSALTVDETYVPKEFKAETFTFH
SDICTLPEKEKQIKKQTALAELVKHKPK
ATAEQLKTVMDDFAQFLDTCCKAADKD
TCFSTEGPNLVTRCKDALAGGGSGGGSQ
YYDYDIPLFMYGQISPNCAPECNCPHSYP
TAMYCDDLKLKSVPMVPPGIKYLYLRNN
QIDHIDEKAFENVTDLQWLILDHNLLEN
SKIKGKVFSKLKQLKKLHINYNNLTESV
GPLPKSLQDLQLTNNKISKLGSFDGLVN
LTFIYLQHNQLKEDAVSASLKGLKSLEYL
DLSFNQMSKLPAGLPTSLLTLYLDNNKIS
NIPDEYFKRFTGLQYLRLSHNELADSGVP
GNSFNISSLLELDLSYNKLKSIPTVNENLE
NYYLEVNELEKFDVKSFCKILGPLSYSKI
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KHLRLDGNPLTQSSLPPDMYECLRVANEI
TVNGGGSHHHHHH 

Sso7d-MSA-lumican MRVPAQLLGLLLLWLPGARCAATVKFKY
KGEEKQVDISKIYLVLRLGKFIYFYYDLG
GGKLGLGHVSEKDAPKELLQMLEKQKK
GGGSEAHKSEIAHRYNDLGEQHFKGLV
LIAFSQYLQKCSYDEHAKLVQEVTDFAK
TCVADESAANCDKSLHTLFGDKLCAIPN
LRENYGELADCCTKQEPERNECFLQHK
DDNPSLPPFERPEAEAMCTSFKENPTTFM
GHYLHEVARRHPYFYAPELLYYAEQYNE
ILTQCCAEADKESCLTPKLDGVKEKALV
SSVRQRMKCSSMQKFGERAFKAWAVARL
SQTFPNADFAEITKLATDLTKVNKECCH
GDLLECADDRAELAKYMCENQATISSKL
QTCCDKPLLKKAHCLSEVEHDTMPADLP
AIAADFVEDQEVCKNYAEAKDVFLGTFL
YEYSRRHPDYSVSLLLRLAKKYEATLEKC
CAEANPPACYGTVLAEFQPLVEEPKNLV
KTNCDLYEKLGEYGFQNAILVRYTQKAP
QVSTPTLVEAARNLGRVGTKCCTLPEDQ
RLPCVEDYLSAILNRVCLLHEKTPVSEHV
TKCCSGSLVERRPCFSALTVDETYVPKEF
KAETFTFHSDICTLPEKEKQIKKQTALAE
LVKHKPKATAEQLKTVMDDFAQFLDTC
CKAADKDTCFSTEGPNLVTRCKDALAG
GGSGGGSQYYDYDIPLFMYGQISPNCAP
ECNCPHSYPTAMYCDDLKLKSVPMVPPG
IKYLYLRNNQIDHIDEKAFENVTDLQWL
ILDHNLLENSKIKGKVFSKLKQLKKLHI
NYNNLTESVGPLPKSLQDLQLTNNKISK
LGSFDGLVNLTFIYLQHNQLKEDAVSASL
KGLKSLEYLDLSFNQMSKLPAGLPTSLLT
LYLDNNKISNIPDEYFKRFTGLQYLRLSH
NELADSGVPGNSFNISSLLELDLSYNKLK
SIPTVNENLENYYLEVNELEKFDVKSFC
KILGPLSYSKIKHLRLDGNPLTQSSLPPDM
YECLRVANEITVNGGGSHHHHHH 

4m5.3-MSA-lumican  MRVPAQLLGLLLLWLPGARCAADVVMT
QTPLSLPVSLGDQASISCRSSQSLVHSNGN
TYLRWYLQKPGQSPKVLIYKVSNRVSGV
PDRFSGSGSGTDFTLKINRVEAEDLGVYF
CSQSTHVPWTFGGGTKLEIKSSADDAKK
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DAAKKDDAKKDDAKKDGGVKLDETG
GGLVQPGGAMKLSCVTSGFTFGHYWMN
WVRQSPEKGLEWVAQFRNKPYNYETYY
SDSVKGRFTISRDDSKSSVYLQMNNLRVE
DTGIYYCTGASYGMEYLGQGTSVTVSGG
GSEAHKSEIAHRYNDLGEQHFKGLVLIA
FSQYLQKCSYDEHAKLVQEVTDFAKTCV
ADESAANCDKSLHTLFGDKLCAIPNLRE
NYGELADCCTKQEPERNECFLQHKDDN
PSLPPFERPEAEAMCTSFKENPTTFMGHY
LHEVARRHPYFYAPELLYYAEQYNEILTQ
CCAEADKESCLTPKLDGVKEKALVSSVR
QRMKCSSMQKFGERAFKAWAVARLSQT
FPNADFAEITKLATDLTKVNKECCHGDL
LECADDRAELAKYMCENQATISSKLQTC
CDKPLLKKAHCLSEVEHDTMPADLPAIA
ADFVEDQEVCKNYAEAKDVFLGTFLYE
YSRRHPDYSVSLLLRLAKKYEATLEKCCA
EANPPACYGTVLAEFQPLVEEPKNLVKT
NCDLYEKLGEYGFQNAILVRYTQKAPQ
VSTPTLVEAARNLGRVGTKCCTLPEDQR
LPCVEDYLSAILNRVCLLHEKTPVSEHVT
KCCSGSLVERRPCFSALTVDETYVPKEFK
AETFTFHSDICTLPEKEKQIKKQTALAEL
VKHKPKATAEQLKTVMDDFAQFLDTCC
KAADKDTCFSTEGPNLVTRCKDALAGG
GSGGGSQYYDYDIPLFMYGQISPNCAPE
CNCPHSYPTAMYCDDLKLKSVPMVPPGI
KYLYLRNNQIDHIDEKAFENVTDLQWLI
LDHNLLENSKIKGKVFSKLKQLKKLHIN
YNNLTESVGPLPKSLQDLQLTNNKISKL
GSFDGLVNLTFIYLQHNQLKEDAVSASL
KGLKSLEYLDLSFNQMSKLPAGLPTSLLT
LYLDNNKISNIPDEYFKRFTGLQYLRLSH
NELADSGVPGNSFNISSLLELDLSYNKLK
SIPTVNENLENYYLEVNELEKFDVKSFC
KILGPLSYSKIKHLRLDGNPLTQSSLPPDM
YECLRVANEITVNGGGSHHHHHH 

Lumican-MSA-SpG2 MRVPAQLLGLLLLWLPGARCAQYYDYDI
PLFMYGQISPNCAPECNCPHSYPTAMYC
DDLKLKSVPMVPPGIKYLYLRNNQIDHI
DEKAFENVTDLQWLILDHNLLENSKIKG
KVFSKLKQLKKLHINYNNLTESVGPLPK
SLQDLQLTNNKISKLGSFDGLVNLTFIYL
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QHNQLKEDAVSASLKGLKSLEYLDLSFN
QMSKLPAGLPTSLLTLYLDNNKISNIPDE
YFKRFTGLQYLRLSHNELADSGVPGNSF
NISSLLELDLSYNKLKSIPTVNENLENYYL
EVNELEKFDVKSFCKILGPLSYSKIKHLR
LDGNPLTQSSLPPDMYECLRVANEITVN
GGGSGGGSEAHKSEIAHRYNDLGEQHF
KGLVLIAFSQYLQKCSYDEHAKLVQEVT
DFAKTCVADESAANCDKSLHTLFGDKLC
AIPNLRENYGELADCCTKQEPERNECFL
QHKDDNPSLPPFERPEAEAMCTSFKENP
TTFMGHYLHEVARRHPYFYAPELLYYAE
QYNEILTQCCAEADKESCLTPKLDGVKE
KALVSSVRQRMKCSSMQKFGERAFKAW
AVARLSQTFPNADFAEITKLATDLTKVN
KECCHGDLLECADDRAELAKYMCENQA
TISSKLQTCCDKPLLKKAHCLSEVEHDT
MPADLPAIAADFVEDQEVCKNYAEAKD
VFLGTFLYEYSRRHPDYSVSLLLRLAKKY
EATLEKCCAEANPPACYGTVLAEFQPLV
EEPKNLVKTNCDLYEKLGEYGFQNAILV
RYTQKAPQVSTPTLVEAARNLGRVGTKC
CTLPEDQRLPCVEDYLSAILNRVCLLHEK
TPVSEHVTKCCSGSLVERRPCFSALTVDE
TYVPKEFKAETFTFHSDICTLPEKEKQIK
KQTALAELVKHKPKATAEQLKTVMDDF
AQFLDTCCKAADKDTCFSTEGPNLVTRC
KDALAGGGSTYKLVINGKTLKGETTTEA
VDAATAEKVFKQYANDYGVDGEWTYD
DATKTFTVTEKPEVIDASELTPAVTTYKL
VINGKTLKGETTTKAVDAETAEKAFKQ
YANDYGVDGVWTYDDATKTFTVTEHH
HHHH 

Lumican-MSA-Fc-III-4C MRVPAQLLGLLLLWLPGARCAQYYDYDI
PLFMYGQISPNCAPECNCPHSYPTAMYC
DDLKLKSVPMVPPGIKYLYLRNNQIDHI
DEKAFENVTDLQWLILDHNLLENSKIKG
KVFSKLKQLKKLHINYNNLTESVGPLPK
SLQDLQLTNNKISKLGSFDGLVNLTFIYL
QHNQLKEDAVSASLKGLKSLEYLDLSFN
QMSKLPAGLPTSLLTLYLDNNKISNIPDE
YFKRFTGLQYLRLSHNELADSGVPGNSF
NISSLLELDLSYNKLKSIPTVNENLENYYL
EVNELEKFDVKSFCKILGPLSYSKIKHLR
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LDGNPLTQSSLPPDMYECLRVANEITVN
GGGSGGGSEAHKSEIAHRYNDLGEQHF
KGLVLIAFSQYLQKCSYDEHAKLVQEVT
DFAKTCVADESAANCDKSLHTLFGDKLC
AIPNLRENYGELADCCTKQEPERNECFL
QHKDDNPSLPPFERPEAEAMCTSFKENP
TTFMGHYLHEVARRHPYFYAPELLYYAE
QYNEILTQCCAEADKESCLTPKLDGVKE
KALVSSVRQRMKCSSMQKFGERAFKAW
AVARLSQTFPNADFAEITKLATDLTKVN
KECCHGDLLECADDRAELAKYMCENQA
TISSKLQTCCDKPLLKKAHCLSEVEHDT
MPADLPAIAADFVEDQEVCKNYAEAKD
VFLGTFLYEYSRRHPDYSVSLLLRLAKKY
EATLEKCCAEANPPACYGTVLAEFQPLV
EEPKNLVKTNCDLYEKLGEYGFQNAILV
RYTQKAPQVSTPTLVEAARNLGRVGTKC
CTLPEDQRLPCVEDYLSAILNRVCLLHEK
TPVSEHVTKCCSGSLVERRPCFSALTVDE
TYVPKEFKAETFTFHSDICTLPEKEKQIK
KQTALAELVKHKPKATAEQLKTVMDDF
AQFLDTCCKAADKDTCFSTEGPNLVTRC
KDALAGGGSCDCAWHLGELVWCTCHH
HHHH 

Lumican-MSA-Fn3 MRVPAQLLGLLLLWLPGARCAQYYDYDI
PLFMYGQISPNCAPECNCPHSYPTAMYC
DDLKLKSVPMVPPGIKYLYLRNNQIDHI
DEKAFENVTDLQWLILDHNLLENSKIKG
KVFSKLKQLKKLHINYNNLTESVGPLPK
SLQDLQLTNNKISKLGSFDGLVNLTFIYL
QHNQLKEDAVSASLKGLKSLEYLDLSFN
QMSKLPAGLPTSLLTLYLDNNKISNIPDE
YFKRFTGLQYLRLSHNELADSGVPGNSF
NISSLLELDLSYNKLKSIPTVNENLENYYL
EVNELEKFDVKSFCKILGPLSYSKIKHLR
LDGNPLTQSSLPPDMYECLRVANEITVN
GGGSGGGSEAHKSEIAHRYNDLGEQHF
KGLVLIAFSQYLQKCSYDEHAKLVQEVT
DFAKTCVADESAANCDKSLHTLFGDKLC
AIPNLRENYGELADCCTKQEPERNECFL
QHKDDNPSLPPFERPEAEAMCTSFKENP
TTFMGHYLHEVARRHPYFYAPELLYYAE
QYNEILTQCCAEADKESCLTPKLDGVKE
KALVSSVRQRMKCSSMQKFGERAFKAW
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AVARLSQTFPNADFAEITKLATDLTKVN
KECCHGDLLECADDRAELAKYMCENQA
TISSKLQTCCDKPLLKKAHCLSEVEHDT
MPADLPAIAADFVEDQEVCKNYAEAKD
VFLGTFLYEYSRRHPDYSVSLLLRLAKKY
EATLEKCCAEANPPACYGTVLAEFQPLV
EEPKNLVKTNCDLYEKLGEYGFQNAILV
RYTQKAPQVSTPTLVEAARNLGRVGTKC
CTLPEDQRLPCVEDYLSAILNRVCLLHEK
TPVSEHVTKCCSGSLVERRPCFSALTVDE
TYVPKEFKAETFTFHSDICTLPEKEKQIK
KQTALAELVKHKPKATAEQLKTVMDDF
AQFLDTCCKAADKDTCFSTEGPNLVTRC
KDALAGGGSVSDVPRDLEVVAATPTSLLI
SWCCSDNCSNSYRITYGETGGNSPVQEFT
VPRSCFMATISGLKPGVDYTITAYAVTDS
NGPHPISINYRTHHHHHH 

Lumican-MSA-RRGW MRVPAQLLGLLLLWLPGARCAQYYDYDI
PLFMYGQISPNCAPECNCPHSYPTAMYC
DDLKLKSVPMVPPGIKYLYLRNNQIDHI
DEKAFENVTDLQWLILDHNLLENSKIKG
KVFSKLKQLKKLHINYNNLTESVGPLPK
SLQDLQLTNNKISKLGSFDGLVNLTFIYL
QHNQLKEDAVSASLKGLKSLEYLDLSFN
QMSKLPAGLPTSLLTLYLDNNKISNIPDE
YFKRFTGLQYLRLSHNELADSGVPGNSF
NISSLLELDLSYNKLKSIPTVNENLENYYL
EVNELEKFDVKSFCKILGPLSYSKIKHLR
LDGNPLTQSSLPPDMYECLRVANEITVN
GGGSGGGSEAHKSEIAHRYNDLGEQHF
KGLVLIAFSQYLQKCSYDEHAKLVQEVT
DFAKTCVADESAANCDKSLHTLFGDKLC
AIPNLRENYGELADCCTKQEPERNECFL
QHKDDNPSLPPFERPEAEAMCTSFKENP
TTFMGHYLHEVARRHPYFYAPELLYYAE
QYNEILTQCCAEADKESCLTPKLDGVKE
KALVSSVRQRMKCSSMQKFGERAFKAW
AVARLSQTFPNADFAEITKLATDLTKVN
KECCHGDLLECADDRAELAKYMCENQA
TISSKLQTCCDKPLLKKAHCLSEVEHDT
MPADLPAIAADFVEDQEVCKNYAEAKD
VFLGTFLYEYSRRHPDYSVSLLLRLAKKY
EATLEKCCAEANPPACYGTVLAEFQPLV
EEPKNLVKTNCDLYEKLGEYGFQNAILV
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RYTQKAPQVSTPTLVEAARNLGRVGTKC
CTLPEDQRLPCVEDYLSAILNRVCLLHEK
TPVSEHVTKCCSGSLVERRPCFSALTVDE
TYVPKEFKAETFTFHSDICTLPEKEKQIK
KQTALAELVKHKPKATAEQLKTVMDDF
AQFLDTCCKAADKDTCFSTEGPNLVTRC
KDALAGGGSRRGWHHHHHH 

Lumican-MSA-WGRR MRVPAQLLGLLLLWLPGARCAQYYDYDI
PLFMYGQISPNCAPECNCPHSYPTAMYC
DDLKLKSVPMVPPGIKYLYLRNNQIDHI
DEKAFENVTDLQWLILDHNLLENSKIKG
KVFSKLKQLKKLHINYNNLTESVGPLPK
SLQDLQLTNNKISKLGSFDGLVNLTFIYL
QHNQLKEDAVSASLKGLKSLEYLDLSFN
QMSKLPAGLPTSLLTLYLDNNKISNIPDE
YFKRFTGLQYLRLSHNELADSGVPGNSF
NISSLLELDLSYNKLKSIPTVNENLENYYL
EVNELEKFDVKSFCKILGPLSYSKIKHLR
LDGNPLTQSSLPPDMYECLRVANEITVN
GGGSGGGSEAHKSEIAHRYNDLGEQHF
KGLVLIAFSQYLQKCSYDEHAKLVQEVT
DFAKTCVADESAANCDKSLHTLFGDKLC
AIPNLRENYGELADCCTKQEPERNECFL
QHKDDNPSLPPFERPEAEAMCTSFKENP
TTFMGHYLHEVARRHPYFYAPELLYYAE
QYNEILTQCCAEADKESCLTPKLDGVKE
KALVSSVRQRMKCSSMQKFGERAFKAW
AVARLSQTFPNADFAEITKLATDLTKVN
KECCHGDLLECADDRAELAKYMCENQA
TISSKLQTCCDKPLLKKAHCLSEVEHDT
MPADLPAIAADFVEDQEVCKNYAEAKD
VFLGTFLYEYSRRHPDYSVSLLLRLAKKY
EATLEKCCAEANPPACYGTVLAEFQPLV
EEPKNLVKTNCDLYEKLGEYGFQNAILV
RYTQKAPQVSTPTLVEAARNLGRVGTKC
CTLPEDQRLPCVEDYLSAILNRVCLLHEK
TPVSEHVTKCCSGSLVERRPCFSALTVDE
TYVPKEFKAETFTFHSDICTLPEKEKQIK
KQTALAELVKHKPKATAEQLKTVMDDF
AQFLDTCCKAADKDTCFSTEGPNLVTRC
KDALAGGGSWGRRHHHHHH 
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2.6: Materials and Methods 

Cloning and Protein Production 

The various IgG binders were synthesized as gBlock gene fragments (Integrated DNA technologies) 

and cloned into the gWiz expression vector (Genlantis) using In-fusion cloning (Takara Bio). Cassettes 

encoding for Lumican-MSA-IL-2 and IL-12-MSA-Lumican from previously published work were 

used as templates for constructing IgGB-Lumican fusions (86). All constructs contained a C-terminus 

6x His tag for purification purposes. See Table 2.1 for amino acid sequences. Plasmids were 

transformed into Stellar competent cells for amplification and isolated with Nucleobond Xtra 

endotoxin-free kits (Macherey-Nagel).  

 

IgGB-lumican fusions were produced using the FreeStyle HEK293-F expression system (Gibco).  

Briefly, Freestyle 293-F cells were transiently transfected by mixing 1 mg/mL of plasmid DNA and 2 

mg/mL of polyethylenimine (Polysciences) in OptiPRO Serum Free Medium (Gibco) and, after 

incubating, adding dropwise to the cells. 7 days after transfection, supernatant was harvested and His-

tagged proteins were purified using TALON metal affinity purification resin (Takara Bio, Inc.) 

 

Following purification, proteins were buffer exchanged into PBS (Corning) using Amicon Spin Filters 

(Sigma Aldrich), 0.22 µm sterile filtered (Pall), and confirmed for minimal endotoxin (<0.1 EU/dose) 

using a chromogenic LAL assay (Lonza). Molecular weight was confirmed with SDS-PAGE. Proteins 

run alongside a Novex Sharp Pre-Stained Protein Standard (Invitrogen) on a NuPAGE 4 to 12% Bis-

Tris gel (Invitrogen) with 2-(N-morpholino) ethanesulfonic acid (MES) running buffer (VWR) and 

stained for visualization with SimplyBlue Safe Stain (Life Technologies). Proteins were confirmed to 
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be free of aggregates by size exclusion chromatography using a Superdex 200 Increase 10/300 GL 

column on an Äkta Explorer FPLC system (Cytiva). All proteins were flash frozen in liquid nitrogen 

and stored at -80°C. 

Collagen ELISA 

96 well plates precoated with rat collagen I (Gibco) or rat collagen IV (Coring) were blocked with 

PBSTA (PBS (Corning) + 0.1% w/v BSA (Sigma Aldrich) + 0.05% v/v Tween-20 (Millipore Sigma)) 

for 1 hour at RT. After washing with 3 times PBST (PBS (Corning) + 0.05% v/v Tween-20 (Millipore 

Sigma)) and 3 times with PBS (Corning), IgGB-lumican fusions were incubated in PBSTA for 3 hours 

at RT while shaking. Wells were washed 3 times with PBST and 3 times with PBS and then incubated 

with rabbit polyclonal ɑ6xHis-Horseradish peroxidase (HRP) (1:4000, Abcam) in PBSTA for 1 hour 

at RT while shaking. Wells were again washed 3 times with PBST and 3 times with PBS and then 1-

Step Ultra TMB-ELISA Substrate Solution (Thermo Fisher) was added for 5-15 min, followed by 1 

M sulfuric acid to quench the reaction. Absorbance at 450 nm (using absorbance at 570 nm as a 

reference) was measured on an Infinite M200 microplate reader (Tecan). Binding curves were 

generated with GraphPad Prism software V9. KD values were calculated using a nonlinear regression 

fit for one site total binding with no non-specificity and curves were normalized to the Bmax values.  

IgG binding ELISA 

Clear Flat-bottom Immuno Nonsterile Nunc 96-well MaxiSorp Plates (Invitrogen) were coated with 

mouse IgG2a isotype control antibody (C1.18.4, BioXcell) at a concentration of 2.5 µg/mL in 350 µL 

of PBS (Corning).  After washing with 3 times PBST (PBS (Corning) + 0.05% v/v Tween-20 

(Millipore Sigma)) and 3 times with PBS (Corning), Plates were blocked PBSTA (PBS (Corning) + 

0.1% w/v BSA (Sigma Aldrich) + 0.05% v/v Tween-20 (Millipore Sigma)) for 1 hour at RT. Plates 
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were again washed 3 times with  PBST (PBS (Corning) + 0.05% v/v Tween-20 (Millipore Sigma)) and 

3 times with PBS (Corning), IgGB-lumican fusions were incubated in PBSTA for 3 hours at RT while 

shaking. Wells were washed 3 times with PBST and 3 times with PBS and then incubated with rabbit 

polyclonal ɑ6xHis-Horseradish peroxidase (HRP) (1:4000, Abcam) in PBSTA for 1 hour at RT while 

shaking. Wells were again washed 3 times with PBST and 3 times with PBS and then 1-Step Ultra 

TMB-ELISA Substrate Solution (Thermo Fisher) was added for 5-15 min, followed by 1 M sulfuric 

acid to quench the reaction. Absorbance at 450 nm (using absorbance at 570 nm as a reference) was 

measured on an Infinite M200 microplate reader (Tecan). Binding curves were generated with 

GraphPad Prism software V9. KD values were calculated using a nonlinear regression fit for one site 

total binding with no non-specificity and curves were normalized to the Bmax values.  

Cells 

4T1 mammary carcinoma cells were purchased from ATCC. Cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM, ATCC) supplemented with 10% Fetal Bovine Serum (FBS, Gibco). 

Cells were maintained at 37°C and 5% CO2.  

Mice 

BALB/c (BALB/cAnNTac) mice were purchased from Taconic. All animal work was conducted 

under the approval of the Massachusetts Institute of Technology Committee on Animal Care in 

accordance with federal, state, and local guidelines. 

IVIS and serum measurements 

IgGB-lumican fusions were labeled with Alexa Fluor 568 NHS Ester (Life Technologies) and murine 

IgG2a isotype control antibodies (C1.18.4, BioXcell) were labeled with Alexa Fluor 647 NHS Ester 

(Life Technologies). A Zeba desalting column (Thermo Scientific) was used to remove excess dye. 1 
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nmol of IgGB-lumican were pre-incubated at a molar ratio of IgG:IgGB-lumican of 0.9. Total molar 

amount of dye injected per sample was normalized between groups before injection. Balb/c mice were 

inoculated with 5 x 105 4T1 cells and labeled proteins were injected i.t. on day 5. Fluorescence at the 

site of the tumor was measured longitudinally using the IVIS Spectrum Imaging System (Perkin 

Elmer). One week prior to study initiation, mice were switched to an alfalfa-free casein chow (Test 

Diet) to reduce background fluorescence. Total radiant efficiency was calculated after subtracting 

background fluorescence and normalizing to the maximum value for each protein using Living Image 

software (Caliper Life Sciences). For serum measurements of labeled proteins, 50 µL of blood was 

collected in MiniCollect serum sep tubes (Greiner) via cheek bleed. Fluorescence was read out on an 

Infinite M200 microplate reader (Tecan) and concentrations were calculated using a standard curve. 

Total mouse blood volume was assumed to be 2 mL for concentration calculations. 

Statistical Methods 

Statistics were computed in GraphPad Prism v9 as indicated in figure captions. IVIS retention data 

and serum fluorescence data were compared using two-way and one-way ANOVA, respectively, with 

Tukey’s multiple comparison correction. Sample size and P-value cutoffs are indicated in figure 

captions. 
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Chapter 3: Testing collagen anchoring agonist antibodies in 

preclinical cancer models 

3.1: Introduction 

In this chapter we recombinantly express direct collagen binding domain fusions to agonist antibodies 

and, after in vitro validation and proof-of-concept in vivo retention studies with control antibodies, we 

test these payloads in vivo in murine cancer models. Specifically, we studied collagen anchoring agonist 

antibodies against 4-1BB, a TNFSFR co-stimulatory receptor, and CD28, the canonical T cell co-

stimulatory receptor. We begin using lumican as our collagen binding domain, the same domain 

employed in chapter two. However, the bulk of the work covered in this chapter instead uses the 

ectodomain of murine LAIR1 (“LAIR”) as a collagen binding domain. As a brief reminder, LAIR is 

an inhibitory receptor containing a cytoplasmic ITIM and expressed on a wide range of immune cells 

(158, 159). The ectodomain is a small 13 kDa protein that has been previously validated as a suitable 

collagen binding domain for retention of the cytokine IL-2 in the tumor microenvironment (TME) 

(92, 103). Some chapter specific background is provided below:  

The role of CD28 signaling in the PD-1 pathway 

PD-1 ligation can inhibit T cell activation, and it was initially thought that it did so by recruiting 

phosphatases to the immunological synapse and dampening T cell receptor (TCR) signaling. Recent 

literature evidence instead demonstrates that PD-1 preferentially inhibits signaling downstream of 

CD28 over other immunological synapse members (160). This suggests that the functional 

consequence of blocking the PD-1 pathway may be restoration of CD28 costimulatory signaling. 
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Indeed, Kamphorst et al., demonstrated in the same issue of Science that CD28 signaling is necessary 

for successful responses to ɑPD-L1 therapy in both a chronic viral infection model and subcutaneous 

tumor model (via both genetic deletion of CD28 and ɑB7 blocking antibodies) (161). Additionally, in 

a small cohort of non-small cell lung cancer (NSCLC) patients treated with either ɑPD-1 or ɑPD-L1, 

proliferating CD8+ T cells in the blood were also largely CD28+, providing circumstantial evidence 

that CD28 signaling may also be important for antitumor responses to ɑPD-1/ɑPD-L1 in humans 

(161). Further evidence in ovarian cancer suggests that intraepithelial myeloid antigen presenting cells 

(mAPC) niches provide CD28 costimulation to tumor infiltrating lymphocytes (TILs), maintaining 

their polyfunctionality and preventing exhaustion. Moreso, these CD28 costimulated TILs, and their 

proximity to mAPCs, was associated with response to ɑPD-1 in solid tumors (162). All of the above 

evidence makes a strong case that CD28 signaling is crucial for responses to ɑPD-1 therapy, and that 

perhaps ɑPD-1 therapeutic efficacy can be improved by providing additional exogenous CD28 

signaling.  

Bystander T cell in tumors 

It has been well documented that many tumors are highly infiltrated with a large fraction of “bystander 

T cells” that do not recognize tumor cell antigens (these are instead often viral antigen reactive T cells). 

This infiltration of non-tumor specific T cells is driven by several chemokines, including CCL5, 

CXCL9, and CXCL10, in an antigen independent manner and these cells typically represent a sampling 

of the overall T cell repertoire in a given patient (163). Additionally, because these cells do not 

experience chronic antigen stimulation in the tumor, they do not become exhausted and are 

phenotypically distinct from tumor retrieve T cells (164). A recent study exploring TCR affinity 

additionally identified a subset of tumor-reactive T cells that are unable to kill tumor cells on their 
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own but remain functional ex vivo, a state termed “functional inertness” (165). Furthermore, it has 

been suggested that tumor reactive T cells can kill nearby antigen negative T cells in a Fas dependent 

mechanism (166). Thus, these two cell populations (bystander T cells and functionally inert tumor 

reactive cells) represent a relatively large, highly functional T cell pool that, if properly channeled, 

could exert a potent antitumor effect. Indeed, bispecific T cell engagers that simultaneously engage 

tumor specific antigens and the TCR complex can do just that - artificially clustering the TCR and re-

directing cytotoxic T cells towards tumor cells independent of TCR specificity. In part of this chapter, 

we briefly explore exploiting these cells in an antigen independent manner using collagen anchoring 

ɑCD3-LAIR agonist antibodies, in combination with ɑCD28-LAIR agonist antibodies, to broadly 

activate T cells in the TME. 

Alum anchoring 

In addition to collagen anchoring, in this chapter we briefly explore the use of an alum anchoring 

approach previously validated in the contexts of tumor localized cytokine and interferons by our lab 

in collaboration with the Irvine lab at MIT (167–170). Aluminum hydroxide (Alum) is an FDA 

approved vaccine adjuvant that has been used safely in humans for over 100 years. When injected in 

tissues, micrometer sized alum particles form a physical depot in the tumor that can persist for weeks 

(171). It has been demonstrated that phosphorylated proteins can bind tightly to these alum depots, 

allowing for long term retention of biologic payloads at the site of injection (172). Yash Agarwal, a 

former graduate student in our lab and Darrell Irvine’s lab, engineered short peptide tags containing 

phosphorylation motifs recognized by the mammalian Fam20C kinase (termed alum-binding peptides, 

or ABPs, with “ABP10” being the peptide used in the majority of our published alum anchoring work) 

(168, 170). Co-expression of tagged cytokines and Fam20C kinase allowed for efficient recombinant 

expression of phosphorylated cytokines and simple mixing with alum led to rapid adsorption of these 
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cytokines onto alum. When injected intratumorally, these cytokines are retained for over a week and, 

in the context of alum retained IL-12, improved response rates and decreased systemic toxicities are 

observed. This system was also validated to improve the therapeutic index of interferon therapy (167, 

169). In this chapter, we briefly explore the development of alum anchored ɑCD28 agonists.  

3.2: Results 

ɑ4-1BB, ɑCD3, ɑCD40, and ɑOX40 are amenable to lumican and LAIR fusion 

To construct tumor localized agonist antibody therapies, we designed direct fusions of validated 

agonist antibodies to two collagen binding domains, lumican and LAIR. We recombinantly expressed 

ɑ4-1BB (clone LOB12.3), ɑCD3 (clone 145-2C11), ɑCD40 (clone 3/23) and ɑOX40 (clone OX-86) 

with lumican fused to the C-terminus of the heavy chain separated by a short linker. Additionally, we 

recombinantly expressed ɑ4-1BB (clone LOB12.3) with the ectodomain of murine LAIR1 fused to 

the C-terminus of the heavy chain, also separated by a short linker (Table 3-1). After confirming 

expected size by SDS-PAGE, we validated their ability to bind collagen I coated plates by ELISA (Fig. 

3-1). As expected, based on reported literature values and prior cytokine fusion work in our lab, ɑ4-

1BB-LAIR fusions had higher measured affinity for collagen I than ɑ4-1BB-lumican fusions. Due to 

the improved affinity of LAIR fusions and the smaller, more modular size of LAIR compared to 

lumican, we proceeded with using LAIR as the collagen binding domain in all subsequent work.  

IgG-LAIR is preferentially retained in the tumor microenvironment 

To assess retention of LAIR antibody fusions and validate that this collagen anchoring strategy 

improves the residence time of these payloads in the tumor, we utilized in vivo fluorescence imaging 

(IVIS). To eliminate any potential confounding target-mediated drug disposition (TMDD), we 
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constructed a ɑFITC-LAIR antibody fusion (and a ɑFITC control antibody), as these antibodies have 

no natural target in a mouse. Additionally, these antibodies were constructed with murine IgG2c heavy 

chain constant regions with LALA-PG silencing mutations to ablate any Fc gamma receptor (FcγR) 

binding (173). Fluorescently labeled protein was injected intratumorally and tracked longitudinally 

using IVIS. ɑFITC-LAIR displayed enhanced retention in the tumor over free ɑFITC antibody (Fig 

3-2).  

ɑ4-1BB-LAIR + LAIR-MSA-IL-2 has minimal efficacy in B16F10 model 

Prior work by our lab (in collaboration with the Irvine lab) has highlighted the potential synergy 

between IL-2 and ɑ4-1BB therapy. Specifically, formulation of liposome bound IL-2 and ɑ4-1BB and 

direct injection of these liposomes into the tumor microenvironment led to enhanced retention of 

these payloads in the tumor, increased efficacy, and reduced toxicity in a B16F10 melanoma model 

(174). Additionally, it has been reported that 4-1BB signaling increases CD25 expression on CD8+ T 

cells, thus making these cells more sensitive to IL-2 signaling and IL-2 mediated CD8+ T cell expansion 

(60). Thus, we felt collagen anchored ɑ4-1BB-LAIR and LAIR-MSA-IL-2 was a promising therapeutic 

combination to test. After validating that ɑ4-1BB-LAIR and ɑ4-1BB bound surface expressed 4-1BB 

with similar affinity, we began testing these constructs in vivo (Fig. 3-3). B16F10 tumor bearing mice 

were treated with either PBS, ɑ4-1BB + LAIR-MSA-IL-2, or ɑ4-1BB-LAIR + LAIR-MSA-IL-2. For 

this initial survival experiment, we did not interrogate the effect of collagen anchored vs. non-collagen 

anchored IL-2 and instead used collagen anchored IL-2 exclusively. Both groups had statistically 

significant growth delay when compared to PBS, and although only the collagen anchored ɑ4-1BB-

LAIR + LAIR-MSA-IL-2 experimental cohort had any mice that completely rejected their tumors 

(2/9 vs. 0/8 tumor free mice when compared to ɑ4-1BB + LAIR-MSA-IL-2), these two groups were 
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not statistically different (Fig. 3-4A). Because the overall efficacy of this combination was poor and 

there did not to be any clear major difference between the collagen anchored and non-collagen 

anchored formats of the ɑ4-1BB agonist in this setting, we did not further investigate this combination 

therapy. No toxicity, as assessed by weight loss, was observed with either treatment group (Fig. 3-4B).  

Localized ɑ4-1BB-LAIR is ineffective as a monotherapy in inflamed tumor models 

We next sought to interrogate the efficacy of collagen anchored ɑ4-1BB as a monotherapy in more 

inflamed tumor models. We hypothesized that these tumors would be better poised to respond to 

tumor localized ɑ4-1BB therapy, as there would be a larger intratumoral CD8+ T cell pool at time of 

treatment. We therefore tested ɑ4-1BB and ɑ4-1BB-LAIR in the MC38 colon carcinoma model, which 

is more inflamed than the B16F10 model with a larger T cell infiltrate (175). We observed a modest 

growth delay from this therapy, but there was no difference between the collagen anchored and non-

collagen anchored versions of the ɑ4-1BB agonist (Fig. 3-5A). In fact, although not statistically 

significant, only the non-collagen anchored ɑ4-1BB agonist group had any long-term survivors that 

were able to completely reject their tumor. We did not observe any therapy-associated weight loss 

with either treatment (Fig. 3-5B).  

 

As a final attempt to test ɑ4-1BB monotherapy in a more inflamed model, we turned to the CT26 

colon carcinoma model. This tumor model has an increased CD8+ T cell infiltrate compared to both 

B16F10 and MC38 (175). Additionally, prior literature has shown that ~80% of CT26 tumor bearing 

mice are able to reject their tumors when treated with just two 1 mg/kg (2 µg total) doses 9 and 11 

days after tumor implantation. Growth delay was also reported with 0.1 mg/kg (0.2 µg total) dosing 

(176). We reasoned that given the enhanced retention of collagen anchored ɑ4-1BB, a single dose 
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should be sufficient to see responses. We therefore performed a pilot experiment treating mice CT26 

tumor bearing mice with a single dose of 20 µg, 2 µg, or 0.2 µg of ɑ4-1BB or molar equivalent doses 

of ɑ4-1BB-LAIR. Although we observed some cures at the high dose, we again did not see major 

differences in efficacy between collagen anchored and non-collagen anchored ɑ4-1BB therapy (Fig. 

3-5C). Once again, we did not observe any therapy-associated weight loss with either treatment (Fig. 

3-5D). Because we were unable to observe monotherapy efficacy differences between collagen 

anchored and non-collagen anchored formats of ɑ4-1BB, we ceased efforts to study this monotherapy 

and instead focused our efforts on ɑ4-1BB-LAIR combination therapies.  

TA99 + ɑ4-1BB-LAIR demonstrates modest efficacy in B16F10 melanoma model 

The human ɑ4-1BB agonist Urelumab is being clinically tested in combination with antitumor 

antibodies Rituximab, Cetuximab, and Elotuzumab which target CD20, EGFR, and SLAMF7, 

respectively (NCT01775631, NCT02110082, NCT02252263). Preliminary data has not been 

encouraging, with early reports from the Rituximab combo suggesting that Rituximab + Urelumab is 

no more efficacious than Rituximab monotherapy (177). Preclinical data supports the exploration of 

this combination, as it has been shown that antitumor antibody engagement with FcγRs on NK cells 

increases expression of 4-1BB, and subsequent treatment with an ɑ4-1BB agonist enhances their 

cytotoxicity capacity. Additionally, published data from the Urelumab + Cetuximab trial suggests that 

this combination enhances the activation state of dendritic cells through a NK cell mediated 

mechanism1. We sought to evaluate if our collagen anchoring ɑ4-1BB agonists would improve the 

 

1 At the time these studies were carried out, three preclinical studies also suggested that ɑ4-1BB 

synergized robustly with Rituximab, Cetuximab, and Trastuzumab in xenograft and/or humanized 
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efficacy of this combination. Mice were inoculated with B16F10 melanoma flank tumors and treated 

systemically (intraperitoneally, or i.p.) with TA99, an antitumor antibody that binds to Trp1 expressed 

on the surface of B16F10 cells, followed by intratumorally (i.t.) administered ɑ4-1BB-LAIR one day 

later for a total of 4 weekly cycles (this combination of TA99 + ɑ4-1BB-LAIR is referred to collectively 

as the treatment, or “Tx”, henceforth) (Fig. 3-6A). Although this combination leads to a statistically 

significant growth delay compared to PBS treated mice, nearly all mice eventually succumb to their 

tumor burden, with only ~5% of mice achieving a complete response (CR, defined as no palpable 

tumor at day 100) (Fig. 3-6B). Once again, we did not observe any therapy-associated weight loss with 

this combination (Fig. 3-6C).  

Single dose TA99 + ɑ4-1BB-LAIR does not synergize with ɑPD-1 in B16F10 

melanoma model 

The poorly immunogenic B16F10 cell line does not typically respond to ɑPD-1 therapy. Recent work 

examining heterogeneous responses to dual immune checkpoint blockade (ICB) therapy (ɑPD-L1 and 

 

mouse models. These influenced our selected dosing schedule (weekly cycles and more importantly 

ɑ4-1BB given 24 hours after antitumor antibody treatment, as this delay has been shown to be critical 

to efficacy). However, around the time we began our studies, these papers were retracted with specific 

concerns regarding the in vivo efficacy data. Citations to the retraction notices, but not the original 

articles themselves, are included here for full transparency of our study design motivation: Kohrt et 

al., Blood (2019), Kohrt et al., J. Clin. Investig. (2019), Kohrt et al., J. Clin. Investig. (2019). 
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ɑCTLA-4) found that infiltration of activated NK cells and STAT1 activation gene signatures are 

correlated with response to ICB (178). More importantly, this work demonstrated that treating with a 

short course of “sensitizing” therapies (peritumoral interferon-gamma (IFNγ), peritumoral poly:IC, 

and intraperitoneal ɑIL-10) prior to initiation of dual ICB therapy improved response rates. It has 

been reported that NK cells upregulate 4-1BB in patients treated with antitumor antibodies or when 

co-cultured ex vivo with antitumor antibody coated tumor cells via an FcγR mediated mechanism (179, 

180).  Additionally, there is (albeit mixed) evidence that 4-1BB signaling on NK cells increases their 

cytotoxicity and activation state (61–63). Therefore, we hypothesized that a single dose of TA99 + 

ɑ4-1BB-LAIR would reprogram tumor resident NK cells, leading to an activated NK cell state in the 

tumor and improve responsiveness to ICB therapy. To test this, we treated B16F10 tumor bearing 

mice with a single cycle of TA99 + ɑ4-1BB-LAIR followed by ɑPD-1 every three days. To our 

disappointment, we did not observe any improvement to ɑPD-1 therapy responsiveness in these mice 

(Fig. 3-7A). again, we did not observe any therapy-associated weight loss with this combination (Fig. 

3-7B). Note that the transient weight loss dip seen at day 12 occurred in both the treatment groups 

and untreated mice (and to equivalent levels) and is believed to be a technical artifact.  

No evidence of toxicity is seen with ɑ4-1BB constructs in our model system 

Although agonist antibody therapies have an exceedingly narrow therapeutic index in the clinic, 

hampering their translational potential, often little to no toxicities are observed in preclinical mouse 

studies. This has impaired our ability as a field to a priori predict associated irAEs with agonist 

immunotherapies, which was most exemplified by the Tegenero ɑCD28 superagonist trial (36). 

Indeed, we did not observe any toxicity in any of the above previously described ɑ4-1BB therapies 

(Fig. 3-4, 3-5, 3-6, 3-7). In particular, we were interested in further probing treatment related toxicity 
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observed from the TA99 + ɑ4-1BB combination. It has been previously documented that the specific 

antibody clone we have employed in these studies (LOB12.3) displays minimal toxicity in mouse 

models. However, a second antibody clone (3H3) that can display modest levels of toxicity in mouse 

models (181, 182). Interestingly, this may be explained by the 3H3 clone’s ability to cluster 4-1BB 

independent of FcγRs, while LOB12.3 relies on FcγR mediated 4-1BB clustering. Nonetheless, it has 

been documented that human toxicities often manifest as liver toxicity, and in mouse models this liver 

toxicity is driven by 4-1BB activation on liver resident myeloid and macrophage populations and 

subsequent T cell infiltration and activation (26). Work from the Murphy lab has highlighted how 

aging can predispose mice to cytokine storm and lethal autoimmunity following treatment with certain 

immunotherapies. Mechanistically, aging induced increases in adiposity increases the basal 

inflammatory state of peripheral macrophage populations which mediates this increase in toxicity (183, 

184). Although they did not examine the effects of ɑ4-1BB agonists in this model system, we reasoned 

that because 1) the toxicity they observed was macrophage mediated and 2) ɑ4-1BB agonist toxicity 

has also been shown to be myeloid/macrophage mediated then perhaps this would be a good model 

system to explore ɑ4-1BB toxicity and demonstrate how tumor localization can improve the 

therapeutic index of these modalities.  

 

To that end, we purchased aged C57Bl/6 mice (aged 51 weeks at time of tumor inoculation) and 

treated them with either PBS, TA99 + ɑ4-1BB (i.p.), TA99 + ɑ4-1BB (i.t.), or TA99 + ɑ4-1BB-LAIR 

(i.t.). In addition to monitoring weight loss as a readout of treatment related toxicity, we also monitored 

body temperature (via infrared rectal readings) and collected serum 24, 48, and 72 hours post ɑ4-1BB 

treatment for the first two rounds of treatment. As mice reached the euthanasia criteria, we also 

harvested and formalin fixed spleens, livers, and lungs. As expected, only the intratumoral collagen 
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anchored combination therapy had a minor but statistically significant therapeutic benefit (Fig. 3-8A). 

We did not observe any weight loss or consistent changes in body temperature with any of the 

treatment groups, including the mice treated with systemic ɑ4-1BB agonist (Fig. 3-8B-C). The only 

body temperature decreases observed were correlated with mice that had reached the euthanasia 

criteria and had a large tumor burden and general poor body condition. The time period in which 

serum was being collected is highlighted in gray in each plot.  

 

To further assess the safety profile of these various ɑ4-1BB agonists in this aged mouse model, we 

profiled serum samples 24, 48, and 72 hours post first treatment with a 13-analyte cytokine panel 

looking mainly at innate cell produced inflammatory cytokines (specifically IL-1α, IL-1β, IL-6, IL-10, 

IL-12p70, IL-17A, IL-23, IL-27, MCP-1, IFNβ, IFNγ, TNFα, and GM-CSF). We did not observe any 

elevation of these cytokines in any of the treatment groups when compared to PBS (Fig. 3-9). Thus, 

even in aged mice predisposed to inflammatory responses to immunotherapy we did not observe any 

signs of systemic immune activation or irAEs with local or systemically dosed ɑ4-1BB agonist 

antibody therapy. Because we did not observe any toxicity at the gross (weight loss/body temperature) 

or serum protein level, we ceased efforts to examine treatment related toxicity with ɑ4-1BB therapy. 

We reason that the observed toxicity of systemically delivered ɑ4-1BB antibody therapy in clinical 

trials is sufficient motivation to develop tumor localized collagen anchored ɑ4-1BB agonist therapy, 

regardless of the toxicity profiles observed in preclinical murine cancer models. 

ɑCD28 amenable to expression as Fab, binds cell-surface expressed CD28 

Because ɑCD28 antibody sequences were not readily available in the literature or from collaborators, 

we obtained a hybridoma line from the Allison lab that produces the commonly used clone 37.51 
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ɑCD28 agonist antibody. This antibody is commonly used in in vitro T cell activation protocols. We 

sequenced the hybridoma line and produced the full Syrian Hamster ɑCD28 antibody and confirmed 

that it binds to murine CD28 with a similar affinity to commercially produced ɑCD28 antibody (Fig. 

3-10). As we have done with previously described agonist antibodies, we then grafted the variable 

regions of the light chain and heavy chain onto a murine kappa light chain constant region and murine 

IgG1 heavy chain constant region, respectively. 

 

To validate that this antibody properly folds in this chimeric format, we titrated it on HEK cells 

transiently transfected to express murine CD28 on their cell surface. Unfortunately, we did not 

observe any binding activity for this chimeric antibody (Fig. 3-11A-B). Although we were able to 

calculate a dissociation constant (KD) for the chimeric antibody, the significantly attenuated Bmax 

binding signal for the chimera compared to the WT Syrian hamster antibody suggested that this 

antibody likely has compromised function compared to the WT construct and it is likely the calculated 

dissociation constant and normalized binding curve is simply an artifact. This is likely due to a 

mismatch between Syrian hamster variable region and mouse constant region contact residues and 

subsequent misfolding. We instead tried expressing these as fully Syrian hamster Fabs (antibody 

fragments consisting of the full light chain and a truncated portion of the heavy chain (VH and CH1 

domains only)). In this format, the Fabs were able to bind to HEK cells expressing murine CD28 with 

relatively high measured affinity (Fig. 3-11C).  

 

Because these constructs are monovalent and lack an Fc region necessary for FcγR mediated 

clustering, we did not expect these Fabs on their own to exhibit activity in vivo. We additionally 

constructed Fab constructs with fusion of LAIR or ABP10 to allow for collagen anchored or alum 
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anchored retention of the Fabs in the TME. We hypothesized that collagen binding and/or alum 

anchoring would be able to drive sufficient receptor clustering to mediate downstream signaling. We 

confirmed that these variants also bound cell-surface expressed CD28, the LAIR fusions bound 

collagen I coated plates, and using a malachite green assay we confirmed that ABP10K fusions were 

properly phosphorylated (Fig. 3-11C-E).  

ɑCD28 Fab construct does not display agonistic activity in vitro or in vivo 

We next sought to text these constructs in vivo in combination with ɑPD-1. MC38 tumor bearing mice 

were treated with ɑPD-1 monotherapy or ɑPD-1 + ɑCD28, ɑPD-1 + ɑCD28-LAIR, or ɑPD-1 + 

ɑCD28-ABP10K + alum, with the ɑCD28 Fab constructs given at two different doses. Unfortunately, 

we observed a relatively high baseline ɑPD-1 response rate in this study, making it difficult to 

distinguish improved efficacy of combination therapies. Only the ɑPD-1 + ɑCD28-ABP10K + alum 

(at the low dose, but not high dose) demonstrated improved efficacy over ɑPD-1 alone (Fig. 3-12A). 

We did not observe any treatment related toxicity, as measured by weight loss, for any of the 

treatments (Fig. 3-12B).  

 

Due to the disappointingly low activity observed in vivo, we developed a functional assay to test the 

ability of these Fabs to elicit CD28 signaling in vitro. Activating CD8+ T cells with ɑCD3 and ɑCD28 

antibodies results in a range of phenotypic changes, including upregulation of activation markers such 

as PD-1, CD69, CD25, and 4-1BB and release of cytokines such as IL-2 (185, 186). We chose to use 

IL-2 secretion, measured by ELISA, as a readout for T cell activation. Using commercial ɑCD3 and 

ɑCD28 (the same clones as our in-house recombinantly expressed ɑCD3 and ɑCD28 antibodies) we 

performed a pilot assay scanning a range of antibody coating concentration and assaying IL-2 secretion 
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at two time points, 24 hours and 72 hours, using purified naive CD8+ T cells (Fig. 3-13AB). We 

observed that IL-2 secretion is detectable quickly, with large increases in supernatant IL-2 observed 

at the 24 hour time point, and most future assays were run for only 24 hours to increase the throughput 

of this development process.  

 

We next tested the ability of our ɑCD28 Fabs to elicit IL-2 secretion. Plates were coated with 

commercial ɑCD3 antibody and a range of ɑCD28, ɑCD28-LAIR, or ɑCD28-ABP10K Fab 

concentrations. At the concentrations tested, no detectable IL-2 secretion was seen after 24 hours or 

72 hours in culture (Fig. 3-13C-D). We repeated this assay a second time scanning a larger 

concentration range and similarly observed no IL-2 secretion (this time looking only after 24 hours in 

culture) (Fig. 3-13E). Thus, these assays seem to suggest that even at high concentrations, these Fabs 

are unable to elicit T cell activation in vitro and this may explain the poor activity in vivo.  

ɑCD28 hamster-mouse hinge chimera antibody is active in vitro and amenable to LAIR 

fusion 

To rectify the lack of activity we observed with ɑCD28 Fabs both in vitro and in vivo and the apparent 

lack of binding for murinized chimeric ɑCD28 antibodies, we explored other chimeric formats of this 

antibody. Importantly, we wished to preserve the murine Fc region of this antibody, as Fc:FcγR 

interactions are important for agonist antibody activity in vivo and little is known about Syrian hamster 

Fc interactions with murine FcγR, complicating our ability to properly interpret experimental 

outcomes. As we had hypothesized that earlier attempts to graft Syrian hamster ɑCD28 variable 

regions onto fully mouse constant regions failed due to issues with variable region and CL/CH1 contact 

residues, we decided to construct a chimeric antibody with a fully Syrian hamster ɑCD28 light chain 
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and an ɑCD28 heavy chain with a Syrian hamster variable region and CH1 domain and murine IgG1 

hinge, CH2, and CH3 domains.  

 

We found that this ɑCD28 antibody, which we termed ɑCD28 hinge chimera, was able to activate 

CD8+ T cells in vitro with a similar EC50 as commercial fully Syrian hamster ɑCD28. We then 

constructed ɑCD28-LAIR and ɑCD28-ABP10K hinge chimera antibodies and also confirmed their 

ability to activate CD8+ T cells in vitro (Fig. 3-14A). Due to expression issues, both LAIR and ABP10K 

were fused to the C-terminus of the light chain in these constructs instead of the heavy chain. We also 

tested the ability of ɑCD28-LAIR and ɑCD28-ABP10K hinge chimera antibodies (paired with ɑCD3-

LAIR and ɑCD3-ABP10K antibodies, respectively) to activate CD8+ T cells on either collagen coated 

plates or co-incubated with alum, respectively. We observed that ɑCD28-LAIR + ɑCD3-LAIR were 

able to stimulate CD8+ T cells in a dose dependent manner on collagen I coated plates. Interestingly, 

we did not observe any activity from commercial control ɑCD3 + ɑCD28 antibodies, or ɑCD28-

LAIR + control ɑCD3.  We hypothesize this lack of activity is the result of control ɑCD3/ɑCD28 

unable to adsorb onto the collagen coated plates. It is possible that other plate coating strategies, such 

as dry coating the plates overnight (where the coating liquid is allowed to evaporate overnight) could 

have remedied this issue. However, further assay development in this context was not pursued. 

However, the fact that ɑCD28-LAIR + ɑCD3-LAIR was able to stimulate T cells while bound to 

collagen is encouraging, as it suggests that collagen binding allows for sufficiently high levels of 

TCR/CD28 clustering to elicit productive signaling in T cells. We did not observe any IL-2 secretion 

with CD8+ T cells incubated with ɑCD3-APB10K + ɑCD28-APB10K coated onto alum (Fig 3-14C). 

We confirmed that alum being present in culture with T cells in control ɑCD3/ɑCD28 coated wells 
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did not interfere with activation, thus this lack of activity is likely due to the loading density of these 

antibodies onto alum. Because of the time/effort required to optimize the ratios of both antibodies 

to alum to elicit successful signaling, we decided to focus our efforts instead on studying ɑCD28 and 

ɑCD28-LAIR in vivo, with plans to revisit alum anchored versions of these antibodies if initial results 

were promising.  

ɑCD28 hamster-mouse chimeric antibody has minimal in vivo efficacy  

Having developed a functional ɑCD28 suitable for in vivo agonism, we sought to test two different 

ɑCD28 agonist-based immunotherapy combinations. As discussed previously, recent evidence has 

suggested a role for CD28 signaling in successful ɑPD-1/ɑPD-L1 checkpoint blockade therapy, and 

thus we hypothesized that ɑCD28 agonist antibody therapy would synergize with ɑPD-1 checkpoint 

blockade. We treated MC38 tumor bearing mice with ɑPD-1, ɑPD-1 + ɑCD28, or ɑPD-1 + ɑCD28-

LAIR, with ɑCD28/ɑCD28-LAIR given at both a low and high dose intratumorally (10 µg and 1 µg 

of ɑCD28 and molar equivalents of ɑCD28-LAIR, respectively).  

 

We observed minimal efficacy of ɑPD-1 as a monotherapy in this study. ɑPD-1 + ɑCD28-LAIR at 

the high dose had a slight but statistically significant growth delay over ɑPD-1 alone, while the low 

dose ɑCD28-LAIR offered no additional benefit (Fig. 3-15A). To our surprise, both low and high 

dose non-collagen anchored ɑCD28 enhanced ɑPD-1 therapy to a greater degree than the collagen 

anchored versions of ɑCD28. Indeed, this combination led to complete tumor regression in a subset 

of mice, with 30% and 40% of mice completely rejecting their primary tumor and remaining tumor 

free until day 110 when treated with ɑPD-1 + ɑCD28 (low dose) or ɑPD-1 + ɑCD28 (high dose), 

respectively. No treatment-associated weight loss was seen with any of these treatments (Fig. 3-15B).  
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Additionally, we were interested in testing combination ɑCD3 + ɑCD28. As discussed previously, 

because of the often large infiltrate of “bystander” T cells in the TME this combination therapy 

providing the canonical “signal 1” and “signal 2” of T cell activation would broadly and robustly 

activate all infiltrating T cells in the tumor, leading to enhanced cytotoxicity of these cells and cytokine 

milieu repolarization. Simply put, we viewed this strategy as akin to activating T cells ex vivo in a cell 

culture dish. To that end, we treated MC38 tumor bearing mice with either ɑCD3 + ɑCD28 or ɑCD3-

LAIR + ɑCD28-LAIR, again at both a high (10 µg ɑCD28, 2 µg ɑCD23, or molar equivalents for 

LAIR fusions) and low (1 µg ɑCD28, 0.2 µg ɑCD23, or molar equivalents for LAIR fusions) dose, 

again all intratumorally. Based on our in vitro data we reasoned that a 5:1 mass ratio of ɑCD28:ɑCD3 

would allow for maximum T cell stimulation. To our disappointment, we did not observe growth 

delay for any of the treatment groups (Fig. 3-16A). Consistent with this lack of activity and with prior 

data no treatment-associated weight loss was seen with any of these treatments (Fig. 3-16B).  

 

We hypothesized that tumors with a larger baseline infiltrate would be better poised to respond to this 

ɑCD3 + ɑCD28 combination therapy. To test this hypothesis, we tested two additional models. First, 

we switched to using the MC38-SIY model. This tumor line has an engineered antigen (SIYRYYGL), 

increasing the immunogenicity of the line and (we hypothesized) leading to higher levels of baseline 

T cell infiltration. In addition, we co-treated some tumors with adoptive cell transfer (ACT) of 1 

million activated CD8+ T cells isolated from spleens of 2C transgenic mice. These 2C CD8+ T cells all 

express the same TCR which recognizes the SIY antigen. Thus, this represents a best case scenario 

where the tumor contains a large amount of freshly infiltrated and properly activated tumor reactive 

CD8+ T cells. To reduce the number of experimental groups, we only focused on the high dose of 



 

 

71 

ɑCD3 + ɑCD28 (10 µg ɑCD28, 2 µg ɑCD23, or molar equivalents for LAIR fusions) for this survival 

study. Much to our disappointment, we did not observe any survival benefit for mice for any of the 

treatment groups (Fig. 3-16C). In fact, for the mice treated with non-collagen anchored ɑCD3 + 

ɑCD28 (with or without ACT) progressed faster than vehicle control treated tumors, and this effect 

was statistically significant. Again, no treatment-associated weight loss was seen with any of these 

treatments (Fig. 3-16D).  

3.3: Discussion 

In this chapter, we developed direct fusions of agonist antibodies to collagen binding domains for 

intratumoral retention of these therapeutic payloads. We validated that this was a generalizable 

strategy, successfully expressing fusions of ɑ4-1BB, ɑCD28, ɑCD3, ɑOX40, and ɑCD40 to two 

different collagen binding domains, lumican and LAIR. For the latter collagen binding domain, we 

also confirmed that LAIR fusion to control (ɑFITC) IgG had enhanced in vivo retention in the TME. 

We subsequently tested a subset of these agonist antibody in vivo in murine tumor models. In particular, 

we focused on ɑ4-1BB-LAIR and ɑCD28-LAIR.  

 

Although agonist antibodies, and specifically those targeting 4-1BB and CD28, are associated with 

toxicities in the clinic, mice tolerate these therapies fairly well. Indeed, in none of our studies did we 

observe any weight loss associated toxicities when these payloads were administered, regardless of 

collagen anchoring status. It has been reported that older mice, due to their increased adiposity, have 

a higher propensity for immune related adverse events (irAEs) after immunotherapy treatment (183, 

184). However, in the context of ɑ4-1BB agonist therapy combined with antitumor antibody TA99, 
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we still did not observe any signs of irAEs (measured by weight loss, drops in body temperature, or 

increases in serum cytokine levels). In the context of ɑCD28 agonists, there is minimal clinical data, 

but early trials suggest that even low dose ɑCD28 agonist therapy can elicit severe, and potentially 

lethal, cytokine storm and this cytokine storm is primarily caused by activating effector memory CD4+ 

T cells (36, 37). However, because mice used in our studies are raised in specific pathogen free 

environments, they have relatively few effector memory CD4+ T cells and additionally lack the natural 

bacterial and fungal microbiome that free-living mammals have. A recent study found that by 

transferring C57Bl/6 mice embryos into wild mice, they could generate a “wildling” colony of 

C57Bl/6 mice with a more diverse microbiome that is more faithful to free-living mammals (187). 

These mice, when treated with ɑCD28 superagonists previously used in the clinic, had inflammatory 

responses that mirrored those experienced in the phase I clinical trial. Thus, this wilding mouse model 

may be a good platform to test collagen anchored agonist antibodies and to demonstrate the utility, 

from a toxicity standpoint, of this collagen anchoring strategy. Nonetheless, the enhanced intratumoral 

retention as demonstrated by longitudinal fluorescence tracking suggests that there is significantly less 

systemic dissemination of these collagen anchored payloads. Because less systemic dissemination 

should result in less on-target, off-tumor toxicity, it is reasonable to assume that our collagen 

anchoring would result in safer agonist antibody therapeutics.  

 

In addition to improved toxicity, we were also interested in how collagen anchoring improved the 

efficacy of these agonist antibodies. As we have seen previously for tumor localized cytokines (using 

collagen anchoring and alum anchoring strategies), increased retention in the tumor improves 

therapeutic outcomes in preclinical studies (86, 92, 167, 168). Unfortunately, we observed minimal to 
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no improvements in efficacy for collagen anchored agonists versus non-collagen anchored agonists in 

most combinations tested.  

 

Our studies examining collagen anchored ɑCD28 agonists had perplexing results. Encouragingly, we 

did observe that ɑCD28 agonists improved the efficacy of ɑPD-1 therapy, consistent with reports that 

CD28 costimulation is important for responses to ɑPD-1 (161, 162). However, to our disappointment 

we found that collagen anchored ɑCD28-LAIR did not synergize with ɑPD-1. Although we did not 

explore this phenomenon further experimentally, there are two hypotheses for this observation. First, 

collagen is not uniformly spatially distributed in the tumor, and it is possible that collagen localization 

of ɑCD28 is not the optimal distribution of this payload, with CD8+ T cells poised to respond to 

CD28 signaling located in collagen sparse regions of the tumor. Additionally, literature indicates that 

the stem-like CD8+ T cell populations that proliferate and respond to ɑPD-1 therapy are located in 

the tumor draining lymph node (TdLN) (188), suggesting that perhaps TdLN localization of ɑCD28 

agonists is preferential over tumor localization. Although we did not characterize compartment 

distribution in our model, it is possible that free ɑCD28 antibody drains better to the TdLN when 

compared to ɑCD28-LAIR, thus explaining the better response rate. Because lymph nodes are also 

collagen rich environments, our collagen anchoring strategy is still a viable option, and future studies 

utilizing intranodal or perinodal injections of ɑCD28-LAIR in combination with ɑPD-1 are warranted 

(189).  

 

Our studies examining collagen anchored ɑCD28-LAIR and ɑCD3-LAIR agonists also had difficult 

to interpret results. Although this combination was largely ineffective at altering tumor growth 

kinetics, with or without adoptive cell transfer (ACT) of tumor reactive T cells in the MC38-SIY 
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model, we observed that treatment with ɑCD28 and ɑCD3 actually enhanced tumor growth, with mice 

surviving for shorter time spans than untreated mice or mice treated with ACT alone. To reiterate, 

this phenomenon was restricted only to the non-collagen anchored agonists, with ɑCD28-LAIR and 

ɑCD3-LAIR having no impact on growth of MC38-SIY. This observation again highlights that, in the 

context of intratumorally administered ɑCD28 agonists, collagen anchoring may spatially localize these 

agonists to away from cells poised to respond to CD28 signaling. Why this combination of ɑCD28 

and ɑCD3 (with or without ACT) led to increased tumor growth and worse survival is unclear, but 

we have two testable hypotheses. One hypothesis is that these agonists preferentially expand tumor 

Tregs, leading to an increased immunosuppressive environment and accelerated tumor growth. Some 

literature evidence supports this, as early work exploring ɑCD28 agonists in vivo found that low dose 

ɑCD28 was able to preferentially expand Tregs (190, 191). Another possibility is that the accelerated 

tumor growth and decreased survival we observed was an aggressive form of pseudoprogression, with 

ɑCD28 and ɑCD3 increasing proliferation of the adoptively transferred cells and/or endogenous T 

cell population and thus creating the appearance of a larger tumor. Indeed, pseudoprogression has 

been observed in humans receiving immunotherapy, but whether this is what we observed here (and 

whether or not pseudoprogression that is severe enough to cause tumors to increase beyond the 

euthanasia criteria is possible) is unclear (192). Nonetheless, the perplexing results observed in these 

ɑCD28-LAIR combinations, and the seeming ability of collagen anchoring to limit the in vivo activity 

of ɑCD28-LAIR, warrants further investigation.  

 

Of the several monotherapy and combination therapies tested with collagen anchored ɑ4-1BB-LAIR, 

only one combination showed promise. ɑ4-1BB-LAIR combined with TA99, an antitumor antibody 
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targeting a surface antigen expressed on B16F10 cells, led to a modest but significant growth delay. 

Notably, this was the only combination tested where we saw that collagen anchored ɑ4-1BB-LAIR 

outperformed non-collagen anchored ɑ4-1BB agonist. To better understand the immunological 

mechanism behind this therapeutic combination and improve upon it, we performed immune cell 

depletion studies. During the course of these studies, we discovered that ɑCD4 depletion synergized 

robustly with TA99 + ɑ4-1BB-LAIR, and the results of these studies and subsequent follow up work 

are discussed in chapter four and also covered in our recent preprint (193). 

 

Overall, this chapter details our efforts to develop direct fusions of collagen binding domains to 

agonist antibody therapies. This strategy appeared to be generalizable to a wide range of agonist 

antibodies and collagen binding domains. However, when we tested ɑ4-1BB-LAIR and ɑCD28-LAIR 

in vivo as monotherapies and combination therapies, we saw somewhat disappointing benefits of 

collagen anchoring. This is in stark contrast to collagen anchoring cytokines, which saw uniform 

increases in efficacy and decreases in toxicity in virtually all combinations tested (86). Still, we did 

observe efficacy improvements when combining ɑ4-1BB-LAIR with an antitumor antibody, 

demonstrating that this combination does have some promise. Further studies exploring both 

compartment localization (tumor vs. TdLN) and more nuanced dose escalation studies (because of 

the aforementioned bell-shaped dose response curve of some agonists) are warranted (16).  
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3.4: Figures 

 

Figure 3-1: Lumican and LAIR antibody fusions bind collagen I coated plates by ELISA 

(A) Equilibrium binding curve of ɑ4-1BB-lumican, ɑCD3-lumican, ɑCD40-lumican, and ɑOX86-

lumican on collagen I coated plates (mean ± S.D., n = 4). (B) Equilibrium binding curve of ɑ4-1BB-

LAIR and ɑ4-1BB on collagen I coated plates (mean ± S.D., n = 4). 
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Figure 3-2: IgG-LAIR is retained in the tumor microenvironment 

Mice were inoculated with 1 x 106 B16F10-Trp2 KO cells on day 0 and injected with control IgG or 

equimolar amount of IgG-LAIR and fluorescence was measured longitudinally via IVIS. (A) example 

fluorescence images from select timepoints and (B) Quantification of normalized radiant efficiency 

(mean ± S.D.) in mice receiving IgG or IgG-LAIR (n = 5). Retention data were compared using two-

way ANOVA with Tukey’s multiple hypothesis testing correction. *P < 0.05, **P < 0.01, *** P < 

0.001, **** P < 0.0001.  
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Figure 3-3: ɑ4-1BB binding to 4-1BB is unaffected by LAIR fusion 

Equilibrium binding curve of ɑ4-1BB-LAIR and ɑ4-1BB to HEK cells expressing murine 4-1BB 

(mean ± S.D., n = 4). 
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Figure 3-4: Collagen anchoring does not improve efficacy of ɑ4-1BB combined with 
LAIR-MSA-IL-2 

Mice were Inoculated with 1 x 106 B16F10 tumor cells on day 0 and treated with PBS (n = 6), ɑ4-1BB 

+ LAIR-MSA-IL-2 (n = 8, i.t.) or ɑ4-1BB-LAIR + LAIR-MSA-IL-2 (n = 9, i.t.) on days 6, 10, and 

14. (A) Overall survival of mice and (B) weight loss of mice from the same study. Survival was 

compared using the log-rank Mantel-Cox test and weight loss data were compared using two-way 

ANOVA with Tukey’s multiple hypothesis testing correction. *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001.  
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Figure 3-5: Collagen anchoring does not improve efficacy of ɑ4-1BB monotherapy 

(A-B) Mice were Inoculated with 1 x 106 MC38 tumor cells on day 0 and treated with PBS (n = 5), 

ɑ4-1BB (i.t., n = 7) or ɑ4-1BB-LAIR (i.t., n = 7) on days 6, 12, and 18. (A) Overall survival of mice 

and (B) weight loss of mice from the same study. (C-D) Mice were inoculated 1 x 106 CT26 on day 

0 and treated with PBS, ɑ4-1BB (“Hi”, i.t., 20 µg), ɑ4-1BB (“Med”, i.t., 2 µg), ɑ4-1BB (“Lo”, i.t., 0.2 

µg), or ɑ4-1BB-LAIR (“Hi”, i.t., 24.1 µg), ɑ4-1BB-LAIR (“Med”, i.t., 2.41 µg), ɑ4-1BB (“Lo”, i.t., 

0.241 µg) (n = 2-3). (C) Overall survival of mice and (D) weight loss of mice from the same study. 

Survival was compared using the log-rank Mantel-Cox test and weight loss data were compared using 

two-way ANOVA with Tukey’s multiple hypothesis testing correction. *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001. 
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Figure 3-6: TA99 + ɑ4-1BB-LAIR leads to minor growth delay in B16F10 

Mice were inoculated with 1 x 106 B16F10 cells on day 0. (A) Treatment schedule of TA99 + ɑ4-1BB-

LAIR. Mice were treated with 200 µg of TA99 (i.p.) on days 5, 12, 19, and 26, treated with 36.1 µg ɑ4-

1BB-LAIR (i.t.) on days 6, 13, 20, and 27 or 30 µg ɑ4-1BB (i.t.). (B) Overall survival of mice treated 

with PBS (n = 41), TA99 + ɑ4-1BB-LAIR (“Tx”, i.t., n = 33), TA99 + ɑ4-1BB (i.t., n = 22), TA99 (n 

= 14), ɑ4-1BB (i.t., n = 6), ɑ4-1BB-LAIR (i.t., n = 6), ɑ4-1BB (i.p., n = 10), or TA99 + ɑ4-1BB (i.p., 

n = 8) (eight independent studies). (C) Weight loss of mice treated with PBS (n = 10) or TA99 + ɑ4-

1BB-LAIR (n = 10) from a subset of mice in (B) (two independent studies). Survival was compared 
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using the log-rank Mantel-Cox test and weight loss data were compared using two-way ANOVA with 

Tukey’s multiple hypothesis testing correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 3-7: TA99 + ɑ4-1BB does not improve ɑPD-1 responsiveness in B16F10 tumors 

Mice were Inoculated with 1 x 106 B16F10 tumor cells on day 0 and treated with PBS (n = 4), TA99 

+ ɑ4-1BB (i.t.) + ɑPD-1 (n = 7) or TA99 + ɑ4-1BB-LAIR (i.t.) + ɑPD-1 (n = 6). TA99 was given on 

day 5, ɑ4-1BB/ɑ4-1BB-LAIR on day 9, and ɑPD-1 every 4 days starting on day 9. (A) Overall survival 

of mice and (B) weight loss of mice from the same study. Survival was compared using the log-rank 

Mantel-Cox test and weight loss data were compared using two-way ANOVA with Tukey’s multiple 

hypothesis testing correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 3-8: TA99 + ɑ4-1BB has minimal efficacy and toxicity in aged mice 

51-week-old C57Bl/6 mice were inoculated with 1 x 106 B16F10 tumors on day 0 and treated 

according to dose schedule in Fig. 3-6A. Systemic ɑ4-1BB was given intraperitoneally (i.p.) at a dose 

of 150 µg. (A) Overall survival of mice treated with PBS, TA99 + ɑ4-1BB (i.p.), TA99 + ɑ4-1BB (i.t.), 

or TA99 + ɑ4-1BB-LAIR (i.t.) (n = 7). (B) Weight loss and (C) body temperature of mice in (A). 

Blood samples were taken daily during time periods highlighted in gray. Survival was compared using 

the log-rank Mantel-Cox test and weight loss and body temperature data were compared using two-

way ANOVA with Tukey’s multiple hypothesis testing correction. *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001.  
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Figure 3-9: TA99 + ɑ4-1BB does not alter serum cytokine profile in aged mice 

Serum cytokine/chemokine levels from mice in Fig. 3-8. Serum was collected 24, 48, and 72 hours 

after the first ɑ4-1BB treatment. Data were compared using two-way ANOVA with Tukey’s multiple 

hypothesis testing correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 3-10: Recombinant ɑCD28 binds surface CD28 with similar affinity to 

commercial ɑCD28 

Equilibrium binding curve of commercially purchased and in-house recombinantly produced and 

ɑCD28 antibody (clone 37.51) to HEK cells expressing murine CD28 (mean ± S.D., n = 4). 
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Figure 3-11: ɑCD28 Fabs bind surface CD28 in vitro 

Equilibrium binding curve of ɑCD28 antibody as either fully Syrian hamster antibody or murinized 

chimera to HEK cells expressing murine CD28 (A) before and (B) after normalizing binding curves 

to Bmax (mean ± S.D., n = 2). (C) Equilibrium binding curve of ɑCD28 Fab, ɑCD28-LAIR Fab, or 

ɑCD28-ABP10K Fab to HEK cells expressing murine CD28 (mean ± S.D., n = 4). (D) Equilibrium 

binding curve of ɑCD28 Fab, ɑCD28-LAIR Fab light chain (LC) fusion, or ɑCD28-LAIR Fab heavy 

chain (HC) fusion to collagen I coated plates (mean ± S.D., n = 4). (E) Phosphorylation quantification 

using malachite green assay of ɑCD28-ABP10K Fab, IFNβ (negative control), or IFNβ-ABP10K 

(positive control) (mean, n = 2).  
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Figure 3-12: ɑCD28 Fabs have no activity in vivo 

Mice were inoculated with 1 x 106 MC38 cells on day 0. (A) Overall survival of mice treated with PBS, 

ɑCD28 + ɑPD-1 (“Hi” dose, 23.9 µg and 200 µg), ɑCD28 + ɑPD-1 (“Lo” dose 4.77 µg and 200 µg), 

ɑCD28-LAIR + ɑPD-1 (“Hi” dose, 31.3 µg and 200 µg), ɑCD28-LAIR + ɑPD-1 (“Lo” dose 6.25 µg 

and 200 µg), ɑCD28-ABP10K + alum + ɑPD-1 (“Hi” dose, 26.0 µg, 130 µg, and  200 µg), ɑCD28-

ABP10K + alum + ɑPD-1 (“Lo” dose 5.20 µg, 26 µg and 200 µg), or ɑPD-1 (200 µg) (n = 7, or n = 

5 for PBS and ɑPD-1) and (B) weight loss of mice from same study. All ɑCD28 constructs were 

monomeric Fabs, administered intratumorally, and “Hi” and “Lo” doses correspond to 0.5 nmol and 

0.1 nmol doses, respectively. Survival was compared using the log-rank Mantel-Cox test and weight 

loss data were compared using two-way ANOVA with Tukey’s multiple hypothesis testing correction. 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 3-13: ɑCD28 Fabs are not active in vitro 

Naive CD8+ T cells were incubated for (A) 24 hours or (B) 72 hours on non-TC treated plate coated 

with ɑCD3 and ɑCD28 at indicated concentrations and soluble IL-2 in supernatant was measured via 

ELISA (n = 2). Dotted lines represent the lowest and highest standard of the standard curve. Values 
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falling outside of this range were extrapolated from the standard curve. Naive CD8+ T cells were 

incubated for (C) 24 hours or (D) 72 hours on non-TC treated plate coated with ɑCD3 at 1 µg/mL 

and ɑCD28 Fab constructs at indicated concentrations and soluble IL-2 in supernatant was measured 

via ELISA (n = 2-3). Dotted line represents the lowest standard of the standard curve. Values falling 

outside of this range were extrapolated from the standard curve. (E) Naive CD8+ T cells were 

incubated for 24 hours on non-TC treated plates coated with coated with 1 µg/mL ɑCD3 and 

indicated concentrations of ɑCD28 Fabs and soluble IL-2 in supernatant was measured via ELISA (n 

= 1). 
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Figure 3-14: Hinge chimera ɑCD28 antibody is active in vitro 

Naive CD8+ T cells were incubated for 24 hours with indicated proteins and soluble IL-2 in 

supernatant was measured via ELISA. (A) Non-TC treated plate was coated with 1 µg/mL ɑCD3 and 

indicated concentrations of ɑCD28 (n = 1-2). (B) Collagen I coated plate was incubated with 1 µg/mL 

ɑCD3 (except for condition in dark green, where 1 µg/mL ɑCD3-LAIR was used) and indicated 

ɑCD28 concentration (n = 1-2). (C) Non-TC treated V bottom plates were coated with 1 µg/mL 

ɑCD3 and indicated ɑCD28 concentration, except for purple condition where ɑCD28-ABP10K and 

ɑCD3-ABP10K were instead preloaded onto alum and then added to wells (at indicated 

concentrations and 1 µg/mL, respectively). (n = 1-2).  
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Figure 3-15: ɑCD28-LAIR does not synergize with ɑPD-1 

Mice were inoculated with 1 x 106 MC38 cells on day 0. (A) Overall survival of mice treated with PBS, 

ɑCD28 + ɑPD-1 (“Hi” dose, 10 µg and 200 µg), ɑCD28 + ɑPD-1 (“Lo” dose 1 µg and 200 µg), 

ɑCD28-LAIR + ɑPD-1 (“Hi” dose, 12.1 µg and 200 µg), ɑCD28-LAIR + ɑPD-1 (“Lo” dose 1.21 µg 

and 200 µg), or ɑPD-1 (200 µg) (n = 7, or n = 5 for PBS and ɑPD-1) and (B) weight loss of mice 

from same study. All ɑCD28 constructs were administered intratumorally. Survival was compared 

using the log-rank Mantel-Cox test and weight loss data were compared using two-way ANOVA with 

Tukey’s multiple hypothesis testing correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 3-16: ɑCD28-LAIR + ɑCD3-LAIR have effect on tumor growth 

(A-B) Mice were inoculated with 1 x 106 MC38 cells on day 0. (A) Overall survival of mice treated 

with PBS, ɑCD28 + ɑCD3 (“Hi” dose, i.t., 10 µg and 2 µg), ɑCD28 + ɑCD3 (“Lo” dose, i.t., 1 µg and 

0.2 µg), ɑCD28-LAIR + ɑCD3-LAIR (“Hi” dose, i.t., 12.1 µg and 2.4 µg), or ɑCD28-LAIR + ɑCD3-

LAIR (“Lo” dose, i.t., 1.21 µg and 0.24 µg) (n = 7, or n = 5 for PBS) and (B) weight loss of mice from 

same study. (C-D) Mice were inoculated with 1 x 106 MC38-SIY cells on day 0. (C) Overall survival 

of mice treated with PBS, 1 x 106 adoptively transferred T cells (ACT), ACT + ɑCD28 + ɑCD3 (“Hi” 



 

 

95 

dose, i.t.), ACT, + ɑCD28-LAIR + ɑCD3-LAIR (“Hi” dose, i.t.), ɑCD28 + ɑCD3 (“Hi” dose, i.t.), 

or ɑCD28-LAIR + ɑCD3-LAIR (“Hi” dose, i.t.) (n = 8) and (D) weight loss of mice from same study. 

Survival was compared using the log-rank Mantel-Cox test and weight loss data were compared using 

two-way ANOVA with Tukey’s multiple hypothesis testing correction. *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001.  
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3.5: Tables 

Table 3-1: Amino acid sequence table 

Key: signal peptide, variable region, constant region, linker, lumican, LAIR, ABP10, His tag 

ɑ4-1BB Light Chain (Murine 
kappa constant region) 

MSVLTQVLALLLLWLTGARCADIQMTQSPASLSASLEEIVT
ITCQASQDIGNWLAWYHQKPGKSPQLLIYGSTSLADGVP
SRFSGSSSGSQYSLKISRLQVEDIGIYYCLQAYGAPWTFGG
GTKLELKRADAAPTVSIFPPSSEQLTSGGASVVCFLNNFYP
KDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTL
TLTKDEYERHNSYTCEATHKTSTSPIVKSFNRNEC 

ɑ4-1BB-lumican Heavy Chain 
(Murine IgG1 constant 
region) 

MKWSWVFLFLMAMVTGVNSDVQLVESGGGLVQPGRSL
KLSCAASGFIFSYFDMAWVRQAPTKGLEWVASISPDGSIP
YYRDSVKGRFTVSRENAKSSLYLQMDSLRSEDTATYYCAR
RSYGGYSEIDYWGQGVMVTVSSATTKGPSVYPLAPGSAA
QTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAV
LQSDLYTLSSSVTVPSSTWPSQTVTCNVAHPASSTKVDKKI
VPRDCGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTC
VVVDISKDDPEVQFSWFVDDVEVHTAQTKPREEQINSTF
RSVSELPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTK
GRPKAPQVYTIPPPKEQMAKDKVSLTCMITNFFPEDITVE
WQWNGQPAENYKNTQPIMDTDGSYFVYSKLNVQKSNW
EAGNTFTCSVLHEGLHNHHTEKSLSHSPGKGGGGSGGG
GSGGGGSQYYDYDIPLFMYGQISPNCAPECNCPHSYPTA
MYCDDLKLKSVPMVPPGIKYLYLRNNQIDHIDEKAFENV
TDLQWLILDHNLLENSKIKGKVFSKLKQLKKLHINYNNL
TESVGPLPKSLQDLQLTNNKISKLGSFDGLVNLTFIYLQH
NQLKEDAVSASLKGLKSLEYLDLSFNQMSKLPAGLPTSLL
TLYLDNNKISNIPDEYFKRFTGLQYLRLSHNELADSGVPG
NSFNISSLLELDLSYNKLKSIPTVNENLENYYLEVNELEKF
DVKSFCKILGPLSYSKIKHLRLDGNPLTQSSLPPDMYECLR
VANEITVN 

ɑ4-1BB-LAIR Heavy Chain 
(Murine IgG1 constant 
region) 

MKWSWVFLFLMAMVTGVNSDVQLVESGGGLVQPGRSL
KLSCAASGFIFSYFDMAWVRQAPTKGLEWVASISPDGSIP
YYRDSVKGRFTVSRENAKSSLYLQMDSLRSEDTATYYCAR
RSYGGYSEIDYWGQGVMVTVSSATTKGPSVYPLAPGSAA
QTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAV
LQSDLYTLSSSVTVPSSTWPSQTVTCNVAHPASSTKVDKKI
VPRDCGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTC
VVVDISKDDPEVQFSWFVDDVEVHTAQTKPREEQINSTF
RSVSELPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTK
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GRPKAPQVYTIPPPKEQMAKDKVSLTCMITNFFPEDITVE
WQWNGQPAENYKNTQPIMDTDGSYFVYSKLNVQKSNW
EAGNTFTCSVLHEGLHNHHTEKSLSHSPGKGGGGSGGG
GSGGGGSQEGSLPDITIFPNSSLMISQGTFVTVVCSYSDKH
DLYNMVRLEKDGSTFMEKSTEPYKTEDEFEIGPVNETIT
GHYSCIYSKGITWSERSKTLELKVIKENVIQTPAPGPTSDT
SWLKTYSIY 

ɑCD3 Light Chain (Murine 
kappa constant region) 

MSVLTQVLALLLLWLTGARCADIQMTQSPSSLPASLGDRV
TINCQASQDISNYLNWYQQKPGKAPKLLIYYTNKLADG
VPSRFSGSGSGRDSSFTISSLESEDIGSYYCQQYYNYPWTF
GPGTKLEIKRRADAAPTVSIFPPSSEQLTSGGASVVCFLNN
FYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMS
STLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNRNEC 

ɑCD3 Heavy Chain 
(Murine IgG1 constant 
region) 

MKWSWVFLFLMAMVTGVNSEVQLVESGGGLVQPGKSL
KLSCEASGFTFSGYGMHWVRQAPGRGLESVAYITSSSINI
KYADAVKGRFTVSRDNAKNLLFLQMNILKSEDTAMYYC
ARFDWDKNYWGQGTMVTVSSATTKGPSVYPLAPGSAAQ
TNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAVL
QSDLYTLSSSVTVPSSTWPSQTVTCNVAHPASSTKVDKKIV
PRDCGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTCV
VVDISKDDPEVQFSWFVDDVEVHTAQTKPREEQINSTFR
SVSELPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTKG
RPKAPQVYTIPPPKEQMAKDKVSLTCMITNFFPEDITVEW
QWNGQPAENYKNTQPIMDTDGSYFVYSKLNVQKSNWE
AGNTFTCSVLHEGLHNHHTEKSLSHSPGK 

ɑCD3-lumican Heavy Chain 
(Murine IgG1 constant 
region) 

MKWSWVFLFLMAMVTGVNSEVQLVESGGGLVQPGKSL
KLSCEASGFTFSGYGMHWVRQAPGRGLESVAYITSSSINI
KYADAVKGRFTVSRDNAKNLLFLQMNILKSEDTAMYYC
ARFDWDKNYWGQGTMVTVSSATTKGPSVYPLAPGSAAQ
TNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAVL
QSDLYTLSSSVTVPSSTWPSQTVTCNVAHPASSTKVDKKIV
PRDCGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTCV
VVDISKDDPEVQFSWFVDDVEVHTAQTKPREEQINSTFR
SVSELPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTKG
RPKAPQVYTIPPPKEQMAKDKVSLTCMITNFFPEDITVEW
QWNGQPAENYKNTQPIMDTDGSYFVYSKLNVQKSNWE
AGNTFTCSVLHEGLHNHHTEKSLSHSPGKGGGGSGGGG
SGGGGSQYYDYDIPLFMYGQISPNCAPECNCPHSYPTAM
YCDDLKLKSVPMVPPGIKYLYLRNNQIDHIDEKAFENVT
DLQWLILDHNLLENSKIKGKVFSKLKQLKKLHINYNNLT
ESVGPLPKSLQDLQLTNNKISKLGSFDGLVNLTFIYLQHN
QLKEDAVSASLKGLKSLEYLDLSFNQMSKLPAGLPTSLLT
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LYLDNNKISNIPDEYFKRFTGLQYLRLSHNELADSGVPG
NSFNISSLLELDLSYNKLKSIPTVNENLENYYLEVNELEKF
DVKSFCKILGPLSYSKIKHLRLDGNPLTQSSLPPDMYECLR
VANEITVN 

ɑCD3-LAIR Light Chain 
(Murine kappa constant 
region) 

MSVLTQVLALLLLWLTGARCADIQMTQSPSSLPASLGDRV
TINCQASQDISNYLNWYQQKPGKAPKLLIYYTNKLADG
VPSRFSGSGSGRDSSFTISSLESEDIGSYYCQQYYNYPWTF
GPGTKLEIKRRADAAPTVSIFPPSSEQLTSGGASVVCFLNN
FYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMS
STLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNRNECGG
GGSGGGGSGGGGSQEGSLPDITIFPNSSLMISQGTFVTVV
CSYSDKHDLYNMVRLEKDGSTFMEKSTEPYKTEDEFEIG
PVNETITGHYSCIYSKGITWSERSKTLELKVIKENVIQTPA
PGPTSDTSWLKTYSIY 

ɑCD3-ABP10 Light Chain 
(Murine kappa constant 
region) 

MSVLTQVLALLLLWLTGARCADIQMTQSPSSLPASLGDRV
TINCQASQDISNYLNWYQQKPGKAPKLLIYYTNKLADG
VPSRFSGSGSGRDSSFTISSLESEDIGSYYCQQYYNYPWTF
GPGTKLEIKRRADAAPTVSIFPPSSEQLTSGGASVVCFLNN
FYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMS
STLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNRNECGG
GGSGGGGSGGGGSFQSEEQQGGGSGGSEEGGMESEES
NGGGSGGSEEGG 

ɑCD40 Light Chain (Murine 
kappa constant region) 

METDTLLLWVLLLWVPGSTGDTVLTQSPALAVSPGERVTI
SCRASESVSTRMHWYQQRPGQPPKLLIYVASRLESGVPAR
FSGGGSGTDFTLTIDPVEANDTATYFCQQSWNDPWTFG
GGTKLELKRADAAPTVSIFPPSSEQLTSGGASVVCFLNNF
YPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSS
TLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNRNEC 

ɑCD40-lumican Heavy Chain 
(Murine IgG1 constant 
region) 

MDIWLSLVFLVLFIKGVQCEVQLVESGGGLVQPGRSLKLS
CAASGFTLSDYYMAWVRQAPKKGLEWVASINYEGSSTYY
GESVKGRFTISRDNAKSTLYLQMNSLRSEDTATYYCVRH
DNYFDYWGQGVLVTVSSATTKGPSVYPLAPGSAAQTNS
MVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAVLQSD
LYTLSSSVTVPSSTWPSQTVTCNVAHPASSTKVDKKIVPRD
CGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTCVVVDI
SKDDPEVQFSWFVDDVEVHTAQTKPREEQINSTFRSVSE
LPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTKGRPK
APQVYTIPPPKEQMAKDKVSLTCMITNFFPEDITVEWQW
NGQPAENYKNTQPIMDTDGSYFVYSKLNVQKSNWEAG
NTFTCSVLHEGLHNHHTEKSLSHSPGKGGGGSGGGGSG
GGGSQYYDYDIPLFMYGQISPNCAPECNCPHSYPTAMYC
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DDLKLKSVPMVPPGIKYLYLRNNQIDHIDEKAFENVTDL
QWLILDHNLLENSKIKGKVFSKLKQLKKLHINYNNLTES
VGPLPKSLQDLQLTNNKISKLGSFDGLVNLTFIYLQHNQ
LKEDAVSASLKGLKSLEYLDLSFNQMSKLPAGLPTSLLTL
YLDNNKISNIPDEYFKRFTGLQYLRLSHNELADSGVPGN
SFNISSLLELDLSYNKLKSIPTVNENLENYYLEVNELEKFD
VKSFCKILGPLSYSKIKHLRLDGNPLTQSSLPPDMYECLRV
ANEITVN 

ɑCD40-LAIR Heavy Chain 
(Murine IgG1 constant 
region) 

MDIWLSLVFLVLFIKGVQCEVQLVESGGGLVQPGRSLKLS
CAASGFTLSDYYMAWVRQAPKKGLEWVASINYEGSSTYY
GESVKGRFTISRDNAKSTLYLQMNSLRSEDTATYYCVRH
DNYFDYWGQGVLVTVSSATTKGPSVYPLAPGSAAQTNS
MVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAVLQSD
LYTLSSSVTVPSSTWPSQTVTCNVAHPASSTKVDKKIVPRD
CGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTCVVVDI
SKDDPEVQFSWFVDDVEVHTAQTKPREEQINSTFRSVSE
LPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTKGRPK
APQVYTIPPPKEQMAKDKVSLTCMITNFFPEDITVEWQW
NGQPAENYKNTQPIMDTDGSYFVYSKLNVQKSNWEAG
NTFTCSVLHEGLHNHHTEKSLSHSPGKGGGGSGGGGSG
GGGSQEGSLPDITIFPNSSLMISQGTFVTVVCSYSDKHDLY
NMVRLEKDGSTFMEKSTEPYKTEDEFEIGPVNETITGHY
SCIYSKGITWSERSKTLELKVIKENVIQTPAPGPTSDTSWL
KTYSIY 

ɑOX40 Light Chain (Murine 
kappa constant region) 

MSVLTQVLALLLLWLTGARCADIVMTQGALPNPVPSGES
ASITCRSSQSLVYKDGQTYLNWFLQRPGQSPQLLTYWMS
TRASGVSDRFSGSGSGTYFTLKISRVRAEDAGVYYCQQVR
EYPFTFGSGTKLEIKRADAAPTVSIFPPSSEQLTSGGASVV
CFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDS
TYSMSSTLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNR
NEC 

ɑOX40-lumican Heavy Chain 
(Murine IgG1 constant 
region) 

MKWSWVFLFLMAMVTGVNSQVQLKESGPGLVQPSQTLS
LTCTVSGFSLTGYNLHWVRQPPGKGLEWMGRMRYDGD
TYYNSVLKSRLSISRDTSKNQVFLKMNSLQTDDTAIYYCT
RDGRGDSFDYWGQGVMVTVSSATTKGPSVYPLAPGSAA
QTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAV
LQSDLYTLSSSVTVPSSTWPSQTVTCNVAHPASSTKVDKKI
VPRDCGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTC
VVVDISKDDPEVQFSWFVDDVEVHTAQTKPREEQINSTF
RSVSELPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTK
GRPKAPQVYTIPPPKEQMAKDKVSLTCMITNFFPEDITVE
WQWNGQPAENYKNTQPIMDTDGSYFVYSKLNVQKSNW
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EAGNTFTCSVLHEGLHNHHTEKSLSHSPGKGGGGSGGG
GSGGGGSQYYDYDIPLFMYGQISPNCAPECNCPHSYPTA
MYCDDLKLKSVPMVPPGIKYLYLRNNQIDHIDEKAFENV
TDLQWLILDHNLLENSKIKGKVFSKLKQLKKLHINYNNL
TESVGPLPKSLQDLQLTNNKISKLGSFDGLVNLTFIYLQH
NQLKEDAVSASLKGLKSLEYLDLSFNQMSKLPAGLPTSLL
TLYLDNNKISNIPDEYFKRFTGLQYLRLSHNELADSGVPG
NSFNISSLLELDLSYNKLKSIPTVNENLENYYLEVNELEKF
DVKSFCKILGPLSYSKIKHLRLDGNPLTQSSLPPDMYECLR
VANEITVN 

ɑOX40-LAIR Heavy Chain 
(Murine IgG1 constant 
region) 

MKWSWVFLFLMAMVTGVNSQVQLKESGPGLVQPSQTLS
LTCTVSGFSLTGYNLHWVRQPPGKGLEWMGRMRYDGD
TYYNSVLKSRLSISRDTSKNQVFLKMNSLQTDDTAIYYCT
RDGRGDSFDYWGQGVMVTVSSATTKGPSVYPLAPGSAA
QTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAV
LQSDLYTLSSSVTVPSSTWPSQTVTCNVAHPASSTKVDKKI
VPRDCGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTC
VVVDISKDDPEVQFSWFVDDVEVHTAQTKPREEQINSTF
RSVSELPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTK
GRPKAPQVYTIPPPKEQMAKDKVSLTCMITNFFPEDITVE
WQWNGQPAENYKNTQPIMDTDGSYFVYSKLNVQKSNW
EAGNTFTCSVLHEGLHNHHTEKSLSHSPGKGGGGSGGG
GSGGGGSQEGSLPDITIFPNSSLMISQGTFVTVVCSYSDKH
DLYNMVRLEKDGSTFMEKSTEPYKTEDEFEIGPVNETIT
GHYSCIYSKGITWSERSKTLELKVIKENVIQTPAPGPTSDT
SWLKTYSIY 

ɑFITC Light Chain (Murine 
kappa constant region) 

MSVLTQVLALLLLWLTGARCADVVMTQTPLSLPVSLGDQ
ASISCRSSQSLVHSNGNTYLRWYLQKPGQSPKVLIYKVSN
RFSGVPDRFSGSGSGTDFTLKISRVEAEDLGVYFCSQSTH
VPWTFGGGTKLEIKRADAAPTVSIFPPSSEQLTSGGASVV
CFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDS
TYSMSSTLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNR
NEC 

ɑFITC Heavy Chain (Murine 
IgG2c constant region, 
LALA-PG silencing 
mutations bolded and 
underlined) 

MKWSWVFLFLMAMVTGVNSDVKLDETGGGLVQPGRPM
KLSCVASGFTFSDYWMNWVRQSPEKGLEWVAQIRNKPY
NYETYYSDSVKGRFTISRDDSKSSVYLQMNNLRVEDMGI
YYCTGSYYGMDYWGQGTSVTVSAKTTAPSVYPLAPVCG
DTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAV
LQSDLYTLSSSVTVTSSTWPSQSITCNVAHPASSTKVDKKI
EPRGPTIKPCPPCKCPAPNAAGGPSVFIFPPKIKDVLMISLS
PIVTCVVVDVSEDDPDVQISWFVNNVEVHTAQTQTHRE
DYNSTLRVVSALPIQHQDWMSGKEFKCKVNNKDLGAPI
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ERTISKPKGSVRAPQVYVLPPPEEEMTKKQVTLTCMVTD
FMPEDIYVEWTNNGKTELNYKNTEPVLDSDGSYFMYSK
LRVEKKNWVERNSYSCSVVHEGLHNHHTTKSFSRTPGK 

ɑFITC-lumican Heavy Chain 
(Murine IgG2c constant 
region, LALA-PG silencing 
mutations bolded and 
underlined) 

MKWSWVFLFLMAMVTGVNSDVKLDETGGGLVQPGRPM
KLSCVASGFTFSDYWMNWVRQSPEKGLEWVAQIRNKPY
NYETYYSDSVKGRFTISRDDSKSSVYLQMNNLRVEDMGI
YYCTGSYYGMDYWGQGTSVTVSAKTTAPSVYPLAPVCG
DTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAV
LQSDLYTLSSSVTVTSSTWPSQSITCNVAHPASSTKVDKKI
EPRGPTIKPCPPCKCPAPNAAGGPSVFIFPPKIKDVLMISLS
PIVTCVVVDVSEDDPDVQISWFVNNVEVHTAQTQTHRE
DYNSTLRVVSALPIQHQDWMSGKEFKCKVNNKDLGAPI
ERTISKPKGSVRAPQVYVLPPPEEEMTKKQVTLTCMVTD
FMPEDIYVEWTNNGKTELNYKNTEPVLDSDGSYFMYSK
LRVEKKNWVERNSYSCSVVHEGLHNHHTTKSFSRTPGK
GGGGSGGGGSGGGGSQYYDYDIPLFMYGQISPNCAPEC
NCPHSYPTAMYCDDLKLKSVPMVPPGIKYLYLRNNQIDH
IDEKAFENVTDLQWLILDHNLLENSKIKGKVFSKLKQLK
KLHINYNNLTESVGPLPKSLQDLQLTNNKISKLGSFDGL
VNLTFIYLQHNQLKEDAVSASLKGLKSLEYLDLSFNQMS
KLPAGLPTSLLTLYLDNNKISNIPDEYFKRFTGLQYLRLSH
NELADSGVPGNSFNISSLLELDLSYNKLKSIPTVNENLEN
YYLEVNELEKFDVKSFCKILGPLSYSKIKHLRLDGNPLTQ
SSLPPDMYECLRVANEITVN 

ɑFITC-LAIR Heavy Chain 
(Murine IgG2c constant 
region, LALA-PG silencing 
mutations bolded and 
underlined) 

MKWSWVFLFLMAMVTGVNSDVKLDETGGGLVQPGRPM
KLSCVASGFTFSDYWMNWVRQSPEKGLEWVAQIRNKPY
NYETYYSDSVKGRFTISRDDSKSSVYLQMNNLRVEDMGI
YYCTGSYYGMDYWGQGTSVTVSAKTTAPSVYPLAPVCG
DTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAV
LQSDLYTLSSSVTVTSSTWPSQSITCNVAHPASSTKVDKKI
EPRGPTIKPCPPCKCPAPNAAGGPSVFIFPPKIKDVLMISLS
PIVTCVVVDVSEDDPDVQISWFVNNVEVHTAQTQTHRE
DYNSTLRVVSALPIQHQDWMSGKEFKCKVNNKDLGAPI
ERTISKPKGSVRAPQVYVLPPPEEEMTKKQVTLTCMVTD
FMPEDIYVEWTNNGKTELNYKNTEPVLDSDGSYFMYSK
LRVEKKNWVERNSYSCSVVHEGLHNHHTTKSFSRTPGK
GGGGSGGGGSGGGGSQEGSLPDITIFPNSSLMISQGTFVT
VVCSYSDKHDLYNMVRLEKDGSTFMEKSTEPYKTEDEF
EIGPVNETITGHYSCIYSKGITWSERSKTLELKVIKENVIQ
TPAPGPTSDTSWLKTYSIY 
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ɑCD28 Light Chain (Syrian 
hamster Lambda constant 
region) 

MTWAPLFLIILHHLTGSYAEFVLTQPKSVSESLGRSVIISCK
RSSGNIANYFVHWYQRHFGNSPKTVIYEDNKRPSGIPDRF
TGSIDTSSNSASLTITDLQIEDEADYFCHSYDNSYLVFGGG
TQLTVAGGPKSTPKVTVFPPSPEELQTNKATLVCLANDF
YPGAATVTWKANGETITNGVMTTKPIKEGQKYIASSYLR
LTADQWRSHNRVTCQVSHEGDTVEKSLSPAECL 

ɑCD28 Heavy Chain (Syrian 
hamster constant region) 

MRLLGLLYLVIALPGVLSQIQLEESGPGLLKPSQSLSLTCSV
SGCSITSGYVWSWIRQSPGKKLEWMGYLSSGGSTNYNPTL
KSRISITRDTSKNQFSLQLNSVITEDTATYYCARHGMSGT
YLDFWGQGTMVTVSSATTTAPSVYPLAPGGTPDSTTVTL
GCLVKGYFPEPVTVSWNSGALTSGVHTFPSVLHSGLYSLS
SSVTVPSSTWPSQTVTCNVAHPASSTKVDKKIEPRSCTSLP
TLCPKCPAPDLLGGPSVFIFPPNPKDVLTISLTPKVTCVVV
DVSEDEPDVQFNWFVNNVEVKTAETQPRQQQFNSTYR
VVSSLPIQHQDWLSSKEFKCKVNNKALPSPIEKTISKPRG
QARIPQVYTLPPPTEQMTQKVVSLTCMITGFFPADVHVE
WEKNGQPEQNYKNTSPVLDTDGSYFMYSKLNVPKSSWE
QGNIYVCSVLHEALRNHHTTKAISRSLGN 

ɑCD28 Light Chain (Murine 
kappa constant region) 

MTWAPLFLIILHHLTGSYAEFVLTQPKSVSESLGRSVIISCK
RSSGNIANYFVHWYQRHFGNSPKTVIYEDNKRPSGIPDRF
TGSIDTSSNSASLTITDLQIEDEADYFCHSYDNSYLVFGGG
TQLTVARADAAPTVSIFPPSSEQLTSGGASVVCFLNNFYPK
DINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTL
TKDEYERHNSYTCEATHKTSTSPIVKSFNRNEC 

ɑCD28 Heavy Chain (Murine 
IgG1 constant region) 

MRLLGLLYLVIALPGVLSQIQLEESGPGLLKPSQSLSLTCSV
SGCSITSGYVWSWIRQSPGKKLEWMGYLSSGGSTNYNPTL
KSRISITRDTSKNQFSLQLNSVITEDTATYYCARHGMSGT
YLDFWGQGTMVTVSSATTKGPSVYPLAPGSAAQTNSMVT
LGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAVLQSDLYTL
SSSVTVPSSTWPSQTVTCNVAHPASSTKVDKKIVPRDCGC
KPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTCVVVDISKD
DPEVQFSWFVDDVEVHTAQTKPREEQINSTFRSVSELPIM
HQDWLNGKEFKCRVNSAAFPAPIEKTISKTKGRPKAPQV
YTIPPPKEQMAKDKVSLTCMITNFFPEDITVEWQWNGQP
AENYKNTQPIMDTDGSYFVYSKLNVQKSNWEAGNTFTC
SVLHEGLHNHHTEKSLSHSPGK 

ɑCD28 Heavy Chain (Syrian 
hamster CH1, murine IgG1 
Hinge-CH2-CH3 bolded and 
underlined) 

MRLLGLLYLVIALPGVLSQIQLEESGPGLLKPSQSLSLTCSV
SGCSITSGYVWSWIRQSPGKKLEWMGYLSSGGSTNYNPTL
KSRISITRDTSKNQFSLQLNSVITEDTATYYCARHGMSGT
YLDFWGQGTMVTVSSATTTAPSVYPLAPGGTPDSTTVTL
GCLVKGYFPEPVTVSWNSGALTSGVHTFPSVLHSGLYSLS
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SSVTVPSSTWPSQTVTCNVAHPASSTKVDKKIVPRDCGCK
PCICTVPEVSSVFIFPPKPKDVLTITLTPKVTCVVVDISK
DDPEVQFSWFVDDVEVHTAQTKPREEQINSTFRSVSE
LPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTKGRP
KAPQVYTIPPPKEQMAKDKVSLTCMITNFFPEDITVEW
QWNGQPAENYKNTQPIMDTDGSYFVYSKLNVQKSNW
EAGNTFTCSVLHEGLHNHHTEKSLSHSPGK 

ɑCD28-LAIR Light Chain 
(Syrian hamster Lambda 
constant region) 

MTWAPLFLIILHHLTGSYAEFVLTQPKSVSESLGRSVIISCK
RSSGNIANYFVHWYQRHFGNSPKTVIYEDNKRPSGIPDRF
TGSIDTSSNSASLTITDLQIEDEADYFCHSYDNSYLVFGGG
TQLTVAGGPKSTPKVTVFPPSPEELQTNKATLVCLANDF
YPGAATVTWKANGETITNGVMTTKPIKEGQKYIASSYLR
LTADQWRSHNRVTCQVSHEGDTVEKSLSPAECLGGGGS
GGGGSGGGGSQEGSLPDITIFPNSSLMISQGTFVTVVCSY
SDKHDLYNMVRLEKDGSTFMEKSTEPYKTEDEFEIGPV
NETITGHYSCIYSKGITWSERSKTLELKVIKENVIQTPAPG
PTSDTSWLKTYSIY 

ɑCD28-ABP10 Light Chain 
(Syrian hamster Lambda 
constant region) 

MTWAPLFLIILHHLTGSYAEFVLTQPKSVSESLGRSVIISCK
RSSGNIANYFVHWYQRHFGNSPKTVIYEDNKRPSGIPDRF
TGSIDTSSNSASLTITDLQIEDEADYFCHSYDNSYLVFGGG
TQLTVAGGPKSTPKVTVFPPSPEELQTNKATLVCLANDF
YPGAATVTWKANGETITNGVMTTKPIKEGQKYIASSYLR
LTADQWRSHNRVTCQVSHEGDTVEKSLSPAECLGGGGS
GGGGSGGGGSFQSEEQQGGGSGGSEEGGMESEESNGG
GSGGSEEGG 

ɑCD28 Fab Heavy Chain 
(Syrian hamster CH1) 

MRLLGLLYLVIALPGVLSQIQLEESGPGLLKPSQSLSLTCSV
SGCSITSGYVWSWIRQSPGKKLEWMGYLSSGGSTNYNPTL
KSRISITRDTSKNQFSLQLNSVITEDTATYYCARHGMSGT
YLDFWGQGTMVTVSSATTTAPSVYPLAPGGTPDSTTVTL
GCLVKGYFPEPVTVSWNSGALTSGVHTFPSVLHSGLYSLS
SSVTVPSSTWPSQTVTCNVAHPASSTKVDKKIEPRSC 

ɑCD28 Fab Light Chain 
(Syrian hamster Lambda 
constant region) 

MTWAPLFLIILHHLTGSYAEFVLTQPKSVSESLGRSVIISCK
RSSGNIANYFVHWYQRHFGNSPKTVIYEDNKRPSGIPDRF
TGSIDTSSNSASLTITDLQIEDEADYFCHSYDNSYLVFGGG
TQLTVAGGPKSTPKVTVFPPSPEELQTNKATLVCLANDF
YPGAATVTWKANGETITNGVMTTKPIKEGQKYIASSYLR
LTADQWRSHNRVTCQVSHEGDTVEKSLSPAECLHHHHH
H 
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ɑCD28-LAIR Fab Light 
Chain (Syrian hamster 
Lambda constant region) 

MTWAPLFLIILHHLTGSYAEFVLTQPKSVSESLGRSVIISCK
RSSGNIANYFVHWYQRHFGNSPKTVIYEDNKRPSGIPDRF
TGSIDTSSNSASLTITDLQIEDEADYFCHSYDNSYLVFGGG
TQLTVAGGPKSTPKVTVFPPSPEELQTNKATLVCLANDF
YPGAATVTWKANGETITNGVMTTKPIKEGQKYIASSYLR
LTADQWRSHNRVTCQVSHEGDTVEKSLSPAECLGGGGS
GGGGSGGGGSQEGSLPDITIFPNSSLMISQGTFVTVVCSY
SDKHDLYNMVRLEKDGSTFMEKSTEPYKTEDEFEIGPV
NETITGHYSCIYSKGITWSERSKTLELKVIKENVIQTPAPG
PTSDTSWLKTYSIYHHHHHH 

ɑCD28-ABP10 Fab Light 
Chain (Syrian hamster 
Lambda constant region) 

MTWAPLFLIILHHLTGSYAEFVLTQPKSVSESLGRSVIISCK
RSSGNIANYFVHWYQRHFGNSPKTVIYEDNKRPSGIPDRF
TGSIDTSSNSASLTITDLQIEDEADYFCHSYDNSYLVFGGG
TQLTVAGGPKSTPKVTVFPPSPEELQTNKATLVCLANDF
YPGAATVTWKANGETITNGVMTTKPIKEGQKYIASSYLR
LTADQWRSHNRVTCQVSHEGDTVEKSLSPAECLGGGGS
GGGGSGGGGSFQSEEQQGGGSGGSEEGGMESEESNGG
GSGGSEEGGHHHHHH 

Fam20C-KDEL (Key: signal 
peptide, propeptide, kinase, 
linker, KDEL tag 

MKMMLVRRFRVLILMVFLVACALHIALDLLPRLERRGARP
SGEPGCSCAQPAAEVAAPGWAQVRGRPGEPPAASSAAG
DAGWPNKHTLRILQDFSSDPSSNLSSHSLEKLPPAAEPAE
RALRGRDPGALRPHDPAHRPLLRDPGPRRSESPPGPGGD
ASLLARLFEHPLYRVAVPPLTEEDVLFNVNSDTRLSPKAA
ENPDWPHAGAEGAEFLSPGEAAVDSYPNWLKFHIGINR
YELYSRHNPAIEALLHDLSSQRITSVAMKSGGTQLKLIMT
FQNYGQALFKPMKQTREQETPPDFFYFSDYERHNAEIAA
FHLDRILDFRRVPPVAGRMVNMTKEIRDVTRDKKLWRTF
FISPANNICFYGECSYYCSTEHALCGKPDQIEGSLAAFLPD
LSLAKRKTWRNPWRRSYHKRKKAEWEVDPDYCEEVKQ
TPPYDSSHRILDVMDMTIFDFLMGNMDRHHYETFEKFG
NETFIIHLDNGRGFGKYSHDELSILVPLQQCCRIRKSTYLR
LQLLAKEEYKLSLLMAESLRGDQVAPVLYQPHLEALDRR
LRVVLKAVRDCVERNGLHSVVDDDLDTEHRAASARGGG
SKDEL 
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3.6: Materials and Methods 

Mice  

C57Bl/6 (C57Bl/6NTac) mice and BALB/c (BALB/cAnNTac) mice were purchased from Taconic. 

B6 albino (B6(Cg)-Tyrc-2J/J) mice and aged C57Bl/6 mice (C57Bl/6J) were purchased from The 

Jackson Laboratory. All animal work was conducted under the approval of the Massachusetts Institute 

of Technology Committee on Animal Care in accordance with federal, state, and local guidelines. 

Cells  

B16F10 and CT26 cells were purchased from ATCC. MC38 a gift from J. Schlom (National Cancer 

Institute, Bethesda, MD). Apigmented B16F10 cells used for imaging were generated by genetic 

deletion of Tyrosinase-related-protein-2 (TRP2), referred to as B16F10-Trp2 KO cells (194). Tumor 

cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, ATCC) supplemented with 10% 

Fetal Bovine Serum (FBS, Gibco), except CT26 cells which were cultured in Roswell Park Memorial 

Institute Medium (RPMI, ATCC) supplemented with 10% Fetal Bovine Serum (FBS, Gibco). 

FreeStyle 293-F cells and Expi293 cells were purchased from Invitrogen and cultured in FreeStyle 

expression medium (Gibco) and Expi293 expression medium (Gibco), respectively. Tumor cells were 

maintained at 37°C and 5% CO2 and FreeStyle 293-F cells and Expi293 cells were maintained at 37°C 

and 8% CO2. All cells tested negative for mycoplasma contamination.  

Tumor Inoculation and Treatment  

Mice were aged six to twelve weeks before tumor inoculations. 1 x 106 B16F10, B16F10-Trp2KO, or 

cells or were suspended in 50 µL sterile PBS (Corning) and injected subcutaneously on the right flank.  
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Mice were randomized before beginning treatment to ensure equal tumor size in all groups. For Fig. 

3-4, mice were treated with LAIR-MSA-IL-2 (i.t., 4.8 µg), and either ɑ4-1BB (i.t., 30 µg) or ɑ4-1BB-

LAIR (i.t., 36.1 µg) on days 6, 10, and 14 post tumor inoculation. For Fig. 3-5A-B, mice were treated 

with either ɑ4-1BB (i.t., 30 µg) or ɑ4-1BB-LAIR (i.t., 36.1 µg) on days 6, 12, and 18. For Fig. 3-5C-D, 

mice were treated with a single dose of either ɑ4-1BB (i.t., 20 µg, 2 µg, or 0.2 µg) or ɑ4-1BB-LAIR 

(i.t., 24.1 µg, 2.41 µg, or 0.241 µg) on day 8. For Fig. 3-6, 3-8, and 3-9, mice were treated with TA99 

(i.p., 200 µg) on days 5, 12, 19, and 26 and treated with ɑ4-1BB-LAIR (i.t., 30 µg),  ɑ4-1BB (i.t., 30 

µg), or ɑ4-1BB (i.p., 150 µg) on days 6, 13, 20, and 27. For Fig. 3-7 mice were treated with TA99 (i.p., 

200 µg) on day 5 and either ɑ4-1BB-LAIR (i.t., 30 µg) or ɑ4-1BB (i.t., 30 µg) on day 6 followed by 

ɑPD-1 (i.p., 200 µg) starting on day 9 and continuing every 3 days. 

 

For Fig. 3-12 mice were treated with either ɑPD-1 (i.p., 200 µg), ɑCD28 Fab (i.t., “Hi” dose, 23.9 µg) 

+ ɑPD-1 (i.p., 200 µg), ɑCD28 Fab (i.t., “Lo” dose, 4.77 µg) + ɑPD-1 (i.p., 200 µg), ɑCD28-LAIR 

Fab (i.t., “Hi” dose, 31.3 µg) + ɑPD-1 (i.p., 200 µg), ɑCD28-LAIR Fab (i.t., “Lo” dose 6.25 µg) + 

ɑPD-1 (i.p., 200 µg), ɑCD28-ABP10K Fab (i.t., “Hi” dose, 26.0 µg) + alum (i.t.,  130 µg) + ɑPD-1 

(i.p., 200 µg), ɑCD28-ABP10K Fab (i.t., “Lo” dose, 5.20 µg) + alum (i.t., 26 µg) + ɑPD-1 (i.p., 200 

µg). ɑCD28 constructs were given on days 6, 12, and 18 and ɑPD-1 was initiated on day 6 and given 

every 3 days until euthanasia or complete tumor regression. For Fig. 3-15. Mice were treated with 

either ɑPD-1 (i.p., 200 µg), ɑCD28 (i.t., “Hi” dose, 10 µg) + ɑPD-1 (i.p., 200 µg), ɑCD28 (i.t., “Lo” 

dose, 1 µg) + ɑPD-1 (i.p., 200 µg), ɑCD28-LAIR (i.t., “Hi” dose, 12.1 µg) + ɑPD-1 (i.p., 200 µg), or 

ɑCD28-LAIR (i.t., “Lo” dose 1.21 µg) + ɑPD-1 (i.p., 200 µg). ɑCD28 constructs were given on days 

6, 12, and 18 and ɑPD-1 was initiated on day 6 and given every 3 days until euthanasia or complete 
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tumor regression. For Fig. 3-16A-B  Mice were treated with either ɑCD28 (i.t., “Hi” dose, 10 µg) + 

ɑCD3 (i.t.., “Hi” dose, 2 µg), ɑCD28 (i.t., “Lo” dose, 1 µg) + ɑCD3 (i.t.., “Lo” dose, 0.2 µg), ɑCD28-

LAIR (i.t., “Hi” dose, 12.1 µg) + ɑCD3-LAIR (i.t.., “Hi” dose, 2.41 µg), or ɑCD28-LAIR (i.t., “Lo” 

dose, 1.21 µg) + ɑCD3-LAIR (i.t.., “Lo” dose, 0.241 µg) on days 6, 12, and 18. For Fig. 3-16C-D, mice 

were treated with either adoptive cell transfer of 1 x 106 2C T cells (“ACT”, i.t.), ACT (i.t.) + ɑCD28 

(i.t., 10 µg) + ɑCD3 (i.t., 2 µg), ACT (i.t.) + ɑCD28-LAIR (i.t., 12.1 µg) + ɑCD3-LAIR (i.t., 2.41 µg), 

ɑCD28 (i.t., 10 µg) + ɑCD3 (i.t., 2 µg), or ɑCD28-LAIR (i.t., 12.1 µg) + ɑCD3-LAIR (i.t., 2.41 µg). 

 

During all tumor studies, mice were monitored continuously for tumor growth and weight change. 

Tumor growth was assessed by direct measurement with calipers and mice were euthanized when their 

tumor area (length ⨉ width) reached 100 mm2 or mice lost more than 20% of their body weight. Mice 

that were cured of their primary tumor but later euthanized due to overgrooming related dermatitis 

were still classified as complete responders and included in analysis. For aged mice toxicity studies, 

mice were also monitored for body temperature via infrared rectal measurements. All measurements 

were taken prior to anaesthetization of mice.  

Cloning and Protein Production 

The heavy chain and light chain variable regions of ɑ4-1BB (clone LOB12.3) ɑCD3 (clone 145-2C11), 

ɑCD40 (clone 3/23), and ɑOX86 (clone OX86) were synthesized as gBlock gene fragments 

(Integrated DNA technologies) and cloned into the gWiz expression vector (Genlantis) using In-

fusion cloning (Takara Bio). The ɑCD28 sequence was recovered from the 37.51 hybridoma cell line 

using the GenScript Hybridoma sequencing service, from which codon optimized sequences were 

synthesized as gBlock gene fragments (Integrated DNA technologies) and cloned into the gWiz 
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expression vector (Genlantis) using In-fusion cloning (Takara Bio). Antibodies were expressed as 

chimeras with a murine kappa light chain constant region and a murine IgG1 heavy chain constant 

region. Antibodies were encoded in a single expression cassette with a T2A peptide inserted between 

the light chain and heavy chain. ɑFITC (clone 4420) were constructed in the same fashion, but a 

murine IgG2c isotype with LALA-PG silencing mutations was used for the heavy chain constant 

region (173). For lumican and LAIR fusions, the murine lumican or LAIR1 gene was synthesized as a 

gBlock gene fragment (Integrated DNA technologies) and cloned as a fusion to the C-terminus of the 

heavy chain constant region separated by a flexible (G4S)3 linker, except for ɑCD3 and ɑCD28 which 

were cloned as a fusion to the C-terminus of the light chain constant region, again separated by a 

flexible (G4S)3 linker. For ABP10 fusions, the previously described ABP10 peptide was fused to the 

C-terminus of the light chain constant region separated by a flexible (G4S)3 linker. ɑCD28 Fabs were 

constructed with Syrian hamster constant regions and the light chain was His tagged for purification. 

For LAIR and ABP10 Fab fusions, LAIR or ABP10 was fused to the Fab light chain separated by a 

flexible (G4S)3 linker. Human cDNA for Fam20C (Horizon, previously DharmaCon) was also cloned 

into gWiz with a terminal KDEL tag (without a His tag) as previously described (168). See Table 3.1 

for amino acid sequences. Plasmids were transformed into Stellar competent cells for amplification 

and isolated with Nucleobond Xtra endotoxin-free kits (Macherey-Nagel).  

 

Antibodies, antibody fusions, and Fabs were produced initially using the FreeStyle HEK293-F 

expression system (Gibco) and subsequently the Expi293 expression system (Gibco) following 

manufacturer’s instructions.  Briefly, Freestyle 293-F cells were transiently transfected by mixing 1 

mg/mL of plasmid DNA and 2 mg/mL of polyethylenimine (Polysciences) in OptiPRO Serum Free 

Medium (Gibco) and, after incubating, adding dropwise to the cells. For the Expi293F expression 
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system, 1 mg/L of DNA and 3.2 mg/L of ExpiFectamine 293 were individually diluted into 

OptiMEM media (Gibco) and then combined dropwise. This mixture was then added dropwise to 

Expi293F suspension cells and 18-24 hours later ExpiFectamine 293 Transfection enhancers 1 and 2 

(Gibco) were added to the culture. 7 days after transfection supernatants were harvested and 

antibodies were purified using Protein G Sepharose 4 Fast Flow resin (Cytiva) or rProtein A Sepharose 

Fast Flow resin (Cytiva) and His-tagged Fabs were purified with TALON metal affinity resin (Takara 

Bio, Inc.). For ABP10 fusions, proteins were co-transfected with a gWiz plasmid encoding for 

Fam20C at a molar ratio of 99:1 IgG-ABP10:Fam20C.  

 

Following purification, proteins were buffer exchanged into PBS (Corning) using Amicon Spin Filters 

(Sigma Aldrich), 0.22 µm sterile filtered (Pall), and confirmed for minimal endotoxin (<0.1 EU/dose) 

using a chromogenic LAL assay (Lonza). Molecular weight was confirmed with SDS-PAGE. Proteins 

run alongside a Novex Sharp Pre-Stained Protein Standard (Invitrogen) on a NuPAGE 4 to 12% Bis-

Tris gel (Invitrogen) with 2-(N-morpholino) ethanesulfonic acid (MES) running buffer (VWR) and 

stained for visualization with SimplyBlue Safe Stain (Life Technologies). Proteins were confirmed to 

be free of aggregates by size exclusion chromatography using a Superdex 200 Increase 10/300 GL 

column on an Äkta Explorer FPLC system (Cytiva). For ABP10 fusions, phosphorylation was 

confirmed by malachite green assay (Pierce Phosphoprotein Phosphate Estimation Assay Kit, Thermo 

Fisher Scientific) All proteins were flash frozen in liquid nitrogen and stored at -80°C. 

Collagen I ELISA 

96 well plates precoated with rat collagen I (Gibco) were blocked overnight with PBSTA (PBS 

(Corning) + 2% w/v BSA (Sigma Aldrich) + 0.05% v/v Tween-20 (Millipore Sigma)) at 4°C. After 

washing with 3 times PBST (PBS (Corning) + 0.05% v/v Tween-20 (Millipore Sigma)) and 3 times 
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with PBS (Corning), Indicated IgG, IgG-lumican, or IgG-LAIR fusions were incubated in PBSTA 

overnight at 4°C while shaking. Wells were washed 3 times with PBST and 3 times with PBS and then 

incubated with goat ɑmIgG1-Horseradish peroxidase (HRP) (1:2000, Abcam) in PBSTA for 1 hour 

at RT while shaking. Wells were again washed 3 times with PBST and 3 times with PBS and then 1-

Step Ultra TMB-ELISA Substrate Solution (Thermo Fisher) was added for 5-15 min, followed by 1 

M sulfuric acid to quench the reaction. Absorbance at 450 nm (using absorbance at 570 nm as a 

reference) was measured on an Infinite M200 microplate reader (Tecan). Binding curves were 

generated with GraphPad Prism software V9. KD values were calculated using a nonlinear regression 

fit for one site total binding with no non-specificity and curves were normalized to the Bmax values.  

IVIS  

Proteins were labeled with Alexa Fluor 647 NHS Ester (Life Technologies) and a Zeba desalting 

column (Thermo Scientific) was used to remove excess dye. Total molar amount of dye injected per 

sample was normalized between groups before injection. 20 µg of ɑFITC mIgG2c LALA-PG and a 

molar equivalent of ɑFITC-LAIR mIgG2c LALA-PG were used for in vivo retention studies. B6 albino 

mice were inoculated with 106 B16F10-Trp2 KO cells and labeled proteins were injected i.t. on day 7. 

Fluorescence at the site of the tumor was measured longitudinally using the IVIS Spectrum Imaging 

System (Perkin Elmer). One week prior to study initiation, mice were switched to an alfalfa-free casein 

chow (Test Diet) to reduce background fluorescence. Total radiant efficiency was calculated after 

subtracting background fluorescence and normalizing to the maximum value for each protein using 

Living Image software (Caliper Life Sciences).  
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Surface 4-1BB Binding Assay 

The gene for murine 4-1BB (OriGene) was cloned into the pIRES2 expression vector, which encodes 

for GFP downstream of the inserted 4-1BB gene using an IRES site, using In-Fusion cloning (Takara 

Bio). Freestyle 293-F cells were transiently transfected by mixing 1 mg/mL of plasmid DNA and 2 

mg/mL of polyethylenimine (Polysciences) in OptiPRO Serum Free Medium (Gibco) and, after 

incubating, adding dropwise to the cells. 3-5 days after transfection, cells were harvested and pelleted 

in V-bottom 96 well plates. Cells were titrated with a4-1BB or a4-1BB-LAIR and incubated for 3 

hours shaking at 4°C. Cells were washed with PBSA (PBS (Corning) + 0.1% BSA (Sigma Aldrich)) 

and incubated with ɑmIgG1-APC (diluted 1:250, clone M1-14D12, Biolegend) for 30 minutes shaking 

at 4°C. Data was collected on a BD LSR II cytometer (BD Biosciences). Binding curves were generated 

with GraphPad Prism software V9. KD values were calculated using a nonlinear regression fit for one 

site total binding with no non-specificity and curves were normalized to the Bmax values.  

In vitro T cell activation assays 

One day prior to assay start, sterile flat bottom polystyrene plates were coated with various ɑCD3 and 

ɑCD28 constructs diluted in PBS overnight at 4°C (specific constructs and concentrations indicated 

in text and figure legends). Plates were washed 3 times with PBS to remove unbound protein prior to 

assay start. Purified naive CD8+ T cells were used for in vitro T cell activation assays. Spleens were 

excised from mice and mechanically dissociated through a 70 micron filter and then enriched for naive 

CD8+ T cells using a magnetic bead negative enrichment kit (Stem Cell Technologies). Purified cells 

were then counted and plated for downstream assays. Purified CD8+ T cells were cultured in Roswell 

Park Memorial Institute Medium (RPMI, ATCC) supplemented with 10% FBS (Gibco), 2mM L-

glutamine (Gibco), 1X non-essential amino acids (MEM-NEAA, Gibco), 1X Penicillin/Streptomycin 

(Gibco), 1X Sodium Pyruvate (Gibco), and 0.055mM betamercaptoethanol (Gibco) at 37°C and 5% 
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CO2. For whole splenocyte assays, 250K cells were plated per well in 200µL media, while for purified 

CD8+ T cell assays 50K cells were plated per well in 200µL media. After 24-72 hours, depending on 

the assay, plates were spun down to pellet cells and 100µL of supernatant was transferred to a 96 well 

PCR tube rack and flash frozen and stored at -20C until analysis. IL-2 in the supernatant was measured 

using a mouse DuoSet IL-2 ELISA kit (R&D Systems) according to manufacturer’s instructions.  

Adoptive Cell Therapy (ACT) 

One day prior to T cell isolation, a 6 well non-TC treated polystyrene plate (Corning) was coated 

overnight at 4C with 0.5 µg/mL ɑCD3 (clone 145-2C11, BioXCell) and 5µg/mL ɑCD28 (clone 37.51, 

BioXCell) diluted in PBS. Plates were washed with PBS before use to remove unbound antibodies. 

Spleens were excised from 2C transgenic mice and mechanically dissociated through a 70 micron filter 

and then enriched for CD8+ T cells using a magnetic bead negative enrichment kit (Stem Cell 

Technologies). Purified CD8+ T cells were cultured on ɑCD3/ɑCD28 coated plates in complete T 

cell media (Roswell Park Memorial Institute Medium (RPMI, ATCC) supplemented with 10% FBS 

(Gibco), 2mM L-glutamine (Gibco), 1X Non-essential amino acids (MEM-NEAA, Gibco), 1X 

Penicillin/Streptomycin (Gibco), 1X Sodium Pyruvate (Gibco),  0.055mM betamercaptoethanol 

(Gibco), and 10ng/mL mIL-2 (XXX)) at 37°C and 5% CO2 for 48 hours. Cells were cultured at a 

density of 1M/mL of media, with 1mL per well. Cells were then transferred to a fresh TC treated 6 

well plate (not coated with ɑCD3/ɑCD28 antibodies) and reseeded at a density of 1M/mL in complete 

T cell media for 24 hours at 37°C and 5% CO2. Cells were passaged once more and again transferred 

to a fresh TC treated 6 well plate (not coated with ɑCD3/ɑCD28 antibodies) and reseeded at a density 

of 1M/mL in complete T cell media for 24 hours at 37°C and 5% CO2. Activated and expanded CD8+ 
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T cells were then collected, resuspended in PBS, and administered to mice according to treatment 

protocol.  

Tumor Cytokine/Chemokine Analysis  

Tumors were excised, weighed, and mechanically dissociated and incubated in tissue protein extraction 

reagent (T-PER, Thermo Fisher Scientific) with 1% Halt protease and phosphatase inhibitors 

(Thermo Fisher Scientific) for 30 minutes at 4°C while rotating. The lysates were then centrifuged, 

and supernatants filtered through a Costar 0.22 micron SpinX filter (Corning) to remove any 

remaining debris. Lysates were flash frozen and stored at -20°C until time of analysis. Lysates were 

analyzed with the 13-plex mouse inflammation LEGENDplex panel (Biolegend). Data was collected 

on a BD LSR II cytometer (BD Biosciences).  

Statistical Methods 

Statistics were computed in GraphPad Prism v9 as indicated in figure captions. Survival studies were 

compared using the log-rank (Mantel-Cox) test. Serum cytokine/chemokine data and weight loss data 

were compared using two-way ANOVA with Tukey’s multiple comparison correction. Sample size 

and P-value cutoffs are indicated in figure captions. 
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Chapter 4: Tregs constrain CD8+ T cell priming required for 

curative intratumorally anchored anti-4-1BB immunotherapy 

This chapter has been adapted from a preprint that is currently under review (193). 

4.1: Introduction 

The use of monoclonal antibodies to perturb immune cell signaling networks and improve anti-cancer 

immune responses has gained increased attention in recent years (195). Checkpoint blockade therapy 

with antagonistic antibodies is safe and efficacious, but agonistic antibodies against targets such as 4-

1BB, OX40, GITR, and ICOS have proven to exhibit impractically narrow therapeutic windows due 

to on-target, off-tumor toxicity (16, 196–198).  

 

4-1BB (also known as CD137 or TNFRSF9) is expressed primarily on activated CD8+ and CD4+ T 

cells, including CD4+ regulatory T cells (Tregs), and natural killer (NK) cells, and is a promising target 

for agonist antibodies (49–51, 199, 200). Signaling through 4-1BB in CD8+ T cells leads to 

proliferation, enhanced survival, cytokine production, improved memory formation, and altered 

metabolism (58, 59, 201–203). Treating mice with agonist ɑ4-1BB antibodies as a monotherapy or in 

combination therapies is highly efficacious in several preclinical mouse cancer models (65, 66). 

However, toxicity has hampered clinical translation of such antibodies, with lethal liver toxicities 

reported in early phase 2 trials of Urelumab, the first ɑ4-1BB agonistic antibody to enter the clinic 

(67). At reduced doses which do not elicit dose limiting toxicities (DLTs), little to no clinical efficacy 

has been reported (67). Utomilumab, the second ɑ4-1BB agonist to enter the clinic, is well tolerated 
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but is a much weaker agonist and has little clinical activity (68, 69). Given the difficulty of uncoupling 

toxicity from clinical activity with systemically administered agonists, recent development around this 

target has focused on engineering antibodies with tumor specific activity (204). This includes several 

bispecific antibodies, with one arm targeting 4-1BB and the other targeting either tumor specific 

antigens or PD-L1, ɑ4-1BB antibodies that bind only in tumor specific niches, such as high ATP 

concentrations, or pro-drug ɑ4-1BB antibodies where the binding domain of the antibody is shielded 

by a peptide “mask” that is cleaved by tumor specific proteases (71–75).  

 

Alternatively, our group and others have demonstrated the utility of using collagen binding strategies 

to anchor immunotherapy payloads to the tumor microenvironment (86, 92, 96–102). Collagen is a 

desirable target for localization due to its abundance in the tumor microenvironment (TME) (155). By 

directly fusing collagen binding domains to cytokines and chemokines or chemical conjugation of 

collagen binding peptides to ɑCTLA-4 and ɑCD40 antibodies, intratumoral administration of these 

therapeutic payloads results in prolonged tumor retention, enhanced efficacy, and reduced systemic 

toxicity.  

 

In this work, we developed a locally retained collagen anchored ɑ4-1BB agonist, termed ɑ4-1BB-

LAIR, by fusing an ɑ4-1BB agonist to the ectodomain of an endogenous collagen binding protein, 

Leukocyte Associated Immunoglobulin Like Receptor 1 (LAIR1). Tested in combination with an 

antitumor antibody, TA99, in a fully syngeneic and poorly immunogenic B16F10 murine melanoma 

model, this combination exhibited little efficacy. Intriguingly, depletion of CD4+ T cells led to long 

term durable cures in >90% of TA99- + ɑ4-1BB-LAIR-treated animals. However, nearly all of these 

mice were unable to control a secondary tumor rechallenge. We hypothesized that depletion of Tregs, 
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which comprise a subset of CD4+ T cells, was driving this synergy. Tregs are immunosuppressive 

CD4+ T cells that express the transcription factor forkhead box protein P3 (Foxp3) and are critical to 

maintaining homeostasis and preventing autoimmunity (205, 206). Indeed, Foxp3-/- mice die at a young 

age from severe lymphoproliferative disease, systemic depletion of Tregs in adult mice leads to rapid 

lethal autoimmunity, and Foxp3 mutations in humans cause severe immune dysregulation (207–210). 

Although Tregs play a critical role in curbing autoreactive T cells, they also constrict productive 

antitumor immune responses through a variety of mechanisms and at various stages of the tumor-

immunity cycle (211, 212).  

 

Using flow cytometry and bulk-RNA sequencing, we probed the immunological mechanism of this 

synergy and found that CD4+ T cell depletion led to an enhanced activation state in the tumor draining 

lymph node (TdLN), leading to an influx of newly primed CD8+ T cells into the tumor. Local 

remodeling of the tumor microenvironment by TA99 and ɑ4-1BB-LAIR enhanced the cytotoxicity of 

these newly primed T cells, leading to tumor cell death and eventual complete tumor regression. Using 

a Foxp3-DTR mouse model, which allows for selective depletion of Tregs only, we confirmed that 

Treg depletion alone was sufficient for this synergy. Finally, we demonstrated that CD4+ T cell 

depletion can be replaced with a more clinically relevant agent known to enhance CD8+ T cell priming, 

ɑCTLA-4, without compromising efficacy. This combination of TA99 + ɑ4-1BB-LAIR + ɑCTLA-4 

also resulted in formation of robust immunological memory, enabling rejection of a secondary tumor 

rechallenge. This work suggests that locally retained 4-1BB agonist and antitumor antibody therapy 

can be highly efficacious when combined with modalities that enhance T cell priming, which can be 

restrained by TdLN Tregs.  
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4.2: Results 

TA99 + ɑ4-1BB-LAIR synergizes robustly with CD4 compartment depletion 

As discussed in chapter 3, in order to develop a tumor-localized 4-1BB agonist, we leveraged a collagen 

anchoring strategy previously validated by our lab and others. We recombinantly expressed an ɑ4-1BB 

antibody (clone LOB12.3, Table 4-1) as a C-terminal fusion with the ectodomain of murine LAIR1, 

an endogenous immune cell inhibitory receptor that naturally binds collagen (158, 159, 213). We have 

previously validated (in chapter 3) that this antibody fusion is able to bind both collagen I via ELISA 

and surface expressed 4-1BB (Fig. 3-1B, Fig. 3-3). 

 

As demonstrated in chapter 3, the combination of TA99 + ɑ4-1BB-LAIR (herein referred to as “Tx”, 

dosing schedule shown in Fig. 4-1A) led to modest tumor growth delay when compared to PBS mice 

with a complete response rate of only ~5% (CR, defined as no palpable tumor at day 100) (Fig. 3-6). 

In an effort to improve this combination therapy, we explored which cell types were critical for 

response. Surprisingly, we observed that when we also treated these mice with an ɑCD4 antibody that 

depletes the entire CD4+ T cell compartment, the complete response rate of TA99 + ɑ4-1BB-LAIR 

improved dramatically, with >90% of mice achieving a complete response (Fig. 4-1B). However, when 

long-term survivors were rechallenged on the contralateral flank >100 days after initial tumor 

inoculation, nearly all mice succumbed to these secondary tumors (Fig. 4-1C). This was indicative of 

the inability of these mice to develop robust immune memory to B16F10 tumor cells, likely resulting 

from the depletion of CD4+ effector T cells.  
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Growth delay with systemically administered ɑCD4 and ɑ4-1BB has been reported previously, but we 

find that our specific components were necessary to achieve maximum efficacy, including TA99 (P = 

.0032) and, notably, retention via collagen anchoring (P = .0289) (Fig. 4-1D) (214). Consistent with 

other preclinical reports with this ɑ4-1BB antibody clone, no signs of toxicity were observed for the 

full therapeutic combination with or without collagen anchoring (Fig. 4-1E) (182). We also tested this 

combination in the MC38 murine colon carcinoma model, using 2.5F-Fc as the antitumor antibody, 

an antibody-like molecule that targets integrins overexpressed on a wide range of tumor cells (215). 

We again observed that Tx + ɑCD4 treated mice survive longer than mice treated with Tx or ɑCD4 

individually, although the long-term survival benefit was not as drastic as mice bearing B16F10 tumors 

(Fig. 4-2A, 2/10 complete responders). We did not observe any weight loss associated toxicity in this 

combination (Fig. 4-2B). Although ɑCD4 drastically improved the efficacy of Tx, the lack of immune 

memory formation and low translational potential of long term ɑCD4 treatment motivated us to 

understand the mechanism of this synergy and ultimately develop alternative clinically relevant 

synergistic combinations. 

ɑCD4 improves priming in the TdLN 

We investigated the chemokine/cytokine profile of the TME following treatments with PBS, Tx, Tx 

+ ɑCD4, or ɑCD4 both 3 and 6 days after ɑ4-1BB-LAIR administration. We dissociated tumors and 

analyzed the cytokine and chemokine milieu using a multiplexed flow cytometry-based ELISA assay. 

Although we observed general increases in inflammatory cytokines and chemokines in all treatment 

groups, only GM-CSF was specifically upregulated in the Tx + ɑCD4 group when compared to Tx or 

ɑCD4 alone (Fig. 4-3A). However, neutralization of this cytokine did not abrogate therapeutic efficacy 
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of Tx + ɑCD4, indicating that this spike in GM-CSF was dispensable for therapeutic efficacy (Fig. 4-

3B).  

 

We then used flow cytometry to analyze the tumors and tumor draining lymph nodes (TdLNs) of 

mice treated with Tx, Tx + ɑCD4, or ɑCD4 again 3 and 6 days after the first ɑ4-1BB-LAIR treatment. 

As expected, we observed complete depletion of total CD4+ T cells and Tregs (defined as Foxp3+ 

CD25+ CD4+ T cells) in the tumor (Fig. 4-4A) and TdLN (Fig. 4-4B) in both the Tx + ɑCD4 and the 

ɑCD4 groups. 

 

Using CD44 and CD62L gating, we divided CD8+ T cells in the TdLN into naive (CD44- CD62L+), 

effector/effector memory (CD44+ CD62L-), and central memory (CD44+ CD62L+) phenotypes. At 

both time points, we observed a shift of the CD8+ T cell population towards an effector/effector 

memory phenotype in the Tx + ɑCD4 and ɑCD4 groups (Fig. 4-5A-B). Additionally, we observed 

increases in both PD-1+ CD8+ T cells (Fig. 4-5C-D) and CD25+ CD8+ T cells (Fig. 4-5E-F), at both 

time points in the Tx + ɑCD4 and ɑCD4 groups, both of which are markers of recently activated 

CD8+ T cells in lymphoid tissue. The magnitude of these changes was equivalent between the Tx + 

ɑCD4 and ɑCD4 groups, indicating that the ɑCD4 antibody component was driving these changes to 

the TdLN.  

 

Six days following treatment with either Tx + ɑCD4 or ɑCD4, we observed increased CD8+ T cells 

infiltrating the tumor (Fig. 4-5G), which is in agreement with the enhanced activation state observed 

in the TdLN (Fig. 4-5C-F). This result is consistent with previous preclinical and clinical studies that 

have shown treatment with ɑCD4 can enhance T cell priming, leading to increased numbers of tumor 
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reactive CD8+ T cells (216–218). However, only in the Tx + ɑCD4 group, when compared to PBS or 

Tx alone, do we observe an increase in degranulating CD107a+ CD8+ cytotoxic T cells (Fig. 4-6). No 

major differences in 4-1BB expression on CD8+ T cells were detected in the tumor and only minor 

increases were seen on CD8+ T cells in the TdLN in Tx + ɑCD4 and ɑCD4 treated mice (Fig. 4-7A-

C). These data suggest that ɑCD4 therapy, independent of Tx, induces de novo priming in the TdLN, 

leading to more CD8+ T cell infiltration in the tumor. However, we hypothesized that Tx supports 

these newly primed cells and maintains their cytotoxic phenotype within the tumor, leading to eventual 

tumor regression.  

TdLN has increased proliferation and T cell gene signatures by Bulk-RNA sequencing 

To further interrogate immunological changes to the TdLN and tumor in an unbiased holistic manner, 

we performed bulk RNA-sequencing on CD45+ cells from TdLN samples from mice treated with 

PBS, Tx, Tx + ɑCD4, or ɑCD4 3 and 6 days following ɑ4-1BB-LAIR administration. We generated 

a UMAP plot of the TdLN samples and found that, at the bulk transcript level, large differences 

between samples were apparent only at the later time point (Fig. 4-8A).  Additionally, sample clustering 

at this later time point was driven entirely by ɑCD4, with the ɑCD4 and Tx + ɑCD4 samples clustering 

separately from the PBS and Tx samples. In fact, we observed almost no differentially expressed genes 

(DEGs) in the TdLN when comparing Tx + ɑCD4 versus ɑCD4 or Tx versus PBS treated samples 

(Fig. 4-8B), indicating that Tx alone had no appreciable change on the transcriptional program in the 

TdLN. 

 

To assess what changes ɑCD4 drove in the TdLN, we examined DEGs between Tx + ɑCD4 and Tx 

treated samples (Fig. 4-8B). We found 247 upregulated genes and 82 downregulated genes (FDR ≦ 
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5%, Fig. 4-8C). We used enrichR to determine which pathways these upregulated DEGs were enriched 

in (219–221). Upregulated genes belonged to pathways involving cell cycling, DNA replication, and 

Myc related genes, indicative of a highly proliferative state in the TdLN. They were also enriched for 

both cycling and CD8+ T cell states (Fig. 4-8D). Overall, the TdLN transcriptional data demonstrated 

that 1) changes to the TdLN resulted from ɑCD4 treatment, independent of Tx, and 2) these changes 

led to enhanced proliferation and T cell activation in the TdLN.  

Tx + ɑCD4 leads to cytotoxic CD8+ T cell program in the tumor 

We similarly used bulk-RNA sequencing to examine immune cell gene expression programs within 

the tumor. We performed hierarchical clustering of the tumor samples while also independently 

clustering all significant DEGs (with a log 2-fold change ≥2 or ≤-2 and p-adj ≤ 0.05) using k-means 

clustering. This clustering identified 10 distinct gene clusters of co-expressed genes. Samples clustered 

imperfectly by treatment type, with two of the three Tx + ɑCD4 day 6 samples showing distinct 

transcriptional programs (Fig. 4-9). These two samples had the smallest tumor size at time of necropsy, 

indicating they were already robustly responding to therapy at this time point. We next performed 

pathway enrichment analysis on the individual gene clusters. Of particular interest were cluster 1 and 

2 (and to a lesser extent cluster 4), which were upregulated specifically in the Tx + ɑCD4 groups, and 

cluster 3, which contains genes upregulated in both the Tx + ɑCD4 and Tx groups and represent a 

Tx-specific transcriptional program (Fig. 4-10A). These clusters are enriched for a range of GO terms 

associated with productive cellular immune responses (regulation of T cell activation, alpha-beta T cell 

activation, lymphocyte mediated immunity, etc.). However, only clusters 1 and 2 were enriched for 

genes associated with interferon gamma production, suggesting that Tx alone is not sufficient to drive 

IFNγ production (Fig. 4-10B). Notably, because Tx + ɑCD4 and ɑCD4 drive similar levels of 
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increased CD8+ T cell counts (Fig. 4-5G), but cytotoxic genes are only enriched in Tx + ɑCD4, we 

can conclude that this cytotoxic signature is not an artifact of increased CD8+ T cell counts. Cluster 

7, which is highly expressed in PBS samples, contained genes enriched for, among others, 

pigmentation gene programs, likely representing increased CD45- tumor cells in this sample (Fig. 4-

10B).  

 

To further assess changes to the tumor microenvironment, we looked at DEGs between Tx + ɑCD4 

tumor samples 3 and 6 days following ɑ4-1BB-LAIR. 63 genes were upregulated, and 43 genes 

downregulated between these two time points (FDR ≤ 5%, Fig. 4-11A). We used the upregulated 

DEGs to establish a “response” signature for Tx + ɑCD4. We then asked if this gene signature was 

expressed in any other treatment conditions/time points. Indeed, this signature was highly expressed 

only in the Tx + ɑCD4 late time point, indicating this was a bona fide response signature unique to 

Tx + ɑCD4 treated mice (Fig. 4-11B). We then performed pathway enrichment analysis to determine 

what pathways these genes were associated with. Confirming our previous flow data, we saw effector 

and effector memory T cell signatures. Additionally, we saw genes associated with TCR signaling, 

interleukin-2 (IL-2) signaling and Stat5a activity (Fig. 4-11C). Recent literature has highlighted a role 

for IL-2, or more broadly Stat5a activity, in amplifying T cell populations that drive responses to 

checkpoint blockade (222–224). Taken together, the tumor transcriptional data support the notion 

that Tx + ɑCD4 drives a robust cytotoxic T cell program leading to tumor rejection.  

Treg depletion results in equivalent efficacy as whole CD4 compartment depletion 

We hypothesized that Treg depletion was the primary functional consequence of ɑCD4 therapy, and 

that Treg specific elimination would lead to similar efficacy in combination with Tx. To test this 
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hypothesis, we turned to Foxp3-DTR mice, which express the diphtheria toxin receptor (DTR) and 

GFP under control of the Foxp3 promoter. In these mice, all Foxp3+ cells are also DTR+, and thus 

susceptible to diphtheria toxin (DT) mediated cell death. Systemic administration of DT to these mice 

leads to rapid and complete depletion of nearly all Foxp3+ Tregs. However, with repeat dosing these 

mice succumb to lethal autoimmunity within 10-20 days of DT administration (207). In order to 

facilitate long term depletion of Tregs in the tumor and TdLN without inducing lethal autoimmunity, 

we developed a low dose, intratumoral diphtheria regimen. Every other day intratumoral dosing of 

75ng or 125ng of DT depleted tumor and TdLN to similar levels as 1µg of systemically administered 

DT, with reduced impacts on splenic Treg populations (Fig. 4-12A). Additionally, we did not observe 

signs of toxicity, as measured by weight loss, with intratumoral low dose DT, while mice receiving 

systemic DT showed trends of weight loss at time of euthanasia (Fig. 4-12B). Thus, we felt confident 

that low dose intratumoral DT was a safe and effective model system to achieve long term intratumoral 

and intranodal Treg depletion. 

 

B16F10 tumor-bearing Foxp3-DTR mice were treated with Tx + ɑCD4, Tx + DT, or DT alone. To 

allow for lesions of sufficient size for intratumoral administration of DT, the absolute timing of 

therapy administration was delayed two days for all groups (such that DT and ɑCD4 were initiated on 

day 6). Mice receiving Tx + DT responded equally as well as mice receiving Tx + ɑCD4, with a trend 

(but not statistically significant) towards a higher complete response rate in the Tx + DT group (Fig. 

4-12C). Interestingly, DT on its own also resulted in significant growth delay, but ultimately almost all 

mice succumbed to their tumor burden. To confirm that the effect of DT was purely a result of Treg 

depletion, we treated WT mice with DT, which resulted in no different growth kinetics over PBS 

treated mice. No signs of toxicity, as assessed by weight loss, were observed throughout the course of 
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treatment (Fig. 4-12D). A previously published study demonstrated that transient DT given with 

systemic ɑ4-1BB agonist therapy led to severe immune related adverse events (irAEs) in MC38 tumor 

bearing mice, further highlighting the advantages of our collagen anchored ɑ4-1BB agonists (225). 

Notably, when cured mice were rechallenged >100 days after their primary tumor inoculation, the 

majority of the Tx + ɑCD4 mice cured did not reject rechallenge, consistent with previous results, 

while 100% of mice cured with Tx + DT rejected this rechallenge, demonstrating that these mice had 

developed robust immunological memory against B16F10 tumor antigens (Fig. 4-12E). This result 

demonstrated that 1) elimination of Tregs is sufficient to boost the efficacy of Tx and 2) elimination 

of Tregs alone while maintaining the CD4+ effector population allows for the proper formation of 

long-term immune memory.  

Therapy induced de novo priming is necessary for therapeutic efficacy 

Our data suggest that ɑCD4 mediates an increase in CD8+ T cell priming in the TdLN, which then 

leads to accumulation of newly primed CD8+ T cells in the tumor. However, an alternative explanation 

is that endogenous T cells already in the tumor locally proliferate and expand after ɑCD4 treatment. 

To test this hypothesis and assess if this intratumoral T cell expansion is critical to therapeutic efficacy, 

we treated tumor bearing mice with FTY720 concurrent with Tx + ɑCD4. FTY720 is a small molecule 

S1PR antagonist that prevents lymphocyte egress from lymphoid tissues, thus blocking any 

contributions from therapy-induced de novo priming to efficacy (226). FTY720 was initiated 

concurrently with the start of ɑCD4 treatment. To give sufficient time for the endogenous T cell 

response to develop before FTY720 initiation, treatment initiation was delayed two days (such that 

ɑCD4 and FTY720 were initiated on day 6 following tumor inoculation).  
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The addition of FTY720 to Tx + ɑCD4 abrogated therapeutic efficacy, with no complete responders 

and only minor tumor growth delay in this treatment cohort (Fig. 4-13A). Indeed, when we examined 

the tumor compartment via flow cytometry, addition of FTY720 to Tx + ɑCD4 dropped CD8+ T cell 

counts back to baseline (PBS/DMSO) levels (Fig. 4-13B). This confirmed that increases in CD8+ T 

cells in the tumor after Tx + ɑCD4 were due to de novo priming and trafficking from the TdLN and 

not local proliferation of T cells already in the tumor. The increased activation and proliferation in the 

TdLN (as measured by increased Ki67+ CD8+ T cells, increased CD25+ CD8+ T cells, and a shift to 

an effector/effector memory phenotype in the CD8+ T cell population) was preserved with the 

addition of FTY720, confirming that FTY720 prevented trafficking of these newly primed T cells to 

the tumor (Fig. 4-13C-E). Indeed, beginning ɑCD4 therapy 8 days before tumor inoculation 

maintained some efficacy of the combination; but, delaying initiation of ɑCD4 therapy to day 10 

abrogated efficacy, consistent with ɑCD4’s role in priming (Fig. 4-13F). 

 

Interestingly, if initiation of FTY720 therapy was delayed just two days (concurrent with ɑ4-1BB-

LAIR), therapeutic efficacy of this combination was restored and T cell counts in the tumor were 

restored to the same levels as Tx + ɑCD4 (Fig. 4-14A-C). For all FTY720 dosing schemes, blood T 

cell levels were significantly reduced compared to untreated mice, confirming that FTY720 was 

functioning as expected after treatment initiation (Fig. 4-14D). These data suggest that only a single 

priming wave is sufficient for efficacy of Tx + ɑCD4, and this priming wave occurs in a narrow time 

frame of two days following ɑCD4 initiation.  
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ɑCTLA-4 therapy also synergizes with TA99 + ɑ4-1BB-LAIR 

Based on the presented data, we concluded that ɑCD4 synergizes with Tx by initiating a wave of de 

novo priming, that these new tumor-infiltrating T cells are supported by the local ɑ4-1BB-LAIR agonist 

and TA99, and that this two-step process ultimately drives therapeutic efficacy. We therefore 

hypothesized that other modalities capable of improving priming, such as ɑCTLA-4, would also 

synergize well with TA99 + ɑ4-1BB-LAIR. Although the dominant mechanism of ɑCTLA-4 is 

contested, literature supports that treatment with ɑCTLA-4 improves T cell priming and infiltration 

into the tumor (227). We therefore treated B16F10-bearing mice with Tx + ɑCTLA-4, and found that 

this combination was also highly efficacious, with an ~80% complete response rate (Fig. 4-15A). We 

hypothesized that mice cured with Tx + ɑCTLA-4 would also generate robust immune memory and 

reject rechallenge as their CD4+ effector T cell pool remained intact. In agreement with this hypothesis, 

100% of survivors rechallenged >100 days after initial tumor inoculation rejected this secondary tumor 

rechallenge (Fig. 4-15B).  

4.3: Discussion 

ɑ4-1BB agonist antibodies have demonstrated robust efficacy as both a monotherapy and in 

combination with other immunotherapy agents in preclinical mouse models but have so far failed in 

the clinic due to dose-limiting toxicities. In this work, we set out to develop ɑ4-1BB antibodies with 

tumor-restricted activity via collagen anchoring. We have previously demonstrated that fusion of 

collagen binding proteins lumican or LAIR to extended half-life versions of IL-2 and IL-12 improves 

efficacy and limits toxicities when directly injected into tumors, even in relatively collagen-sparse 

B16F10 melanoma tumors, such as those used in this study (86, 92, 155).  
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To generate collagen anchored ɑ4-1BB antibodies, we fused murine LAIR1 to the C-terminus of the 

heavy chain of an ɑ4-1BB agonist antibody. We tested this agonist combination with a systemic 

antitumor antibody, TA99. We chose this combination because 1) ɑ4-1BB agonist Urelumab is 

currently being tested in combination with antitumor antibodies Cetuximab, Rituximab, and 

Elotuzumab and 2) a wide range of other antitumor antibodies which recognize antigens expressed 

on tumor cells are currently in the clinic (228). Antitumor antibodies have been demonstrated to 

improve antitumor immune responses by both generating antigenic cell debris to enhance T cell 

priming and by reprogramming myeloid cells in the tumor through Fc:FcγR interactions (229). In 

agreement with preliminary phase 1 data, this combination did not result in robust efficacy in our 

hands, with only minor growth delay and complete responses in ~5% of treated mice (177). However, 

we unexpectedly discovered that depletion of the entire CD4+ T cell compartment throughout the 

course of this combination therapy dramatically improved response rates, with >90% of mice 

achieving durable complete responses. A similarly efficacious combination (systemic ɑ4-1BB + ɑCD4) 

has been reported in the literature, although durable responses were not seen, with all mice 

succumbing to their tumors between day 70-80 (214). To our knowledge, this is the highest complete 

response rate seen of any ɑ4-1BB agonist antibody therapy in the poorly immunogenic B16F10 

melanoma tumor model.  

 

As Tregs comprise a sizable portion of the CD4+ T cell compartment, we tested Treg depletion in lieu 

of whole CD4+ T cell depletion using Foxp3-DTR mice in combination with TA99 + ɑ4-1BB-LAIR 

and observed equivalent efficacy. While Tregs play a crucial role in preventing autoimmunity, they 

also constrain productive antitumor immune responses. Intratumoral Treg infiltration is correlated 

with poor prognosis across many different tumor types and there is evidence that intranodal Tregs 
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infiltration is a better predictor of survival than blood or intratumoral Tregs in certain contexts (230–

233). Tregs exert their effects through multiple different pathways, including secretion of 

immunosuppressive cytokines such as IL-10, Transforming Growth Factor-beta (TGF-β), and IL-35, 

acting as a sink for IL-2 due to their high expression of the IL-2 high affinity receptor CD25, 

generation of immunosuppressive adenosine through expression of CD39, and expression of 

inhibitory receptors such as CTLA-4 and LAG-3 (211, 212).  

 

Tregs are a major contributor to the immunosuppressive environment of the tumor, but they can also 

interfere with CD8+ T cell priming in lymphoid tissues (234, 235). Even prior to the identification of 

the transcription factor Foxp3 as the canonical driver of Tregs, seminal work found that depletion of 

CD25+ T cells (a subset of which are Tregs) before tumor implantation can lead to enhanced antitumor 

immune responses and eventual spontaneous tumor rejection (236). Although how Tregs constrain 

priming is multifaceted, it is well established that CTLA-4 expressed on Tregs can transendocytose 

CD80 and CD86 off the surface of dendritic cells, hampering their ability to provide proper co-

stimulation and prime CD8+ T cells (237–239). Blocking this transendocytosis is thought to at least 

partially explain the mechanism of how ɑCTLA-4 therapy functions to improve priming. Indeed, we 

show ɑCTLA-4 synergized as well as complete CD4+ T cell or Treg specific depletion with TA99 + 

ɑ4-1BB-LAIR.  Our work supports the notion that intranodal Tregs dampen antitumor immune 

responses by constraining proper priming, and that relieving this constraint can bolster the magnitude 

of the antitumor T cell response and synergize robustly with T cell directed agonist immunotherapies, 

particularly in immunologically cold tumors such as the one used in this study.  
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Although long-term CD4+ T cell compartment depletion leads to obvious defects in both T and B cell 

adaptive immune responses, transient CD4+ T cell depletion has been clinically tested in cancer and 

other disease states using an ɑCD4 antibody. Transient ɑCD4 depletion resulted in similar increases 

in de novo priming and CD8+ T cell infiltration in the tumor, consistent with our own data (217, 218). 

However, although no adverse events have been reported in these small phase 1 trials, these patients 

are still at risk of severe and possibly fatal infections if exposed to pathogens while devoid of their 

CD4+ compartment. Additionally, although ɑCD4 depletion therapy synergized well with TA99 + ɑ4-

1BB-LAIR, mice failed to form immunological memory, which can be important for long term tumor 

control and control of distant metastases. In patients, the presence of memory T cells corresponds 

with breast cancer survival and memory T cells have been reported to persist in survivors of melanoma 

treated with immunotherapy for at least 9 years (240, 241). With this in mind, we set out to understand 

the mechanism of how CD4+ T cell compartment depletion synergized with TA99 + ɑ4-1BB-LAIR 

and develop new combination therapies with higher translational potential. Our data demonstrated 

that CD4+ T cell depletion eliminated Tregs in the TdLN, removing immunosuppressive constraints 

on proper CD8+ T cell priming, and induced a wave of freshly primed T cells to enter the TME. The 

combination of TA99 + ɑ4-1BB-LAIR is able to reprogram the TME into a more supportive 

environment for these newly primed T cells, allowing them to maintain their cytotoxic phenotype, 

leading to tumor regression and clearance (Fig. 4-15C). Indeed, recent data has suggested a two-step 

model for CD8+ T cell activation in cancer, with initial activation in the TdLN and effector 

differentiation occurring with co-stimulation in the tumor (242). The two components of our therapy 

mirror this paradigm, with ɑCD4 increasing activation in the TdLN and TA99 + ɑ4-1BB-LAIR 

enhancing effector functions of these newly activated CD8+ T cells directly in the tumor. 
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This localized therapy is reliant on intratumoral administration of the ɑ4-1BB-LAIR component, 

which is clinically feasible with advances in interventional radiology (80, 84, 243). Indeed, the oncolytic 

virus therapy talimogene laherparepvec (T-vec) has been approved since 2015 and is routinely injected 

into cutaneous and subcutaneous unresectable melanoma lesions (78, 79). Preclinical and clinical 

development around intratumorally administered therapies have been steadily on the rise. 

 

This study has the potential for immediate translational impact. Since both antitumor antibodies and 

ɑCTLA-4 antagonists are approved and routinely used in the clinic, they could easily be combined 

with clinical stage localized ɑ4-1BB agonists. Indeed, our data demonstrated that even non-collagen 

anchored ɑ4-1BB agonists synergize fairly well with antitumor antibodies in combination with 

ɑCTLA-4 therapy, identifying a potential triple combination therapy whose individual components 

are all already in clinical use.  

 

In conclusion, we found that effective TA99 + ɑ4-1BB-LAIR therapy requires a wave of de novo CD8+ 

T cell priming to achieve maximum efficacy. In this study, we generated this enhanced priming wave 

through whole CD4+ T cell compartment depletion with an ɑCD4 depleting antibody, Treg specific 

ablation using Foxp3-DTR mice, or treatment with ɑCTLA-4, a modality known to increase priming. 

These combinations resulted in high levels of primary tumor efficacy, with ~80-100% complete 

response rates. However, only in the latter two strategies, which preserved CD4+ effector T cells, did 

mice also develop robust long-term immunological memory, with 100% of cured mice rejecting 

secondary tumor rechallenge. Our data demonstrate that at baseline, proper CD8+ T cell priming is 

constrained by Tregs present in the TdLN. All three priming enhancing strategies are directed towards 

Tregs, either depleting them completely (ɑCD4 and DT), or blocking their immunosuppressive 
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pathways (ɑCTLA-4). This provides strong rationale for development of Treg-directed therapies that 

modulate Treg function in the TdLN which, in combination with proper immune agonists, can drive 

high levels of efficacy even in immunologically cold tumors.  
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4.4: Figures  
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Figure 4-1: TA99 + ɑ4-1BB-LAIR synergizes robustly with CD4+ T cell depletion 

Mice were inoculated with 1 x 106 B16F10 cells on day 0. (A) Treatment schedule of TA99 + ɑ4-1BB-

LAIR + ɑCD4. Mice were treated with 200 µg of TA99 (i.p.) on days 5, 12, 19, and 26, treated with 

36.1 µg ɑ4-1BB-LAIR (i.t.) on days 6, 13, 20, and 27 (molar equivalent to 30 µg ɑ4-1BB), and treated 

with 400 µg ɑCD4 (i.p.) every 3 days starting 1 day before the first dose of TA99 and ending one week 

after the last dose of ɑ4-1BB-LAIR  (days 4 to 34). (B) Aggregate survival of mice treated with PBS 

(n = 38), TA99 + ɑ4-1BB-LAIR (“Tx”) (n = 33), TA99 + ɑ4-1BB-LAIR + ɑCD4 (“Tx + ɑCD4”) 

(n = 32), or ɑCD4 (n = 15) (eight independent studies). (C) Survival of complete responders to Tx + 

ɑCD4 re-challenged on the contralateral flank >100 days after primary tumor inoculation. (D) Overall 

survival of mice treated with indicated combination variants, demonstrating all components are 

necessary for maximum efficacy (n = 9-10, two independent experiments). (E) Weight loss of mice 

treated with PBS (n = 10), TA99 + ɑ4-1BB-LAIR + ɑCD4 (n = 10), or TA99 + ɑ4-1BB + ɑCD4 (n 

= 9) from survival study shown in Fig. 1D (two independent studies). Survival was compared using 

log-rank Mantel-Cox test and weight loss data were compared using two-way ANOVA with Tukey’s 

multiple hypothesis testing correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 4-2: 2.5F-Fc + ɑ4-1BB-LAIR also synergizes with CD4+ T cell depletion in the 
MC38 tumor model 

Mice were inoculated with 1 x 106 MC38 cells on day 0. Mice were treated with 400 µg of 2.5F-Fc (i.p.) 

on days 5, 12, 19, and 26, treated with 36.1 µg ɑ4-1BB-LAIR (i.t.) on days 6, 13, 20, and 27 (molar 

equivalent to 30 µg ɑ4-1BB), and treated with 400 µg ɑCD4 (i.p.) every 3 days starting 1 day before 

the first dose of TA99 and ending one week after the last dose of ɑ4-1BB-LAIR  (days 4 to 34). (A) 

Survival of mice treated with PBS (n = 5), 2.5F-F + ɑ4-1BB-LAIR (“Tx”) (n = 10), 2.5F-Fc + ɑ4-

1BB-LAIR + ɑCD4 (“Tx + ɑCD4”) (n = 10), ɑ4-1BB-LAIR (n = 10), ɑ4-1BB-LAIR + ɑCD4 (n = 

10), or ɑCD4 (n = 10). (B) Weight loss of mice treated in (A). Survival was compared using log-rank 

Mantel-Cox test and weight loss data were compared using two-way ANOVA with Tukey’s multiple 

hypothesis testing correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  

  



 

 

135 
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Figure 4-3: Tumor supernatant cytokine/chemokine analysis does not explain 
differences in efficacy 

(A) Measured levels of indicated soluble cytokines/chemokines in tumor supernatant 3 and 6 days 

after first ɑ4-1BB-LAIR treatment (n = 5). (B) Survival of mice treated with PBS (n = 5), Tx + ɑCD4 

(n = 7), Tx + ɑCD4 + ɑGM-CSF (n = 7), or ɑGM-CSF (n = 5). Chemokine/cytokine measurements 

were compared using two-way ANOVA with Tukey’s multiple hypothesis testing correction. Survival 

was compared using the log-rank Mantel-Cox test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001.  
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Figure 4-4: ɑCD4 leads to near complete depletion of CD4+ T cells in the tumor and 
TdLN 

(A-B) Flow cytometry quantification (mean±SD) of CD4+ T cells (gated on single 

cell/live/CD45+/CD3+NK1.1-/CD4+) and Tregs (gated on single cell/live/CD45+/CD3+NK1.1-

/CD4+/Foxp3+CD25+) in the (A) tumor and (B) TdLN 3 and 6 days after first ɑ4-1BB-LAIR 

treatment (n = 5). Flow cytometry data was compared using two-way ANOVA with Tukey’s multiple 

hypothesis testing correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 4-5: ɑCD4 leads to new wave of CD8+ T cell priming 

(A) Representative gating on CD44 and CD62L to define effector/effector memory CD8+ T cells in 

TdLN 6 days after first ɑ4-1BB-LAIR treatment and (B) quantification (mean±SD) of these cell 

populations 3 and 6 days after first ɑ4-1BB-LAIR treatment (gated on single 

cell/live/CD45+/CD3+NK1.1-/CD8+/CD44+CD62L-, n = 10, two independent experiments). (C) 

Representative gating of PD-1+ CD8+ T cells 6 days after first ɑ4-1BB-LAIR treatment and (D) 
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quantification (mean±SD) of these cell populations 3 and 6 days after first ɑ4-1BB-LAIR treatment 

(gated on single cell/live/CD45+/CD3+NK1.1-/CD8+/PD-1+, n = 10, two independent experiments) 

(E) Representative gating of CD25+ CD8+ T cells 6 days after first ɑ4-1BB-LAIR treatment and (F) 

quantification (mean±SD) of these cell populations 3 and 6 days after first ɑ4-1BB-LAIR treatment 

(gated on single cell/live/CD45+/CD3+NK1.1-/CD8+/CD25+, n = 10, two independent 

experiments). (H) Flow cytometry quantification (mean±SD) of CD8+ T cells (gated on single 

cell/live/CD45+/CD3+NK1.1-/CD8+) in the tumor 3 and 6 days after first ɑ4-1BB-LAIR treatment 

(n = 5). Flow cytometry data was compared using two-way ANOVA with Tukey’s multiple hypothesis 

testing correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  

  



 

 

140 

 

Figure 4-6: Tx supports cytotoxicity of newly primed CD8+ T cells in the tumor 

(A) Representative gating of CD107a+ CD8+ T cells 6 days after first ɑ4-1BB-LAIR treatment and 

(B) quantification (mean±SD) of these cell populations in the tumor 3 and 6 days after first ɑ4-1BB-

LAIR treatment (gated on single cell/live/CD45+/CD3+NK1.1-/CD8+/CD107a+, n = 5). Flow 

cytometry data was compared using two-way ANOVA with Tukey’s multiple hypothesis testing 

correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 4-7: 4-1BB expression on CD8+ TILs uniform across treatment groups 

(A) Representative gating of 4-1BB+ CD8+ T cells in the tumor 6 days after first ɑ4-1BB-LAIR 

treatment. Flow cytometry quantification (mean±SD) of 4-1BB+ CD8+ T cells in the (B) TdLN and 

(C) tumor 3 and 6 days after first ɑ4-1BB-LAIR treatment (gated on single 

cell/live/CD45+/CD3+NK1.1-/CD8+, n = 5-10, two independent experiments). Flow data were 

compared using two-way ANOVA with Tukey’s multiple hypothesis testing correction. *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 4-8: ɑCD4 drives proliferation in the TdLN 

(A) UMAP plot of TdLN transcriptomes (n = 4 per group) (B) Differential expression testing of Tx 

+ ɑCD4 vs. ɑCD4 and Tx vs. PBS TdLN samples 6 days after first ɑ4-1BB-LAIR treatment, with 

statistically significant hits highlighted in red (FDR ≤ 5%). (C) Differential expression testing of Tx 

+ ɑCD4 vs. Tx TdLN samples 6 days after to first ɑ4-1BB-LAIR treatment, with statistically 

significant hits highlighted in red (FDR ≤ 5%). (D) Pathway enrichment analysis of upregulated 

DEGs identified in (C).  
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Figure 4-9: Day 6 Tx + ɑCD4 samples have unique gene signature 

Heatmap of k-means clustered DEGs (absolute value lfc ≥ 2, FDR ≤ 10%) and tumor samples 

hierarchically clustered (n = 3-4)  
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Figure 4-10: Tx + ɑCD4 upregulated gene clusters enriched for CD8+ effector 
programs and IFNγ signature 

(A) Normalized expression of individual gene clusters identified in Fig. 4-7 for each experimental 

condition. (C) Pathway enrichment analysis for each gene cluster identified in Fig. 4-7.  
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Figure 4-11: Tx + ɑCD4 associated with cytotoxic T cell signature in the tumor 

(A) Differential expression testing of Tx + ɑCD4 on day 3 vs. day 6 tumor samples relative to first 

ɑ4-1BB-LAIR treatment, with statistically significant hits highlighted in red (FDR ≤ 5%). (B) Average 

expression level of significantly upregulated DEGs identified in (A) across all treatment groups. (C) 

Pathway enrichment analysis of upregulated DEGs identified in (A).  
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Figure 4-12: Tx + ɑCD4 efficacy is Treg dependent 

Foxp3-DTR Mice were inoculated with 1 x 106 B16F10 cells on day 0. (A) Mice were treated on days 

6, 8, and 10 with either 125 ng DT (i.t.), 75 ng DT (i.t.), or 1 µg DT (i.p.). Flow cytometry quantification 

(mean±SD) of Tregs in tumor, TdLN, or spleen on day 12 (gated on single 

cell/live/CD45+/CD3+NK1.1-/CD4+/GFP(Foxp3)+, n = 5). (B) Weight loss (mean±SD) of mice 

from (A). (C) Survival of Foxp3-DTR mice treated with PBS (n = 5), Tx + ɑCD4 (n = 10), Tx + DT 

(n = 10), DT (n = 5), WT mice treated with DT (n = 5). Mice were treated with the same relative 

dose/dose schedule as in Fig 1A, but treatment initiation was delayed two days. DT treated mice 

received 125 ng DT (i.t.) every other day from day 6 to day 36. (D) Survival of complete responders 
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to Tx + ɑCD4 or Tx + DT re-challenged on the contralateral flank >100 days after primary tumor 

inoculation. Flow cytometry data were compared using one-way ANOVA with Tukey’s multiple 

hypothesis testing correction. Weight loss data were compared using two-way ANOVA with Tukey’s 

multiple hypothesis testing correction. Survival was compared using log-rank Mantel Cox test. *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 4-13: Tx + ɑCD4 requires de novo priming for efficacy 

WT mice were inoculated with 1 x 106 B16F10 cells on day 0. (A) Overall survival of mice treated with 

PBS/DMSO (n = 5), Tx + ɑCD4 (n = 5), Tx + ɑCD4 + FTY720 (n = 5), or FTY720 (n = 5). Mice 

were treated with the same relative dose/dose schedule as in Fig 1A, but treatment initiation was 

delayed two days. Mice were treated with 30 µg of FTY720 (i.p.) every other day from days 6 to 36. 
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(B) Representative gating of Ki67+ CD8+ T cells 6 days after first ɑ4-1BB-LAIR treatment and (C) 

Flow cytometry quantification (mean±SD) of CD8+ T cell counts in tumor 6 days after first ɑ4-1BB-

LAIR treatment. (gated on single cell/Live/CD45+/CD3+NK1.1-/CD8+, n = 5-10, two independent 

experiments). (D) Flow cytometry quantification (mean±SD) of effector/effector memory (CD44+ 

CD62L-), and CD25+ CD8+ T cells in the TdLN  6 days after ɑ4-1BB-LAIR treatment (gated on single 

cell/live/CD45+/CD3+NK1.1-/CD8+, n = 5-10, two independent experiments). (E) Overall Survival 

of mice treated with PBS, Tx + ɑCD4, or ɑCD4 with ɑCD4 initiated on day 4 as outlined in Fig. 4-

1A, day 10 (“delayed”), or day -8 (“early”) (n = 5). Flow cytometry data was compared using one-way 

ANOVA with Tukey’s multiple hypothesis testing correction. Survival was compared using log-rank 

Mantel Cox test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 4-14: Delayed FTY720 initiation does not affect therapeutic efficacy of Tx + 

ɑCD4 

Delayed FTY720 refers to FTY720 initiation concurrent with ɑ4-1BB-LAIR treatment, while FTY720 

refers to FTY720 initiation concurrent with ɑCD4. (A) Overall survival of mice treated with 

PBS/DMSO (n = 5), Tx (n = 9), Tx + ɑCD4 (n = 9), Tx + ɑCD4 + delayed FTY720 (n = 8), or 

delayed FTY720 (n = 5). Mice were treated with the same dose/dose schedule as in Fig 1A, with 

delayed FTY720 treatment initiated on day 6 and continued every other day until day 34. (B) Flow 

cytometry quantification (mean±SD) of CD8+ T cells in the tumor 6 days after first ɑ4-1BB-LAIR 
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treatment (gated on single cell/live/CD45+/CD3+NK1.1-/CD8+, n = 5-10, two independent 

experiments). (C) Flow cytometry quantification (mean±SD) of effector/effector memory (CD44+ 

CD62L-), CD25+, and Ki67+ CD8+ T cells in the TdLN  6 days after first ɑ4-1BB-LAIR treatment 

(gated on single cell/live/CD45+/CD3+NK1.1-/CD8+, n = 5-10, two independent experiments). (D) 

Flow cytometry quantification (mean±SD) of CD8+ T cells and CD4+ T cells in the blood 6 days after 

first ɑ4-1BB-LAIR treatment (gated on single cell/live/CD45+/CD3+NK1.1-/CD8+, n = 5-10, two 

independent experiments). 
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Figure 4-15: ɑCTLA-4 can replace ɑCD4 while maintaining efficacy and rescuing 
memory formation 

Mice were inoculated with 1 x 106 B16F10 cells on day 0. (A) Overall survival of mice treated either 

with PBS (n = 9, two independent studies), TA99 + ɑ4-1BB-LAIR + ɑCTLA-4 (“Tx +ɑCTLA-4”, n 

= 14, two independent studies), TA99 + ɑ4-1BB + ɑCTLA-4 (n = 14, two independent studies), 

TA99 + ɑ4-1BB-LAIR (n = 7), or TA99 + ɑ4-1BB (n = 7). Mice were treated with the same dose/dose 

schedule as in Fig. 4-1A with 200 µg ɑCTLA-4 (i.p.) given on days 6, 9, 13, 16, 20, 23, and 27. (B) 

Survival of complete responders to Tx + ɑCTLA-4 re-challenged on the contralateral flank >100 days 

after primary tumor inoculation. (C) Graphical Abstract of proposed mechanism of action. Tregs in 

the TdLN constrain proper priming of tumor reactive CD8+ T cells, and inhibition or depletion of 

these cells results in a wave of newly primed CD8+ T cells entering the tumor, where their cytotoxic 

program is supported by TA99 and collagen anchored ɑ4-1BB-LAIR. Survival was compared using 

log-rank Mantel-Cox test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  



 

 

155 

 

Figure 4-16: Example gating 

Gating strategy for CD8+ T cells, CD4+ T cells, and Foxp3+ CD25+ Tregs, shown on a TdLN sample. 

Identical gating strategies were used for tumor, spleen, and blood samples. 
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Figure 4-17: Low read samples removed from RNA-sequencing analysis 

Plot of number of genes detected versus number of unique reads per sample for all tumor and TdLN 

bulk-RNA seq samples. Samples with less than 10,000 unique genes detected were excluded from 

analysis. Two samples (one Tx D6 and one Tx + ɑCD4 D6) met this exclusion criteria.  
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4.5: Tables 

Table 4-1: Amino acid sequence table 

Note that these sequences for ɑ4-1BB and ɑ4-1BB-LAIR are identical to the sequences in table 3-1 

but are repeated here for posterity.  

 

Key: signal peptide, variable region, constant region, linker, LAIR 

ɑ4-1BB Light Chain (Murine 
kappa constant region) 

MSVLTQVLALLLLWLTGARCADIQMTQSPASLSASLEEIVT
ITCQASQDIGNWLAWYHQKPGKSPQLLIYGSTSLADGVP
SRFSGSSSGSQYSLKISRLQVEDIGIYYCLQAYGAPWTFGG
GTKLELKRADAAPTVSIFPPSSEQLTSGGASVVCFLNNFYP
KDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTL
TLTKDEYERHNSYTCEATHKTSTSPIVKSFNRNEC 

ɑ4-1BB Heavy Chain (Murine 
IgG1 constant region) 

MKWSWVFLFLMAMVTGVNSDVQLVESGGGLVQPGRSL
KLSCAASGFIFSYFDMAWVRQAPTKGLEWVASISPDGSIP
YYRDSVKGRFTVSRENAKSSLYLQMDSLRSEDTATYYCAR
RSYGGYSEIDYWGQGVMVTVSSATTKGPSVYPLAPGSAA
QTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAV
LQSDLYTLSSSVTVPSSTWPSQTVTCNVAHPASSTKVDKKI
VPRDCGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTC
VVVDISKDDPEVQFSWFVDDVEVHTAQTKPREEQINSTF
RSVSELPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTK
GRPKAPQVYTIPPPKEQMAKDKVSLTCMITNFFPEDITVE
WQWNGQPAENYKNTQPIMDTDGSYFVYSKLNVQKSNW
EAGNTFTCSVLHEGLHNHHTEKSLSHSPGK 

ɑ4-1BB-LAIR Heavy Chain 
(Murine IgG1 constant 
region) 

MKWSWVFLFLMAMVTGVNSDVQLVESGGGLVQPGRSL
KLSCAASGFIFSYFDMAWVRQAPTKGLEWVASISPDGSIP
YYRDSVKGRFTVSRENAKSSLYLQMDSLRSEDTATYYCAR
RSYGGYSEIDYWGQGVMVTVSSATTKGPSVYPLAPGSAA
QTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAV
LQSDLYTLSSSVTVPSSTWPSQTVTCNVAHPASSTKVDKKI
VPRDCGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTC
VVVDISKDDPEVQFSWFVDDVEVHTAQTKPREEQINSTF
RSVSELPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTK
GRPKAPQVYTIPPPKEQMAKDKVSLTCMITNFFPEDITVE
WQWNGQPAENYKNTQPIMDTDGSYFVYSKLNVQKSNW
EAGNTFTCSVLHEGLHNHHTEKSLSHSPGKGGGGSGGG
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GSGGGGSQEGSLPDITIFPNSSLMISQGTFVTVVCSYSDKH
DLYNMVRLEKDGSTFMEKSTEPYKTEDEFEIGPVNETIT
GHYSCIYSKGITWSERSKTLELKVIKENVIQTPAPGPTSDT
SWLKTYSIY 

TA99 Light Chain (Murine 
kappa constant region) 

MSVLTQVLALLLLWLTGARCAIQMSQSPASLSASVGETVTI
TCRASGNIYNYLAWYQQKQGKSPHLLVYDAKTLADGVP
SRFSGSGSGTQYSLKISSLQTEDSGNYYCQHFWSLPFTFGS
GTKLEIKRADAAPTVSIFPPSSEQLTSGGASVVCFLNNFYP
KDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTL
TLTKDEYERHNSYTCEATHKTSTSPIVKSFNRNEC 

TA99 Heavy Chain (Murine 
IgG2c constant region) 

MKWSWVFLFLMAMVTGVNSEVQLQQSGAELVRPGALV
KLSCKTSGFNIKDYFLHWVRQRPDQGLEWIGWINPDNG
NTVYDPKFQGTASLTADTSSNTVYLQLSGLTSEDTAVYFC
TRRDYTYEKAALDYWGQGASVIVSSAKTTAPSVYPLAPVC
GGTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPA
LLQSGLYTLSSSVTVTSNTWPSQTITCNVAHPASSTKVDK
KIEPRVPITQNPCPPLKECPPCAAPDLLGGPSVFIFPPKIKD
VLMISLSPMVTCVVVDVSEDDPDVQISWFVNNVEVHTAQ
TQTHREDYNSTLRVVSALPIQHQDWMSGKEFKCKVNNR
ALPSPIEKTISKPRGPVRAPQVYVLPPPAEEMTKKEFSLTC
MITGFLPAEIAVDWTSNGRTEQNYKNTATVLDSDGSYFM
YSKLRVQKSTWERGSLFACSVVHEGLHNHLTTKTISRSLG
K 

2.5F-Fc (Murine IgG2c 
constant region) 

MRVPAQLLGLLLLWLPGARCGCPRPRGDNPPLTCSQDSD
CLAGCVCGPNGFCGGRLEPRVPITQNPCPPLKECPPCAAP
DLLGGPSVFIFPPKIKDVLMISLSPMVTCVVVDVSEDDPD
VQISWFVNNVEVHTAQTQTHREDYNSTLRVVSALPIQHQ
DWMSGKEFKCKVNNRALPSPIEKTISKPRGPVRAPQVYV
LPPPAEEMTKKEFSLTCMITGFLPAEIAVDWTSNGRTEQ
NYKNTATVLDSDGSYFMYSKLRVQKSTWERGSLFACSVV
HEGLHNHLTTKTISRSLGK 
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4.6: Materials and Methods 

Study Design 

The purpose of this study was to (i) evaluate the efficacy and safety of collagen anchoring ɑ4-1BB-

LAIR and subsequently to (ii) understand the mechanism driving synergy between TA99 + ɑ4-1BB-

LAIR and ɑCD4 and finally to (iii) identity more clinically relevant therapies that synergize with TA99 

+ ɑ4-1BB-LAIR. We used the syngeneic murine melanoma line B16F10 for all studies. Mice were 

randomized before beginning treatment to ensure equal tumor size in all groups and were monitored 

for tumor size and weight loss until euthanasia or until complete tumor regression. Investigators were 

not blinded during the studies. In all studies there were at least 5 mice per experimental group, except 

for the bulk RNA-sequencing experiment which had 3-4 mice per group. No data/experiments were 

excluded unless there were technical issues with the experiment, and outliers were not excluded. Many 

experiments were repeated twice, and number of mice per group, number of experimental repeats, 

and statistical methods are noted in figure legends.  

Mice  

C57Bl/6 (C57Bl/6NTac) mice were purchased from Taconic. C57Bl/6 albino (B6(Cg)-Tyrc-2J/J) mice 

were purchased from The Jackson Laboratory. C67Bl/6 Foxp3-DTR (B6.129(Cg)-

Foxp3tm3(DTR/GFP)Ayr/J) mice were a gift from the Spranger lab (MIT).  B6 Foxp3-DTR mice were bred 

in house and genotyped using Transnetyx. All animal work was conducted under the approval of the 

Massachusetts Institute of Technology Committee on Animal Care in accordance with federal, state, 

and local guidelines. 
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Cells  

B16F10 cells were purchased from ATCC. Apigmented B16F10 cells used for imaging were generated 

by genetic deletion of Tyrosinase-related-protein-2 (TRP2), referred to as B16F10-Trp2 KO cells 

(194). Tumor cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, ATCC) 

supplemented with 10% Fetal Bovine Serum (FBS, Gibco). FreeStyle 293-F cells and Expi293 cells 

were purchased from Invitrogen and cultured in FreeStyle expression medium (Gibco) and Expi293 

expression medium (Gibco), respectively. CHO DG44 cells were cultured in ProCHO5 (Lonza) 

supplemented with 4 mM L-glutamine, 0.1 mM hypoxanthine, and 16 μM thymidine. Tumor cells 

were maintained at 37°C and 5% CO2 and FreeStyle 293-F cells, Expi293 cells, and CHO DG44 cells 

were maintained at 37°C and 8% CO2. All cells tested negative for mycoplasma contamination.  

Cloning and Protein Production  

The heavy chain and light chain variable regions of ɑ4-1BB antibody (clone LOB12.3) were 

synthesized as gBlock gene fragments (Integrated DNA technologies) and cloned into the gWiz 

expression vector (Genlantis) using In-fusion cloning (Takara Bio). Antibodies were expressed as 

chimeras with a murine kappa light chain constant region and a murine IgG1 heavy chain constant 

region. Antibodies were encoded in a single expression cassette with a T2A peptide inserted between 

the light chain and heavy chain. ɑFITC (clone 4420) were constructed in the same fashion, but a 

murine IgG2c isotype with LALA-PG silencing mutations was used for the heavy chain constant 

region (173). For LAIR fusions, the murine LAIR1 gene was synthesized as a gBlock gene fragment 

(Integrated DNA technologies) and cloned as a fusion to the C-terminus of the heavy chain constant 

region separated by a flexible (G4S)3 linker. Plasmids were transformed into Stellar competent cells for 

amplification and isolated with Nucleobond Xtra endotoxin-free kits (Macherey-Nagel).  
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a4-1BB, a4-1BB-LAIR, ɑFITC, and ɑFITC-LAIR were produced using the Expi293 expression 

system (Gibco) following manufacturer’s instructions. Briefly, 1 mg/L of DNA and 3.2 mg/L of 

ExpiFectamine 293 were individually diluted into OptiMEM media (Gibco) and then combined 

dropwise. This mixture was then added dropwise to Expi293F suspension cells and 18-24 hours later 

ExpiFectamine 293 Transfection enhancers 1 and 2 (Gibco) were added to the culture. 7 days after 

transfection, supernatants were harvested and antibodies were purified using Protein G Sepharose 4 

Fast Flow resin (Cytiva).  

 

TA99 was produced using a FreeStyle 293-F stable production line generated in-house. Cells were 

expanded and then seeded at a density of 1 M/mL and supernatant was harvested 7 days later. 9D9 

was produced using a CHO DG44 stable production line gifted to us by David Hacker. Cells were 

expanded and then seeded at a density of 0.5M/mL and supernatant was harvested 7 days later. Both 

TA99 and 9D9 were purified using rProtein A Sepharose Fast Flow resin (Cytiva).  

 

Following purification, proteins were buffer exchanged into PBS (Corning) using Amicon Spin Filters 

(Sigma Aldrich), 0.22 µm sterile filtered (Pall), and confirmed for minimal endotoxin (<0.1 EU/dose) 

using the Endosafe LAL Cartridge Technology (Charles River). Molecular weight was confirmed with 

SDS-PAGE. Proteins run alongside a Novex Sharp Pre-Stained Protein Standard (Invitrogen) on a 

NuPAGE 4 to 12% Bis-Tris gel (Invitrogen) with 2-(N-morpholino) ethanesulfonic acid (MES) 

running buffer (VWR) and stained for visualization with SimplyBlue Safe Stain (Life Technologies). 

Proteins were confirmed to be free of aggregates by size exclusion chromatography using a Superdex 

200 Increase 10/300 GL column on an Äkta Explorer FPLC system (Cytiva). All proteins were flash 

frozen in liquid nitrogen and stored at -80°C. 
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Collagen I ELISA 

96 well plates precoated with rat collagen I (Gibco) were blocked overnight with PBSTA (PBS 

(Corning) + 2% w/v BSA (Sigma Aldrich) + 0.05% v/v Tween-20 (Millipore Sigma)) at 4°C. After 

washing with 3 times PBST (PBS (Corning) + 0.05% v/v Tween-20 (Millipore Sigma)) and 3 times 

with PBS (Corning), a4-1BB and a4-1BB-LAIR were incubated in PBSTA overnight at 4°C while 

shaking. Wells were washed 3 times with PBST and 3 times with PBS and then incubated with goat 

ɑmIgG1-Horseradish peroxidase (HRP) (1:2000, Abcam) in PBSTA for 1 hour at RT while shaking. 

Wells were again washed 3 times with PBST and 3 times with PBS and then 1-Step Ultra TMB-ELISA 

Substrate Solution (Thermo Fisher) was added for 5-15 min, followed by 1 M sulfuric acid to quench 

the reaction. Absorbance at 450 nm (using absorbance at 570 nm as a reference) was measured on an 

Infinite M200 microplate reader (Tecan). Binding curves were generated with GraphPad Prism 

software V9. KD values were calculated using a nonlinear regression fit for one site total binding with 

no non-specificity and curves were normalized to the Bmax values.  

Surface 4-1BB Binding Assay 

The gene for murine 4-1BB (OriGene) was cloned into the pIRES2 expression vector, which encodes 

for GFP downstream of the inserted 4-1BB gene using an IRES site, using In-Fusion cloning (Takara 

Bio). Freestyle 293-F cells were transiently transfected by mixing 1 mg/mL of plasmid DNA and 2 

mg/mL of polyethylenimine (Polysciences) in OptiPRO Serum Free Medium (Gibco) and, after 

incubating, adding dropwise to the cells. 3-5 days after transfection, cells were harvested and pelleted 

in V-bottom 96 well plates. Cells were titrated with a4-1BB or a4-1BB-LAIR and incubated for 3 

hours shaking at 4°C. Cells were washed with PBSA (PBS (Corning) + 0.1% BSA (Sigma Aldrich)) 

and incubated with ɑmIgG1-APC (diluted 1:250, clone M1-14D12, Biolegend) for 30 minutes shaking 

at 4°C. Data was collected on a BD LSR II cytometer (BD Biosciences). Binding curves were generated 
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with GraphPad Prism software V9. KD values were calculated using a nonlinear regression fit for one 

site total binding with no non-specificity and curves were normalized to the Bmax values.  

Tumor Inoculation and Treatment  

Mice were aged six to twelve weeks before tumor inoculations. 1 x 106 B16F10 or B16F10-Trp2KO 

cells were suspended in 50uL sterile PBS (Corning) and injected subcutaneously on the right flank.  

 

Mice were randomized before beginning treatment to ensure equal tumor size in all groups. TA99 was 

administered intraperitoneally (i.p) at a dose of 200 μg in 200 μL sterile PBS (Corning). ɑ4-1BB or ɑ4-

1BB-LAIR was administered intratumorally (i.t.) in 20 μL of sterile PBS (Corning) at a dose of 30 μg 

or 36.1 μg (molar equivalents), respectively. ɑCD4 (Clone GK1.5, BioXcell) was administered i.p. at 

a dose of 400 μg in 100 μL sterile PBS (Corning). ɑCTLA-4 (Clone 9D9, mIgG2c isotype) was 

administered i.p. at a dose of 200 μg in 100 μL of sterile PBS (Corning). Diphtheria Toxin (DT, Sigma 

Aldrich) was administered i.p. at a dose of 1 μg in 100 μL sterile PBS (Corning) or i.t. at a dose of 75 

ng or 125 ng in 20 μL sterile PBS (Corning). Stock solutions of FTY720 (Sigma Aldrich) were 

resuspended at 10 mg/mL in DMSO and diluted to a dose of 30 μg in sterile PBS (Corning) to a final 

volume of 150 μL and administered i.p.  

 

TA99 was dosed on days 5, 12, 19, and 26 and ɑ4-1BB and ɑ4-1BB-LAIR were administered on days 

6, 13, 20, and 27. ɑCD4 was administered starting on day 4 and continued every three days until day 

37 (Fig. 4-1A). For some studies, therapy initiation was delayed by 2 days to allow for larger tumors 

at time of analysis (flow cytometry, chemokine/cytokine analysis, and bulk-RNA-sequencing; Fig. 4-

3 through Fig. 4-11), sufficiently sized tumors for intratumoral DT administration (DT survival 
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studies; Fig. 4-12), or to avoid interfering with the endogenous T cell response (FTY720 studies; Fig. 

4-13 and Fig. 4-14, except Fig. 4-13F and Fig. 4-14A which followed Fig. 4-1A dosing scheme). DT 

was administered every other day starting on day 6 and continued until day 36. FTY720 was 

administered starting concurrently with ɑCD4 and continued every other day until one week after final 

ɑ4-1BB-LAIR dose. “Delayed” FTY720 was administered starting concurrently with ɑ4-1BB-LAIR 

and continued every other day until one week after final ɑ4-1BB-LAIR dose. ɑCTLA-4 was given on 

days 6, 9, 13, 16, 20, 23, and 27.  

 

During all tumor studies, mice were monitored continuously for tumor growth and weight change. 

Tumor growth was assessed by direct measurement with calipers and mice were euthanized when their 

tumor area (length ⨉ width) reached 100 mm2 or mice lost more than 20% of their body weight. Mice 

that were cured of their primary tumor but later euthanized due to overgrooming related dermatitis 

were still classified as complete responders and included in analysis.  

 

For rechallenge studies, mice that rejected their primary tumors were inoculated with 1 x 105 B16F10 

tumor cells on the left, or contralateral, flank 100-110 days after primary tumor inoculation and 

monitored for tumor outgrowth. Age matched naïve mice were used as controls in these studies. 

IVIS  

Proteins were labeled with Alexa Fluor 647 NHS Ester (Life Technologies) and a Zeba desalting 

column (Thermo Scientific) was used to remove excess dye. Total molar amount of dye injected per 

sample was normalized between groups before injection. 20 µg of ɑFITC mIgG2c LALA-PG and a 

molar equivalent of ɑFITC-LAIR mIgG2c LALA-PG were used for in vivo retention studies. B6 albino 
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mice were inoculated with 106 B16F10-Trp2 KO cells and labeled proteins were injected i.t. on day 7. 

Fluorescence at the site of the tumor was measured longitudinally using the IVIS Spectrum Imaging 

System (Perkin Elmer). One week prior to study initiation, mice were switched to an alfalfa-free casein 

chow (Test Diet) to reduce background fluorescence. Total radiant efficiency was calculated after 

subtracting background fluorescence and normalizing to the maximum value for each protein using 

Living Image software (Caliper Life Sciences).  

Tumor Cytokine/Chemokine Analysis  

Tumors were excised, weighed, mechanically dissociated, and incubated in tissue protein extraction 

reagent (T-PER, Thermo Fisher Scientific) with 1% Halt protease and phosphatase inhibitors 

(Thermo Fisher Scientific) for 30 minutes at 4°C while rotating. The lysates were then centrifuged and 

supernatants filtered through a Costar 0.22 µm SpinX filter (Corning) to remove any remaining debris. 

Lysates were flash frozen and stored at -20°C until time of analysis. Lysates were analyzed with the 

13-plex mouse cytokine release syndrome LEGENDplex panel and the Mouse/Rat Total/Active 

TGF-β1 LEGENDplex kit (Biolegend). Data was collected on a BD LSR II cytometer (BD 

Biosciences).  

 

Flow Cytometry  

Tumors were excised, weighed, and mechanically dissociated before being enzymatically digested 

using a gentleMACS Octo Dissociator with Heaters (Miltenyi Biotec) in gentleMACS C tubes (Miltenyi 

Biotec) and enzymes from the Mouse Tumor Dissociation Kit (Miltenyi Biotec). Tumors were 

digested using the 37C_m_TDK_1 program for soft tumors. Following digestion, tumors were 

filtered through a 40 µm filter and transferred to a V-bottom 96 well plate for staining. TdLN and 
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spleens were excised, weighed, and mechanically dissociated through a 70 µm filter. Spleen samples 

were resuspended with 5 mL of ACK Lysis buffer (Gibco) to lyse red blood cells before being re-

filtered through a 70 µm filter. TdLN and spleen samples were then transferred to a V-bottom 96 well 

plate for staining. Blood samples were collected via cardiac puncture into K3 EDTA coated tubes 

(MiniCollect). 200 µL of blood was mixed with 1 mL of ACK lysis buffer (Gibco) to lyse red blood 

cells before being transferred to a V-bottom 96 well plate for staining. Precision Counting Beads 

(Biolegend) were added to each well to account for sample loss during processing and obtain accurate 

counts. Cells were washed once with PBS and then resuspended in Zombie UV Fixable Viability Dye 

(Biolegend) to stain dead cells for 30 minutes at RT in the dark. Cells were then washed with FACS 

buffer (PBS (Corning) + 0.1% BSA (Sigma Aldrich) + 2mM EDTA (Gibco)) and blocked with 

ɑCD16/CD32 antibody (Clone 93, eBioscience) for 20 minutes on ice in the dark and then stained 

for extracellular markers for 30 minutes on ice in the dark. Samples not requiring intracellular staining 

were washed with FACS buffer and fixed with BD Cytofix (BD Biosciences) for 30 minutes at RT in 

the dark. Cells were then washed and resuspended in FACS buffer. For samples requiring intracellular 

staining, cells were washed after extracellular staining, fixed and permeabilized with the 

Foxp3/Transcription Factor Staining Buffer Set (eBiosciences), and stained for 30 minutes at RT in 

the dark, before being washed and resuspended in FACS buffer. Samples were analyzed with a BD 

FACS Symphony A3 (BD Biosciences), and data was processed and analyzed with FlowJo V10. See 

Fig. 4-16 for example gates. 

 

Tumor and TdLN samples in Fig. 4-3, 4-4, 4-5, 4-6, and 4-7 were stained with ɑCD45-BUV395 (30-

F11, BD Biosciences), ɑCD4-BUV563 (RM4-4, BD Biosciences), ɑCD8ɑ-BUV737 (53-6.7 BD 

Biosciences), ɑCD62L-BUV805 (MEL-14, BD Biosciences), ɑCD44-BV421 (1M7, Biolegend), 
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ɑKi67-BV605 (16A8, Biolegend), ɑCD3-BV711 (17A2, Biolegend), ɑTIM-3-BV785 (RMT3-23, 

Biolegend), ɑTCF1/TCF7-AF488 (C63D9, Cell Signaling Technology), ɑPD-1-PerCp/Cy5.5 

(29F.1A12, Biolegend), ɑFoxp3-PE (FJK-16s, Invitrogen), ɑCD25-PE-Cy5 (PC61, Biolegend), 

ɑNK1.1-PE-Cy7 (PK126, Biolegend), ɑ4-1BB-APC (17B5, Biolegend), ɑCD107a-APC-Cy7 (1D4B, 

Biolegend).  

 

Tumor, TdLN, and spleen samples in Fig. 4-12 were stained with ɑCD45-BUV395 (30F-11, BD 

Bioscience), ɑCD8a-BUV737 (53-6.7, BD Biosciences), ɑCD3-BV785 (17A2, Biolegend), ɑNK1.1-

PE-Cy7 (PK-136, Biolegend), ɑCD4-APC-Cy7 (GK1.5, Biolegend), and Foxp3+ cells were identified 

using the GFP reporter expressed under the Foxp3 locus in Foxp3-DTR mice.  

 

Tumor, TdLN and blood samples in Fig. 4-13 and 4-14 were stained with ɑCD45-BUV395 (30-F11, 

BD Biosciences), ɑCD4-BUV563 (RM4-4, BD Biosciences), ɑCD44-BUV737 (1M7 BD Biosciences), 

ɑKi67-BV421 (16A8, Biolegend), ɑCD3-BV711 (17A2, Biolegend), ɑCD8a-FITC (53-6.7, Biolegend) 

ɑFoxp3-PE (FJK-16s, Invitrogen), ɑCD25-PE-Cy5 (PC61, Biolegend), ɑNK1.1-PE-Cy7 (PK126, 

Biolegend), ɑCD62L-APC (MEL-14, Biolegend), ɑCD107a-APC-Cy7 (1D4B, Biolegend).  

RNA extraction for Sequencing  

Tumor samples were processed as previously described. Samples were enriched for CD45+ cells using 

an EasySep Mouse TIL (CD45) Positive Selection kit (STEMCELL) and RNA was extracted with an 

RNeasy Plus Mini Kit (Qiagen). TdLN samples were processed as previously described. Samples were 

again enriched for CD45+ cells using an EasySep Mouse CD45 Positive Selection kit (STEMCELL) 
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and RNA was extracted with an RNeasy Plus Mini Kit (Qiagen). RNA was stored at -80°C until further 

processing.  

RNA-seq Library Preparation and Sequencing 

RNA-sequencing was performed by the BioMicro Center at MIT using a modified version of the 

SCRB-seq protocol (244). Libraries were sequenced on a NextSeq 500 using a 75-cycle kit. 

RNA-seq Alignment, Quantification, and Quality Control 

Data preprocessing and count matrix construction were performed using the Smart-seq2 Multi-

Sample v2.2.0 Pipeline (RRID:SCR_018920) on Terra. For each cell in the batch, single-end FASTQ 

files were first processed with the Smart-seq2 Single Sample v5.1.1 Pipeline (RRID:SCR_021228). 

Reads were aligned to the GENCODE mouse (M21) reference genome using HISAT2 v2.1.0 with 

default parameters in addition to --k 10 options. Metrics were collected and duplicate reads marked 

using the Picard v.2.10.10 CollectMultipleMetrics and CollectRnaSeqMetrics, and MarkDuplicates 

functions with validation_stringency=silent. For transcriptome quantification, reads were aligned to 

the GENCODE transcriptome using HISAT2 v2.1.0 with --k 10 --no-mixed --no-softclip --no-

discordant --rdg 99999999,99999999 --rfg 99999999,99999999 --no-spliced-alignment options. Gene 

expression was calculated using RSEM v1.3.0’s rsem-calculate-expression --calc-pme --single-cell-

prior. QC metrics, RSEM TPMs and RSEM estimated counts were exported to a single Loom file for 

each sample. All individual Loom files for the entire batch were aggregated into a single Loom file for 

downstream processing. The final output included the unfiltered Loom and the tagged, unfiltered 

individual BAM files. Sequencing data can be found in the GEO database under accession 

GSE223087. 
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RNA-Seq Analysis 

Samples with less than 10,000 genes detected were excluded from analysis. This led to exclusion of 

two tumor samples, one from the Tx + ɑCD4 group and one from the ɑCD4 group at the day 6 time 

point (Fig. 4-17). UMAP embedding of TdLN samples was generated from the top 5 principal 

components and top 3000 variable features. DEseq2 was used to conduct differential expression 

testing and apeglm was used for effect size estimation (245, 246). Pathways enrichment analysis for 

statistically significant upregulated genes was performed using enrichR to query the databases indicated 

in the text (219–221). A score for the derived response gene signature was calculated for each 

experimental cohort using Seurat (AddModuleScore) (247). Differential expression testing was 

performed as described above comparing all tumor sample cohorts to the D3 PBS, D6 PBS, D3 Tx 

+ aCD4, and D6 Tx + aCD4 cohorts. All statistically significant hits (p-adj ≦5 with absolute value 

log2 fold-change ≥ 2 were included for further analysis. Gene clusters were defined using k-means 

clustering and the complexHeatmap package was used to generate expression heatmaps for these genes 

(248). Relative expression profiles of these gene clusters were generated by summarizing the percent 

expression using Seurat (PercentageFeatureSet) per sample and dividing by the highest average percent 

per condition (247). Gene sets were obtained from MSigDB and enrichment of genes from each 

cluster in these gene sets was calculated using the enrichGO package (249).  

Statistical Methods 

Statistics were computed in GraphPad Prism v9 as indicated in figure captions. Survival studies were 

compared using the log-rank (Mantel-Cox) test. Flow data and tumor supernatant 

cytokine/chemokine data were compared using one- or two-way ANOVA with Tukey’s multiple 

comparison correction. Differential expression analysis using DESeq2 models counts for each gene 

using a negative binomial model and tests for significance using Wald tests (246). Gene set enrichment 
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is calculated by the Fisher’s exact test. P values are corrected for multiple hypothesis testing using the 

Benjamini-Hochberg procedure for all RNA-sequencing analysis. Sample size and P-value cutoffs are 

indicated in figure captions. 
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Chapter 5: Conclusions and Future Outlooks 

This thesis details our effort to develop collagen anchored agonist antibodies for cancer 

immunotherapy applications. Although agonist antibodies are highly effective antitumor therapeutics 

in preclinical mouse models, their translation into humans has been hampered by on-target, off-tumor 

toxicities. In this thesis, we leveraged a collagen anchoring strategy to restrict the activity of agonist 

antibodies to the tumor microenvironment (TME). In chapter two, we attempted to develop a 

generalizable platform for collagen anchoring of agonist antibodies by fusing several IgG binding 

domains (IgGBs) to lumican, a collagen binding protein. Although we saw indirect evidence that these 

IgGB-lumican fusions were retained in the TME, they did a poor job of retaining pre-loaded IgG, 

presumably due to rapid exchange in vivo with endogenous IgG. Without extensive protein engineering 

efforts to improve the affinity of our IgGBs, this strategy did not appear to be a viable route for tumor 

localization of agonist antibodies. Despite the potential utility of a generalizable platform for retention 

of any agonist antibody off-the-shelf allowing rapid screening of a wide array of antibodies, we instead 

chose to focus our efforts on engineering direct fusions of agonist antibodies to collagen binding 

domains.  

 

Chapter three contains our studies developing and testing direct agonist antibody fusions to collagen 

binding domains. We saw that this was a widely applicable strategy to several different antibodies and 

collagen binding domains but focused our in vivo efficacy studies on ɑ4-1BB-LAIR and ɑCD28-LAIR. 

We demonstrated via longitudinal fluorescence imaging that control (ɑFITC) IgG-LAIR fusions were 

retained in the TME over free IgG. Unfortunately, we did not see uniform increases in efficacy or 

decreases in toxicity with our collagen anchored agonists (In fact, in the context of collagen anchored 
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ɑCD28-LAIR we consistently saw preclinically activity only in the non-collagen anchored format, 

suggesting that perhaps collagen localization spatially separates ɑCD28-LAIR from cells poised to 

respond to CD28 signaling). The lack of toxicity improvement stems from a lack of toxicity seen even 

with our non-collagen anchored agonists. However, because we know that toxicities are driven by on-

target, off-tumor activity and we have demonstrated enhanced tumor retention (and thus decreased 

systemic dissemination) of our agonists, we are confident that this strategy would result in an improved 

safety profile. In this chapter, we identified one combination where we found a modest but consistent 

improvement in efficacy driven by collagen anchoring. Specifically, we found that in B16F10 

melanoma bearing mice treatment with antitumor antibody TA99 + ɑ4-1BB-LAIR resulted in 

improved survival over TA99 + ɑ4-1BB treatment.  

 

In chapter four, we further explored this combination therapy. We observed that when we depleted 

the entire CD4+ compartment using an ɑCD4 antibody, we were able to cure over 90% of mice of 

their primary tumor. However, these mice failed to form immunological memory, with nearly all of 

the survivors succumbing to tumor rechallenge. We then set out to understand: 1) what was the 

immunological mechanism driving this synergy? and 2) could we identify more clinically relevant 

agents to replace ɑCD4 to achieve the same primary tumor efficacy while also rescuing the memory 

defect? We determined that the primary effect of ɑCD4 treatment is depletion of Tregs, and 

importantly TdLN Tregs, which allows for de novo priming of CD8+ T cells. This new wave of primed 

T cells then enters the tumor where TA99 + local ɑ4-1BB-LAIR supports these T cells and maintains 

their cytotoxic program, eventually leading to tumor regression. As the primary effect of ɑCD4 was 

to drive enhanced CD8+ T cell priming, we instead treated mice with TA99 + ɑ4-1BB-LAIR + 

ɑCTLA-4, as ɑCTLA-4 is known to improve CD8+ T cell priming (227). Indeed, we observed that 
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this combination is also highly efficacious and, likely because CD4+ T cells were spared in this 

combination, all of these mice formed robust immunological memory and rejected tumor rechallenge. 

This result is particularly encouraging, as antitumor antibodies and ɑCTLA-4 therapy are both 

clinically approved and many localized ɑ4-1BB agonists are undergoing clinical testing, meaning this 

triple combination could feasibly be explored in the clinic with existing agents. Overall, we think this 

work identifies a generalizable two-step approach to designing combination immunotherapies. 

Specifically, efficacious therapies should seek to: 1) Increase CD8+ T cell priming through nodal Treg 

depletion/inhibition and 2) support newly primed CD8+ T cells through local, tumor restricted 

agonism (ex. ɑ4-1BB-LAIR, in our work).  

 

In addition to the work presented in this thesis we also used yeast surface display in an effort to 

engineer both higher and lower affinity LAIR binders to study the relationship between affinity and 

retention/efficacy (in collaboration with Dr. Noor Momin). Previous publications contain specifics 

of this project (92, 103). To summarize here, we displayed murine LAIR on the surface of yeast using 

standard yeast display methods developed in our lab (250). Using error prone PCR, we developed 

libraries of mutant LAIR and isolated weakened affinity and “dead” no binding mutants using an 

equilibrium sort strategy and isolated higher affinity mutants using a kinetic sort strategy. Although 

we were eventually able to successfully engineer weakened affinity and dead LAIR mutants, we were 

unable to isolate high affinity binders. This was largely due to poor antigen quality. Collagen is not 

soluble, and thus for biochemical and structural studies many different soluble collagen related 

peptides (CRPs), or collagen mimics, have been developed (90). For our studies, we utilized peptide 

consisting of 10 glycine-proline-hydroxyproline repeats, which represents the most frequent triplet 

repeat of collagen (251). However, we found that binding characteristics to this “stripped down” 
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collagen mimic did not always match binding of our recombinantly expressed LAIR mutants to 

collagen coated plates. Indeed, our initial “dead” mutants had no binding to our CRP antigen but still 

displayed residual binding to collagen I coated plates, and our higher affinity mutants displayed tighter 

binding to CRP but in fact displayed weaker binding to collagen I coated plates. Thus, this protein 

engineering campaign highlighted the importance of having a high-quality antigen.  

Future work 

As with all good scientific endeavors, we are often left with more questions than answers. In this 

section, we try to summarize major outstanding questions with our work and unexplored areas. 

Although we propose that chapter 4 represents a generalizable framework for designing combination 

immunotherapies, this hypothesis could use additional pressure testing. We explored three different 

ways to improve CD8+ T cell priming (whole CD4+ T cell depletion, Treg specific depletion, and 

treatment with ɑCTLA-4 therapy). Certainly, there are other clinically relevant agents we could have 

explored to improve priming including radiation, certain immunogenic chemotherapies, cancer 

vaccines, adoptive cell therapy, and a host of myeloid directed therapies. Perhaps more importantly, 

our story was exclusively focused on combinations with ɑ4-1BB, and in future work it would be 

interesting to see if other costimulatory pathways, such as CD28, OX40, GITR, ICOS, CD27, or even 

cytokine therapies such as IL-12 also synergize robustly with priming enhancing therapies (such as 

ɑCD4 used in our study). Mechanistically, perhaps the largest open question is whether the ɑCD4 

therapy employed in our study solely enhanced the number of CD8+ T cells entering the tumor or if 

it also induced meaningful phenotypic changes. Put differently, will any strategy to boost CD8+ T cell 

counts synergize with local agonism (again in our specific example local agonism being TA99 + ɑ4-

1BB-LAIR), or were the newly primed T cells phenotypically better poised to respond to this local 
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agonism? Bulk RNA-sequencing of isolated CD8+ T cells (comparing TILs that enter after ɑCD4 

therapy vs. those there at baseline) or single cell sequencing of CD45+ tumor cells would be a logical 

next step to get at this question.  

 

As mentioned in the introduction, different ECM proteins and collagen isoforms can have vastly 

different expression levels and spatial distributions within a given tumor (and these can also vary from 

tumor to tumor). In our work here (and previous work led by Dr. Noor Momin), we did not explore 

these more granular differences. However, the existence of these differing spatial distributions opens 

up the possibility of targeting specific payloads to different parts of the tumor (and thus different 

immunological niches, as immune cell infiltrates are also not spatially uniform within a tumor). This 

is an active area of research in our group and preliminary data suggests that even targeting different 

isoforms of collagen in the case of collagen anchored cytokines can result in a meaningfully different 

toxicity profile, albeit efficacy is unchanged (unpublished ongoing studies lead by A. Sheen and L. 

Fink).  

 

As discussed in the introduction, agonist antibodies often rely on FcγR mediated cross-linking to 

achieve sufficient targeting receptor clustering to drive signaling. One intriguing feature of our 

approach is the possibility for collagen-mediated crosslinking. If the collagen anchored agonists can 

pack to a sufficient density on collagen fibrils, then this may be sufficient to drive receptor clustering 

and signaling (the alternative hypothesis is that collagen anchoring purely provides increased residence 

time and FcγR mediated cross-linking is still necessary for proper agonism and therapeutic outcomes). 

Although we did not explore this, testing collagen anchored agonists with “silent” Fc regions that are 

unable to interact with FcγRs would allow us to probe this question. If collagen-mediated clustering 
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(without any FcγR mediated contributions) is possible, this could vastly improve the safety profile of 

these agonist antibodies. By using a silent Fc, any drug that is not bound to collagen (such as any 

quantity that leaks out over time into systemic circulation) would be functionally inert. Indeed, our 

pilot ɑCD3-LAIR/ɑCD28-LAIR in vitro T cell stimulation assays performed on collagen plates suggest 

that this may be possible (Fig. 3-14). Many bispecific antibodies targeting co-stimulatory receptors and 

tumor specific antigens in clinical development also contain silent Fc regions, suggesting that in this 

context FcγR independent signaling is possible. Thus, although we did not explore the contributions 

of FcγR mediated clustering for the efficacy of our therapies, from a translational perspective this 

would be an important and interesting line of questioning to pursue to further improve the safety of 

these therapeutics.  

 

Overall, this thesis contributes to the growing body of literature on tumor localized agonist antibodies 

for cancer immunotherapy as well as additionally providing immunological guidelines for successful 

design of agonist antibody containing combination immunotherapies.  
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