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ABSTRACT

Cancer immunotherapy targets immune cells to trigger a highly specific, long-lasting anti-tumor
response. With the clinical success of immune checkpoint blockade and the development of
promising next-generation agents, immunotherapy is steadily growing as a key pillar of the
oncology clinic alongside surgery, radiation, and chemotherapy. Cytokines, endogenous
regulators of immune responses, have long been promising immunotherapy candidates due to
their innate ability to modulate lymphocyte behavior. However, translation of cytokines as
systemically administered immunotherapies has been severely limited by on-target/off-tissue
toxicity. One approach to overcome this challenge is to engineer cytokines for intratumoral
retention following local administration to isolate their activity to on-target tissue. In this thesis, we
explore an immune cell-based localization strategy by designing, evaluating, and optimizing
antibody-cytokine fusions targeting the ubiquitous leukocyte receptor CD45.

First, we engineer and profile an aCD45-IL15 fusion that exhibits significantly diminished receptor-
mediated internalization relative to its wild-type counterpart. This extended surface half-life
augments downstream pSTATS5 induction and enables both cis and trans signaling between
lymphocytes. We demonstrate this enhanced cell-surface biology is consistent when this
approach is applied to another pro-inflammatory cytokine, IL-12. Preliminary experiments
additionally suggest conserved internalization behavior between mouse and human CD45.
Intratumoral aCD45-cytokine administration at specified doses leads to decoration of leukocytes
in the tumor and tumor-draining lymph node (TDLN) while sparing systemic exposure.
Biodistribution experiments suggest dose-dependent drainage of CD45-targeted proteins from
the tumor through the TDLN and into systemic circulation, allowing for compartment specific
targeting.

In the second part of the thesis, we develop and deeply characterize a two-dose sequential
cytokine therapy termed aCD45-Cyt that safely elicits profound anti-tumor immunity. In this
paradigm, a single dose of aCD45-IL12 followed by a single dose of aCD45-IL15 is able to
eradicate both treated tumors and untreated distal lesions in multiple syngeneic mouse tumor
models. Mechanistically, the improved intratumoral and nodal retention driven by CD45 targeting
enabled reprogramming of tumor specific CD8* T cells in the TDLN to exhibit an anti-viral
transcriptional signature. Finally, we discuss preliminary data and plans for translating aCD45-
Cyt therapy. Altogether, this thesis highlights the power of targeting host immune cells for use in
immunotherapy and more broadly discusses the ability of multi-receptor targeting to elicit new
signaling biology.
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Chapter 1 : Introduction

“That this seemingly simple mechanism—cell growth without barriers—can lie at the heart of this grotesque
and multifaceted illness is a testament to the unfathomable power of cell growth. Cell division allows us as
organisms to grow, to adapt, to recover, to repair—to live. And distorted and unleashed, it allows cancer
cells to grow, to flourish, to adapt, to recover, and to repair—to live at the cost of our living. Cancer cells

can grow faster, adapt better. They are more perfect versions of ourselves.”

— Siddhartha Mukherjee, The Emperor of All Maladies

Parts of this chapter appear as published in Santollani and Wittrup, Immunological
Reviews (2023)(1).

A Brief History of Cancer immunotherapy

Over the last two decades, cancer immunotherapy has emerged as powerful tool in the
oncology arsenal. Whereas traditional chemotherapeutic agents act broadly and aim to
kill tumor cells directly, cancer immunotherapies target our immune cells to elicit a highly
specific anti-tumor response. This interplay between our immune system and cancer is
canonically described in Chen and Mellman’s cancer immunity cycle(2). In this model,
cancer debris from dying tumor cells is picked up by professional antigen presenting cells
(APCs) like dendritic cells (DCs). These DCs will traffic from the tumor to the nearest
lymph node (tumor draining lymph node or TDLN). Here, DCs will present the cancer’s
molecular fingerprint, known as antigen or neoantigen, to a repertoire of CD8* T cells. A
cognate match between DC-presented antigen and a given T cell receptor (TCR) will spur
activation and proliferation of this T cell clone. Upon activation, this T cell will upregulate
a genetic program that promotes lymph node egress and endows it with cytotoxic
capacities. Circulating CD8* T cells will then infiltrate the tumor, and upon recognizing the
cancer cell they were “trained” to kill, unleash cytotoxic molecules that kill the
corresponding tumor cell. These freshly lysed tumor cells represent a new pool of antigen

for DCs to present and begin the cycle again.
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However, as Mukherjee’s provoking quote above suggests, cancer is a formidable
biological opponent. At every step in the cancer immunity cycle, tumor cells evolve to
evade the immune system and dismantle the anti-tumor response. A canonical example
is the downregulation of MHC-I by cancer cells(2). By shedding their surface of this
recognition molecule, tumor cells avoid being targeted by CD8* T cells. Another key
example is the upregulation of immune checkpoints by tumor cells. These regulatory
proteins on the tumor cell surface interact with receptors on T cells to inhibit the immune
response(2). Broadly, cancer immunotherapy aims to rescue specific pathways of the

cancer immunity cycle and elicit a potent anti-tumor response.

The promise of immunotherapy has most recently been demonstrated by the clinical
success of immune checkpoint blockade (ICB) — antibodies targeting PD-1, PD-L1, and
CTLA-4 — against disseminated disease like metastatic melanoma where overall survival
(OS) can reach up to 50%. In some indications, like subsets of non-small cell lung cancer
(NSCLC), ICB has become a first-line therapy. However, apart from ICB, almost all
immunotherapy agents that have been evaluated in the clinic for solid tumors have
suffered from significant clinical challenges. Most notably, immunotherapies often trigger
immune related adverse events (irAEs) that result in dose-limiting toxicities. Very simply,
there is no dose that elicits strong activity without also triggering toxicity. Thus, much of
the potential of immunotherapy remains untapped due to small therapeutic windows. Part
of this undesired toxicity can be attributed to on-target/off-tumor stimulation of immune
cells that occurs in bystander tissues. Furthermore, systemic delivery of these
immunotherapeutic agents only leads to minimal tumor penetration before renal

clearance, preventing enough payload accumulation in the tumor to achieve efficacy.

Ultimately, the development of successful immunotherapies requires striking a balance
between efficacy and toxicity that is largely driven by biodistribution. In this thesis, we
explore and engineer an immunotherapy strategy based on a class of naturally occurring

proteins in the immune system known as cytokines.
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Cytokines as immunotherapies

Cytokines represent a broad class of small proteins that serve as molecular messengers
of the immune system. From Interferons (IFNs) to Interleukins (ILs), cytokines have long
been promising candidates for cancer immunotherapy due to their ability to regulate
immune signaling cascades(3, 4). Notably, the cytokine family is involved in leukocyte
activation and proliferation — key steps in mounting an anti-tumor response(2, 5). In fact,
IFNa and IL-2, two immuno-stimulatory cytokines, were first dosed in patients during
landmark studies of the 1970s-80s, leading to their respective FDA approvals for hairy
cell leukemia in 1986 and renal cell carcinoma (RCC) in 1992(5, 6). These achievements,
though initially promising, proved to not be a panacea for oncology. Narrow therapeutic
windows and consequently low maximum-tolerated doses (MTDs) have significantly
hampered clinical utilization of cytokines(7-9). The high systemic doses required to
achieve therapeutic concentrations at tissues of interest lead to severe toxicity. As of the
time of writing, only one new cytokine monotherapy, a locally delivered adenoviral vector
encoding for the already-approved IFNa2b (Adstiladrin), had received FDA approval for

cancer indications since that of Aldesleukin (IL-2) and Intron A (IFNa)(70).

The challenges in developing cytokines as exogenous therapies stem from their
characteristics as fine-tuned signaling proteins of the immune system. Endogenous
cytokine production is carefully regulated by various cellular processes and cues and is
generally limited to specific tissues and timescales(7, 17). This is in stark opposition to
how cytokines are dosed therapeutically, often given systemically at high doses that lead
to on-target/off-tissue toxicity, further compounded by cytokines’ natural pleiotropy. The
same cognate cytokine receptor can be found on multiple cell types, with sometimes
counter-regulatory functions: notably, IL-2 will activate CD8 T cells and Natural Killer (NK)
cells through the IL2RBy receptor, but additionally activate immuno-suppressive
regulatory T cells (Tregs) through the higher affinity trimeric IL2RaBy complex. Thus, the
same complex biology that underlies the ability of cytokines to maintain immune

homeostasis presents an engineering challenge for therapeutic development.
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Over the last two decades, protein engineering has emerged as a promising tool to
address the shortcomings of these first-generation therapies. Breakthroughs in our
understanding of cytokine signaling, tumor immunology, and ability to manipulate proteins
have led to an explosion of preclinical, and now increasingly, clinical, development of
next-generation cytokines. Approaches such as half-life extension, antibody-mediated
targeting, and intratumoral anchoring are being explored to widen the narrow response

curve that has plagued cytokine therapies (Figure 1.1).

In this thesis, we ultimately focus on engineering an intratumoral, antibody-targeted
cytokine therapy whose mechanism is highly motivated by spatiotemporal programming.
That is, we hypothesize that controlling the time, place, and duration of cytokine signaling
is critical to maximizing both efficacy and safety. Using protein engineering to allow
therapeutic cytokines to reproduce their endogenous immune system roles more closely
may help unlock their therapeutic potential. To understand the specific therapy developed
in this thesis, it is important to contextualize some previous work in cytokine engineering.
Below | highlight select approaches that are relevant to the work in this thesis — for more
comprehensive cytokine reviews, refer to the excellent reviews by Holder and colleagues,

Pires and colleagues, and Saxton and colleagues(171-13).

Temporal programming by improving half-life

One of the first applications of protein engineering in cytokine development was to
improve the poor pharmacokinetic (PK) properties they exhibit due to their small size.
Cytokines, generally <50 kDa, are rapidly cleared from circulation, limiting duration of
exposure and tumor uptake. This temporal regulation could be viewed as a feature
subject to natural selection, limiting systemic exposure to cytokines from their local
expression site. For example, IL-2 is sequestered to some extent by the local extracellular
matrix (ECM) after inflammation for subsequent access by Tregs(74, 15). However, in the

therapeutic context, this rapid clearance following intravenous administration
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necessitates high and repeated dosing to overcome the minutes-long half-life%. To
address this, many preclinical studies, including ours, have used Fc-cytokine or albumin-
cytokine fusions (Figure 1.2A-B) (716-19). In these strategies, the wild-type cytokine is
fused with a flexible glycine-serine linker to the Fc portion of an IgG antibody or albumin
(Figure 1.2A-B). This effective increase in molecular weight, together with neonatal Fc
receptor(FcRn)-mediated salvage recycling, endows an extended half-life in vivo, with up
to an order of magnitude increase reported for a mouse serum albumin (MSA)-IL-2 fusion
in mice(76). MSA-IFNa has also been reported to be present in serum 5 days after
administration(20). To maintain monovalent cytokine expression in an Fc-fusion format,
co-transfection and orthogonal affinity tag purification or knob-in-hole mutations can be
used(16, 18, 21). This can be important since monovalent cytokine Fc fusions have been
reported to be more efficacious and less toxic in the context of IL-12(27). Additionally,
effector-attenuating mutations in the Fc region have become commonplace to minimize
any FcYR interactions(22, 23). We have additionally reported on a fully inert MSA variant
with an H464Q mutation that abrogates FcRn-mediated recycling(24). For these fusion
proteins, the longer half-life allows for lower and less frequent dosing, thus lowering the
maximum drug concentration, Cmax, Which often associated with toxicity, while increasing
the pharmacokinetic exposure (measured as area under the curve or AUC; Figure
1.2A)(25, 26). Extended half-life strategies have become a standard part of the preclinical
cytokine toolkit. Zhu et al. reported on a safe, efficacious treatment paradigm of extended
half-life Fc/IL-2 in combination with either a tumor-targeting antibody or adoptive cell
therapy (ACT) in multiple mouse models(76). This work was expanded upon in the
context of extended half-life MSA-IL2 in combination with anti-PD1, a tumor targeting
antibody, and a lymph-node draining cancer vaccine(27). This powerful combination,
termed AIPV, was highly curative (>75%) in large (50mm?) B16F10 melanoma tumors.
Removal of the cytokine from this treatment ablated efficacy and led to no long-term
survivors, highlighting the critical potential contribution of cytokines to combination
therapies. More recently, Wang et al. mechanistically studied the subcomponents of AIPV

therapy and found that a simplified regimen of single dose of MSA-IL2, aPD-1, and a

15


https://www.zotero.org/google-docs/?KdxY2R

tumor-targeting component followed by subsequent checkpoint blockade immunotherapy

(CBI) was as efficacious as the full AIPV treatment(28).

Despite their popularity and effectiveness in preclinical studies for over a decade, Fc and
albumin fusions remain in early stages in the clinic. Albuleukin, a human serum albumin
(HSA)-IL2 fusion showed promising preclinical data and was dosed in the clinic, but was
ultimately discontinued(29, 30). One of the most advanced half-life extension candidates,
Dragonfly Therapeutics’ DF6002, a monovalent IL-12-Fc fusion similar to that reported by
Jung and colleagues(217), only recently entered a dose escalation Phase I/l trial, but
results were not available at time of writing(37). Polymer conjugation has also been used
for half-life extension, most notably in the context of Nektar Therapeutics’ failed
PEGylated IL-2, but we will refer readers to other reviews for more details on those
strategies(72, 13). While improving time-on-target will likely be required for successfully
translating cytokine therapies, it will likely not be sufficient on its own. Much of the toxicity
associated with cytokines stems from on-target/off-tissue stimulation of circulating
immune cells. Simply extending circulation timescales will not ameliorate this, and in fact
exacerbates it; however, half-life extension will play a critical role in enabling additional
engineering strategies. For example, in the case of engineering the receptor specificity of
a small cytokine like IL-2, half-life extension will still be needed to achieve a desirable

pharmacokinetic profile.

Aside from half-life extension, it’s also important to note that for small cytokines like IL-2
and IFNs, expression as an Fc or albumin fusion can significantly improve recombinant
yields over wild-type cytokine in mammalian expression systems (unpublished results

from our group, but also reported in literature by others(32)).

First-generation immunocytokines targeting tumors

One avenue attempted to improve the localization of cytokine responses has been to

“target” them to the tumor via antibody fusions. By fusing wild-type cytokines to antibodies
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(referred to as immunocytokines hereafter) directed at tumor-associated antigens (TAAs),
it was hypothesized that systemic exposure and on-target/off-tumor toxicity could be
reduced. However, we have previously shown that simple immunocytokine targeting does
not solve this problem in the context of solid tumors(33, 34). In the case of a systemically
administered IL-2 immunocytokine targeted to the melanoma marker TRP1, Tzeng et al.
demonstrated that the biodistribution of the fusion protein is entirely governed by cognate
cytokine receptor expression patterns(33). For IL-2, this led to an appreciable systemic
“sink” from NK and NKT cells, as opposed to the desired stimulation of intratumoral CD8
T cells. Substituting the targeting antibody with an untargeted control had no effect on the
biodistribution or efficacy of this therapy, illustrating the dominance of cytokine-driven
localization. Ultimately, this can be attributed to minimal antigen presence in circulation
in comparison to that of the cytokine receptor, which can be found on many circulating
lymphocytes (Figure 1.2C). Indeed, careful PK measurements and modeling of an IL-2
immunocytokine in clinical trials highlight the dominance of target-mediated drug
disposition (TMDD) in the periphery, which is exacerbated further by IL-2 mediated
expansion of the systemic off-tumor/on-target cellular pool(35). These findings likely
explain the as-yet limited success of first-generation immunocytokines in the clinic. Even
though these fusion proteins have been studied for decades, the majority remain in Phase
| or Phase Il. Immunocytokines have been studied in the clinic for IL-2, IL-12, TNF, IFNa
and for targets such as GD2, FAP, tumor-specific matrix targets like EllIB, and CD20(13,
36). While additional engineering, such as affinity attenuation and cis targeting (discussed
further below), will likely be needed for immunocytokines to deliver on their promise in
solid tumors, leukemias and lymphomas present lower drug transport barriers and could
therefore allow better therapeutic indices — for example, some current CD20-targeted
immunocytokines such as Dl-Leu16-IL2, could find an accessible therapeutic
window(37).

Small-format immunocytokines, such as those designed with nanobody fragments
instead of full-length IgGs, have been proposed to have improved tumor specificity over

larger antibody-based immunocytokines due to their rapid renal clearance(33, 34).
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However, theoretical analysis of the fundamental rate processes of tumor localization
suggests that with few exceptions, this may not be the case(38-40). Compartmental
modeling balancing tumor antigen affinity with size-based clearance reveals a “valley of
death” with regards to tumor penetrance for molecules between 10-100kDa(40). Indeed,
full-length 1gG antibodies show the optimal tumor penetrance for nanomolar binding
affinities. The only exceptions to this rule are very small proteins (<10kDa) with very high
affinity (pM), which are predicted to readily accumulate as well. Fusing a cytokine to the
targeting moiety may only exacerbate this valley of death due to peripheral sinks before
reaching the tumor. Lutz et al. recently demonstrated that even for a small format IL-
2/domain antibody immunocytokine with picomolar affinity for EIlIB, a tumor-associated
extracellular matrix component, no additional survival benefit was seen over an
untargeted size-matched cytokine when dosed systemically(34). It should be noted,
however, that intratumoral administration of these same agents was efficacious, with

higher affinity leading to improved efficacy.

Next-generation immunocytokines targeting immune cells

Additional protein engineering strategies have enabled immunocytokine biodistribution
governed by antibody rather than cytokine specificity. Originally proposed by Garcin et
al., this approach relies on weakening the affinity of the cytokine for its receptor such that
it is inert in solution at relevant doses(47). The attenuated cytokine is then fused to a high
affinity antibody against a cell-surface receptor of choice. Antibody binding-driven high
cytokine concentration at the cell surface, above its weakened EC50, suffices to rescue
downstream signaling only on the antibody-targeted cell population (Figure 1.2D).
Though tumor targeting is mentioned as a potential application of this approach, much of
the recent development and translation in this area has been focused on targeting specific
immune cells in circulation. Asher Biotherapeutics’ lead molecule, AB248, is a CD8-
targeted IL-2 mutein that has demonstrated promising mouse and non-human primate
(NHP) data to date(42). A phase 1a/1b trial with AB248 dosed its first patient in early

2023. As opposed to other mutant IL-2 approaches, described in detail in section 4.1,
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AB248 effectively avoids both Tregs and NK cells and isolates signaling to CD8 T cells.
Enabling cis-signaling by cytokine attenuation and antibody-driven avidity could finally

unlock the promise of immunocytokines.

Beyond lineage markers like CD8, phenotypic cell-surface markers are also being used
to target cytokines to specific lymphocyte subsets. A team at Roche has recently reported
a PD-1 targeted slightly-lowered affinity IL-2 mutein (IL-2v) to selectively expand activated
and antigen-experienced CD8 T cells(43). In addition to minimizing off-tissue toxicity,
these cell-surface displayed cytokines elicit different downstream effects than their wild-
type counterparts. PD-1-cis IL-2v signaling is reported to drive CD8 T cells into less
exhausted effectors in comparison to a combination of aPD-1 and IL-2v(43). Though it’s
not entirely understood what drives this altered downstream biology, it could be due to
changes in the internalization behavior of the cytokine. PD-1 targeting antibodies have
been reported to have relatively slow internalization(44), potentially anchoring the
cytokine to the cell surface for longer periods over its native form and allowing for more
sustained signaling. This concept of using multiple-receptor targeting to elicit new biology
will be central to the thesis. Similar anti-PD1-IL-2 fusions have been reported by academic
groups(45). Affinity attenuation and cis signaling is being tested for various other
cytokines like IL-21 and IL-15(46, 47).
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Intratumoral immunotherapy

An alternate strategy to focus cytokine activity on the tumor is through direct intratumoral
injection and retention. The idea of intratumoral delivery is as old as immunotherapy itself,
with  W.B. Coley injecting bacterial cultures directly into the tumor to drive an
immunological response(48). Theoretically, delivering payloads directly into the tumor
has the benefit of achieving an immediate high local concentration, though it’s not often
appreciated how quickly intratumorally delivered agents will diffuse into circulation.
Locoregional delivery is further motivated by the hypothesis that an in situ immune
response can lead to systemic anti-tumor immunity even if the treatment is administered
locally(49-51). There have been encouraging clinical results from intratumorally delivered
BCG vaccines and Toll-like Receptor (TLR) agonists and most notably, the approved
oncolytic virus therapy talimogene laherparepvec (TVEC) is administered
intratumorally(52-56). Advances in interventional radiology to access previously
unreachable tumors have bolstered increasing popularity of these interventions. The
number of new clinical trials per year involving intratumoral delivery has increased 6-fold

over the last 2 decades and is projected to continue to increase(57).

Despite initial accumulation following intratumoral delivery, much of the injected payload
will rapidly leak out and lead to systemic exposure. We and others have shown this to be
true for cytokines and antibodies in preclinical models(17, 18, 20, 57, 58). Hence, simply
changing the route of administration will not on its own ablate a cytokine’s toxicity.
However, additionally endowing these cytokines with the ability to bind a localized anchor
has emerged as a promising strategy. Two anchoring approaches that have recently been
explored are extracellular-matrix (ECM) binding cytokines and exogenous biomaterial
depots. In both cases, the anchor prevents cytokine diffusion following intratumoral

administration, providing a strong local response without systemic exposure.
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Extracellular matrix (ECM) anchoring

ECM-based retention is a promising strategy for anchoring cytokines due to the
overexpression of collagen in solid tumors(59, 60). Furthermore, this strategy is actually
biomimetic, as numerous cytokines (e.g. IL-2(15), IFN-gamma(67), and IL-12(62)) exhibit
strong ECM interactions that keep their endogenous effects localized. Momin et al.
reported on a collagen-anchoring platform that leverages these intratumoral collagen
reserves for enhanced cytokine retention(77). In this approach, lumican, an endogenous
collagen-binding protein, was fused to either IL-2 or IL-12. When dosed in combination,
these anchored cytokines cured a majority of B16F10 melanoma tumor bearing mice
without eliciting any toxicity-related weight loss. In comparison, the unanchored size-
matched cytokines caused significant weight loss after intratumoral injection. These
localized cytokines also safely synergized with other immunotherapies, including
checkpoint blockade, anti-tumor antibodies, and CAR-T. One benefit of ECM anchoring
is its tumor agnostic nature, given the presence of collagen in a majority of solid
tumors(59, 60). However, optimization of binding to specific collagen types may be
necessary for some tumors where different expression patterns are reported. This
technology has been licensed by Cullinan Oncology, where it is being translated as a
single collagen-binding IL-2/IL12 fusion protein named CLN-617. This is likely due to ease
of manufacturing of a single protein and evidence suggesting that IL-2 can sensitize T
cells to IL-12 immunotherapy(63). The investigational new drug (IND) application was
cleared by the FDA in 2023 to evaluate CLN-617 in a variety of solid tumors. Additionally,
Stinson et al. reported on the use of this collagen-binding cytokine regimen in pet dogs
with spontaneously occurring soft-tissue sarcomas(64). The intratumorally dosed
cytokines were reported to be well tolerated with promising biomarker activity as shown
by increased T cell infiltration and gene expression programs associated with a strong

anti-tumor response.

Lutz et al. also reported on IL-2 targeted to the EIlIIB domain of fibronectin, an ECM

component that is specific to tumor tissue, unlike collagen(34). The tumor specificity of
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EllIB makes it a compelling target for systemic administration. However, as previously
mentioned, without attenuating the affinity for its cognate receptor, the cytokine will
govern the systemic distribution of the protein, which Lutz et al. demonstrate(34). Still,
intratumoral administration of these EIIIB anchored cytokines was highly efficacious in

comparison to their unanchored counterparts.

Other groups have further expanded on ECM binding by screening various peptides
against different ECM components for cytokine retention. Chakravarti et al. reported on
an engineered GM-CSF fused to ECM binding peptides targeting collagen |, hyaluronic
acid, or fibronectin(65). In a head and neck squamous cell carcinoma model, the HA-
binding peptide led to the longest retention and intratumoral administration of GMSCF-
HA, led to significantly improved tumor control over the un-anchored control, highlighting

the broad applicability of ECM retention by fusion proteins.

Based on the promising preclinical data of ECM-based anchoring, Momin et al. developed
an experimentally validated model that generalizes the timescale of intratumoral activity
for anchored cytokines of various molecular weights and matrix affinities(24). The model
incorporates the kinetic and transport dynamics that occur after intratumoral injection:
initial volume displacement followed by various cytokine/matrix interactions,
intravasation, and eventual clearance from the blood. Using IL-2 as a model cytokine,
Momin et al. systematically modulate the cytokine’s mass (as an MSA fusion) and
collagen affinity (through multiple collagen binding domains) to experimentally confirm the
model. Positron emission tomography (PET) imaging was used to quantify the
intratumoral retention of these various cytokines. For reference, tumor half-life (t1:2)
ranged from 40 min for a small (15 kDa) untargeted protein to 8 hours for a large, tight
binding protein (95 kDa, 20 nM collagen affinity). One notable pragmatic takeaway
reported by Momin et al. is the small interstitial volume even within well established
tumors in murine transplant models: B16F10 tumors between 200-300 mm? only held ~13
uL before spilling over into the periphery. Given that this size is comparable to some

human melanoma lesions, this unexpected finding may be useful for optimizing dosing
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guidelines for intratumoral therapies like T-VEC and other experimental cytokines. As
expected, intratumoral retention scaled with increasing molecular weight and matrix
affinity. Between the two key variables, size outweighed the contribution of affinity,
highlighted by equivalent survival between an untargeted, large immunocytokine and a
small, high-affinity immunocytokine. However, beneficial effects from increasing size and

affinity were additive.

Efforts to leverage matrix binding through systemically administered therapies have also
been reported. Ishihara et al. described a collagen-binding approach by repurposing the
collagen-binding domain (CBD) of the von Willebrand Factor (VWF) A3 domain through
direct fusions to IL-2(66). Systemically administered CBD-IL2 was shown to preferentially
accumulate in tumors, though there was also noteworthy retention in the liver and kidney.
CBD-IL2 showed a more favorable safety profile (less splenomegaly and pulmonary
edema) and improved efficacy over untargeted IL-2. The same group built on these
promising results by applying them to IL-12. Mansurov et al. reported a CBD-IL12 that
was capable of eliciting a complete response in a majority of B16F10-bearing animals
from a single 25ug dose(67). The authors characterize changes in serum IFNy and
alanine transaminase (ALT) fold changes to show the enhanced safety profile of CBD-
IL12 over untargeted cytokine. Arrow Immune was founded in 2018 to commercialize this
technology but no information on their progress was readily available at the time of writing.
While the preclinical data around this technology is compelling, the proposed mechanism
of action of the CBD technology is at odds with some of the engineering principles we
described earlier. The authors hypothesize that the tumor specificity of systemically
administered CBD fusions comes from collagen’s scarcity in blood (due to its insolubility)
except in the case of leaky tumor vasculature, exposing collagen only at the tissue of
interest. Thus, CBD-cytokine fusions could face similar challenges to first generation
tumor-targeting immunocytokines, where lack of tumor antigen in circulation led to
biodistributions governed by the cytokine and subsequent off-tissue toxicity. Systemically
administered CBD-cytokine fusions closely mimic the EllIB immunocytokines reported by

Lutz et al. Similar to our commentary on that approach, we believe cytokine attenuation
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or masking, additionally demonstrated by further work from Mansurov et al(68), would be
necessary to safely and effectively translate the promise of systemically administered

CBD-cytokine fusions.

Exogenous Depots

While collagen anchoring enables retention of intratumoral proteins for hours to days,
using exogenous biomaterial depots has extended this timescale to multiple days and
even weeks. Agarwal et al. reported on an intratumoral cytokine retention strategy using
the traditional vaccine adjuvant aluminum hydroxide (alum, or Alhydrogel)Z. The
approach relies on alum’s ability to undergo ligand exchange with phosphorylated
proteins, resulting in long-term linkages''®. Agarwal et al. leverage this by developing an
in-cell phosphorylation strategy, capable of inducing site-specific phosphorylation on
engineered alum-binding peptides (ABPs). Specifically, co-transfection of Fam20C, a
well-characterized kinase responsible for phosphorylating a majority of the secreted
phosphoproteome, with an ABP-tagged protein allows for phosphorylation of serine
residues within the ABP. Fusing an ABP to IL-12 (IL-12-ABP) led to robust retention on
alum while maintaining cytokine bioactivity. A single low dose of alum-bound IL-12-ABP
with CBI led to complete responses in a majority of B16F10-bearing mice. Whole animal
IVIS imaging revealed the presence of the intratumoral depot up to 3 weeks after injection.
Measurement of IL-12 in serum 5 hours after administration revealed rapid leakage of
unanchored IL-12 in comparison to alum-anchored cytokine. ALT measurements, serum
IFNg, and weight loss data further support the claim that intratumorally dosed anchored
cytokines do not leak into circulation. In comparison to the collagen anchoring work, a key
benefit of exogenous depots like alum is being able to circumvent the variability in
collagen abundance between tumor types and patients. Additionally, alum is a Generally
Recognized As Safe (GRAS) material used in over 20 clinically licensed vaccines, paving
the way for translation of this technology. Ankyra Therapeutics was formed to
commercialize this work and is expected to file an IND in 2023 to evaluate ANK-101 (ABP-

IL-12) as a monotherapy and in combination with CBI in solid tumors.
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Lutz et al. applied the alum-binding platform to type | IFNs, another cytokine family known
both for its potency and toxicity(20). Unlike interleukins, type | IFNs can directly interact
with tumor cells through the IFNAR receptor, opening up additional mechanisms for anti-
tumor immunity. Alum anchoring significantly improved the efficacy of IFNa and IFNf
monotherapy in B16F10. Of note, however, in the more inflamed MC38 model, anchoring
of IFNB did not improve efficacy and in fact, anchored IFNa was more efficacious than
anchored IFN despite being an order of magnitude less potent. The authors hypothesize
this is due to the higher basal type | IFN signaling in MC38 tumors and that there may be
a ceiling on productive signaling. This result highlights the complexity of spatiotemporal
cytokine regulation and suggests that for IFN engineering, more is not always better.
Alum-interferon therapy directly increased MHC-1 and PD-L1 levels, sensitizing them to
subsequent doses. Lutz et al. additionally analyzed the nonhematopoietic compartment
through bone marrow chimeras and saw a significant loss of efficacy, highlighting the

dependence on the non-immune compartment to this therapy.

One of the benefits of strong retention strategies like alum-anchoring is the potential to
safely deliver toxic immunotherapy combinations that would otherwise be impossible to
dose. Lutz et al. combine their alum-interferon therapies with extended half-life MSA IL-2
or CBI (aPD1). The combination with MSA-IL2 was shown to be highly synergistic for both
alum-anchored IFNa and IFNP, eliciting a 90%+ complete response rate in B16F10
tumors. In contrast, the unanchored cytokine combinations only led to modest delays with
no survivors. Alum anchoring was able to widen the therapeutic window in both directions
as it ablated the toxicity-related weight loss induced by the unanchored cytokine
combination. Despite this robust efficacy, mice rechallenged 100 days after initial tumor
challenge mostly succumbed to tumor burden, suggesting poor immune memory
formation from the double cytokine therapy. This is attributed to a large skewing of the
CD8 T cell pool towards a short-lived effector (SLEC, KLRG1+CD127-) phenotype at the
expense of the memory-precursor effector cells (MPEC). Similarly to the hypothesis that

there is a threshold for productive IFN signaling in tumors, overstimulation from anchored
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cytokines may harm memory formation. By contrast, combination of alum-anchored IFNa

with anti-PD-1 led to majority cures and memory formation.

Abscopal effects

A key topic for discussion around intratumoral therapies is their ability to drive abscopal
effects. First described in the context of radiation by RH Mole in 1953, abscopal effects
describe responses at untreated lesions after local therapies (like radiation or in the
present case, anchored cytokines)(69). In theory, antigen generation and drainage from
the treated lesion to the TDLN should allow for a wave of de novo T cell priming, which
could then disseminate activated T cells agnostically through circulation. Various
preclinical data suggest that localized monotherapies and combinations with systemic
agents like tumor-targeting antibodies or CBI can elicit strong abscopal effects. Agarwal
et al. showed abscopal effects from alum-anchored IL-12 monotherapy in a two-tumor
Ag104 fibrosarcoma model, where only one lesion is treated(57). In the neoadjuvant
setting for the 4T1 triple negative breast cancer model, which is known to metastasize,
alum-anchored IL-12 monotherapy led to a complete response in a majority of animals
after tumor resection. A team from OncoSec reported robust abscopal effects in a
metastatic i.v. B16F10 model from their intratumoral in vivo electroporation of IL-12(70).
Momin et al. demonstrated strong abscopal potential of collagen-anchored IL-2 in a two-
tumor B16F10 model in combination with the tumor specific antibody TA99(77). Cullinan
additionally tested this in combination with CBI, leading to a 90% complete response rate
in a two-tumor MC38 model for their IL-2/IL-12 collagen-binding fusion protein. T-VEC,
the locally delivered oncolytic virus encoding GM-CSF, has been shown to completely
resolve 30% of uninjected lesions, clinically supporting the systemic abscopal effects of
locoregional administration(77). An intralesionally administered EllIB-targeting IL-2 (L19-
IL-2 or “Darleukin”), in combination with a targeted TNFa, led to complete responses in
over half of non-injected lesions in a Phase Il trial(72). Because of the propensity of many
cancers to metastasize, eliciting abscopal effects is an important goal for the effective

translation of localized cytokines, either as a monotherapy or in combination with a
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systemic component. Thus, while there have been some reports highlighting abscopal

effects, effective control of untreated lesions remains a key problem for the field.

Temporal impact of cytokine therapies

It has become increasingly appreciated that combination immunotherapies present a
very promising approach. However, toxicity from immunotherapy combinations is often
as additive as efficacy. Many of the approaches described here offer solutions to this
problem by spatially controlling cytokine signaling to specific cells or tissues. Another
key variable to consider for combination cytokine therapies is their temporal
programming, both for maximizing efficacy and minimizing toxicity. Tzeng et al. reported
on a combination of IFNa, extended half-life IL-2 (FcIL2), and TA99 (TRP1 targeting
antibody)(73). Strikingly, while simultaneous dosing of all 3 components only led to a
modest delay in survival (and no long-term survivors), staggering the IFNa dose 48
hours after the FclL2 + TA99 dose elicited a 60-100% complete response rate in
B16F10 tumors. This schedule dependent synergy was generalized to various tumor
models and a wide range of combination immunotherapies. Mechanistic studies
revealed CD8a+ dendritic cell (DC) activation as the key determinant of efficacy in this
temporally programmed combination therapy. Dosing IFNa, which is known to activate
DCs, concurrently with antigen generation from the FcIL2 + TA99 bolus, led to lower
antigen capture and poor CD8 T cell priming by DCs. Maturation of DCs after antigen
generation allowed for an optimal response. While this study highlights immunotherapy
scheduling as an underappreciated variable for efficacy, toxicity remained a drawback in
this combination. Further work by Rothschilds et al. sought to understand the toxicity
drivers of this combination more deeply and elucidated further temporal programs that
decouple efficacy and toxicity(74). Because the relationship between DC maturation
and antigen generation seemed to be critical, Rothschilds et al. maintained the delay
between the tumor-targeting antibody and IFNa, but varied the timing of FclL2 dosing.
Interestingly, delaying the FclL2 dose to not be concurrent with the antibody (either 1, 2,

or 3 days after), preserved the efficacy while minimizing toxicity as shown by weight
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loss. This was shown to be true in additional tumor models. Importantly, depletion of NK
cells via antibody-mediated depletion in the original therapy showed equivalent efficacy
with reduced toxicity. This suggests that NK cells are implicated in toxicity but do not

contribute to efficacy in this cytokine combination therapy.

Cytokine therapies can play key roles outside the context of cancer, especially in many
immunological conditions. While this chapter has focused on oncology applications of
cytokines, there are rich insights on temporal considerations from the vaccine literature
that we will highlight. In a series of papers from Barouch and colleagues, the timing of
an extended half-life IL-2/lg plasmid in relation to an HIV DNA vaccine is explored(75-
77). The authors find that injection of the IL-2/Ig plasmid before or concurrently with the
vaccine suppressed the immune response, while delaying the cytokine dose by 2 days
after the vaccine led to an amplified immune response. This temporal dependency
suggests that an optimal immune response may be found through initial antigen
generation which is then amplified by cytokines. This was confirmed in a Phase | trial
where the delayed cytokine administration led to an increased immune response
compared with simultaneous dosing in patients(78). We believe these principles may be
directly applicable in guiding the design of immunotherapy combinations. One potential
parallel could be to delay amplifying or proliferative cytokines like IL-2 after initial doses
of antigen-generating therapies like tumor-targeting antibodies or even other cytokines
like IL-12. These examples, while not explicitly addressing temporal regulation through
protein engineering, highlight the importance of this key variable for designing safe and
efficacious cytokine therapies. New engineering approaches or further optimization of
current ones to control the release kinetics or bioavailability for cytokine combinations

may help unlock their potential.
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CDA45 as a cell surface anchor

In this thesis, we explore targeting cytokines to CD45 through heterofunctional fusion
proteins. Thus, understanding CD45 biology, especially as it relates to cytokine signaling,
will be crucial. Structurally, CD45 is a 180—-220 kDa transmembrane protein with two
cytoplasmic PTP domains, and a variable-length, highly glycosylated, extracellular
domain(79, 80). It is expressed at very high levels, accounting for up to 10% of all surface
area on T and B lymphocytes(87). CD45 is expressed in multiple isoforms as a result of
alternative splicing of exons 4, 5, and 6 (corresponding to A, B, and C protein domains).
Though the combinatorial possibilities are high, only six are observed at reasonable
levels: CD45RO0 (lowest molecular weight), CD45RB, CD45RAB, CD45RBC, CD45RABC
(highest molecular weight)(80, 82). This variable extracellular domain contains O-linked
glycan chains and is responsible for all the diversity across isoforms. After the variable
region, there is a cystine-rich domain, followed by three type Il fibronectin domains (fnlll)

before the transmembrane domain(80).

Because of its ubiquity and variability, human CD45 isoform regulation is dependent on
cell type, developmental stage, and activation state(83). For example, stimulation of naive
T cells will shift their expression profile from CD45RB to the shorter CD45R0O. Memory T
cells have also been shown to predominantly express CD45R0O(83, 84). This regulation
has also been described in natural killer (NK) cells, where CD45RA and CD45RO
expression correlates with high anti-tumor activity(85). While being able to potentially
target specific leukocyte populations by their distinct CD45 isoform expression is a

compelling idea, these isoform-phenotype relations have not been shown in mice.

CD45 was identified as the first transmembrane protein tyrosine phosphatase (PTP) and
was thought to exclusively serve as a regulator of T cell signaling by dephosphorylation
of Src family kinases(79). In some cases, CD45 has been reported to be a negative
regulator of cytokine receptor signaling by being a Janus Activated kinase (JAK)
phosphatase, dephospohorylating Jak1, Jak2, Jak3 and Tyk2 in vitro(82, 86). CD45’s
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natural phosphatase activity has been repurposed by the Garcia Lab at Stanford in
multiple ways: in an in vitro membrane model, they segregate CD45 receptors to impact
pMHC-TCR signaling dynamics(87), and more recently, they have developed diabodies
to enforce dephosphorylation of target proteins(88). This approach, which the authors
describe as receptor inhibition by phosphatase recruitment (RIPR), uses fusion proteins
to induce proximity between CD45 and inhibitory receptors like PD-1 to enforce basal
dephosphorylation of downstream inhibitory cascades. Though this work suggests that
signaling cascades near bound CD45 could be dampened, it’s important to note key
differences between the RIPR mechanism involving inhibitory synapse receptors and the
one described in this work involving cytokine receptors. Namely, RIPR was applied to
synapse-driven signaling like PD-1/PD-L1 and was used to modulate receptors that rely
on membrane-bound kinases. Recent work exploring the mechanics of effective agonist
signaling highlight the necessity for CD45 exclusion from the synapse(89). However,
cytokine receptors use soluble cognate ligands and rely on cytosolic kinases like JAKs.
Based on these key differences, we hypothesized that cytokine signaling could remain

functional in close proximity of CD45.

Our lab has previously explored the concept of CD45-mediated cell targeting in the
context of cytokine biomaterials (90). In this work, IL-15 “nanogels” were functionalized
with CD45 antibodies for the “backpacking” of cell therapies. CD45 was chosen as a cell
surface anchor due to its unique ability to be bound to without triggering internalization,
potentially lengthening surface half-life of tethered molecules. Upon soluble cytokine
release triggered by TCR signaling, JAK-STAT signaling was unaffected (90). Key initial
experiments in this thesis were focused on validating active cytokine signaling for CD45-
targeted cytokines. As will be described in depth later, CD45 immunocytokines as they
are described in this work do not suffer from dephosphorylation despite induced proximity

between CD45 and cytokine receptors.
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Putting it all together: Outline of thesis

To summarize, we are now almost three decades into an engineering campaign aiming
to extend the therapeutic window of cytokine therapies and ultimately harness them
effectively in the clinic. Despite many promising technologies, clinical translation of
cytokine therapies remains challenging. One engineering approach that our labs have
focused on in recent years is engineering cytokines for local retention after intratumoral
administration. We have previously leveraged this cytokine “anchoring” approach by
retention through the extra-cellular matrix (ECM)(77) or biomaterial depots(57). In this
work, we explore a third approach — cytokine anchoring directly to immune cells via
targeting of a prevalent cell-surface receptor, CD45. We hypothesized that due to CD45’s
abundant expression and slow internalization, engineering cytokines to target this large

cell surface receptor could elicit novel signaling biology.

In Chapter 2, we introduce the rationale for CD45-targeted cytokine fusions and initial
optimization work on their design and dosing scheme. This chapter focuses on in vitro
validation of these cell surface targeted cytokines, highlighting the hallmark ability of
CD45 to minimize cytokine internalization on T cells. This chapter also includes
biodistribution and dose optimization experiments that ultimately led us to the dosing
paradigm used in Chapter 3, which we refer to as aCD45-Cyt therapy. We show that
locally delivered CD45-targeted cytokines have a unique ability to be retained at the
TDLN. Finally, in the discussion, we put forward a conceptual framework for drainage of

intratumoral cytokines after local administration.

Chapter 3 builds on the optimized aCD45-Cyt therapy and focuses on evaluating its
efficacy and in vivo mechanism of action. We show that aCD45-Cyt therapy is not only
able to eradicate single tumors but also elicit substantial abscopal responses in both
MC38 and B16F10 tumors. Mechanistically, we show that efficacy is primarily driven by
CD8 T cells and batf3+ dendritic cells. To profile the CD8 response with more resolution,

we performed RNA-sequencing on TDLN tumor-specific CD8 T cells after therapy. This
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uncovered a unique gene signature triggered by aCD45-Cyt therapy that was akin to that
of an acute anti-viral response. We also profile the CD8* T cell response by flow cytometry

to confirm the transcriptomic signature.

Finally, in Chapter 4, we focus on future directions for this work, highlighting our most
recent work to further translate aCD45-Cyt therapy. We explore an all-in-one molecule to
simplify translation of the original two-part aCD45-Cyt therapy, which we validate in mice.
We also evaluate the ability of CD45-targeted cytokines to synergize with other therapies
such as alum-anchored IL-12. We discuss some ongoing work to generate a canine CD45
binder through yeast surface display for the translation of aCD45-Cyt therapy into canine

patients. Finally, we conclude with future outlooks on the engineered cytokine field.
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Figure 1.1. Summary of cytokine engineering efforts for cancer immunotherapy.

Different spatiotemporal engineering strategies aim to rescue and amplify different parts
of the cancer immunity cycle. Select examples are discussed in the text and
contextualized within the canonical anti-tumor response. The schematics are meant to be
generalizable to any cytokine but specific examples for each section are described
throughout the text. Abbreviations: CBP, collagen binding protein; cyt, cytokine; TDLN,
tumor draining lymph node; NK, Natural Killer cell; DC, Dendritic Cell.
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Figure 1.2. Cytokine fusion proteins extend half-life and can address specificity

concerns.

A, Temporal programming via half-life extension (HLE) strategies alter the
pharmacokinetic properties of cytokines to decrease their maximum serum exposure
(Cmax) and extend their half-life (t12) and area under the curve (AUC). B, Cytokines can
be fused to polymers, albumin fusions, and antibody Fc domains to accomplish half-life
extension. Fc fusions are commonly made monovalent through knob-in-hole (KiH)
mutations. C, First generation immunocytokines attempted spatial programming by
“targeting” tumors through tumor-associated antigens (TAAs); but their biodistribution
was ultimately dominated by the cytokine due to minimal solid tumor antigen in circulation.
D, Newer immunocytokines using affinity-weakened cytokines isolate productive
signaling to target cells (dictated by antibody or targeting moiety), achieving effective cell-

level spatial programming.
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Chapter 2 : CD45-targeted cytokine fusions

Parts of this chapter appear as described in Santollani et al., bioRxiv (2024).

Introduction

As described in the introduction, cytokines are a class of small proteins that serve as
modulators of immune signaling cascades. Because of their multifunctional roles in
lymphocyte migration, activation, and proliferation, cytokines have been long recognized
as promising cancer immunotherapy agents(3, 4, 7). In fact, interleukin-2 (IL-2) was the
first efficacious immunotherapy for advanced cancer, eliciting a 17% overall response
rate as a monotherapy in metastatic melanoma leading to its FDA approval in 1998(5).
Despite this clinical validation, dose-limiting toxicities and severe immune-related adverse
events significantly hinder the clinical utilization of cytokines for oncology. This can be
attributed to systemic lymphocyte activation triggered by the high doses that must be

administered to achieve meaningful tumor concentrations.

Over the last 20 years, protein engineering has emerged as a tool to address the
shortcomings of native cytokine therapies(7, 11, 12). One strategy to increase both safety
and efficacy is to engineer cytokines for local delivery and retention within tumors and/or
tumor-draining lymph nodes (TDLNs). We and others have previously demonstrated that
potent cytokines and other immune agonists that exhibit high levels of toxicity when
administered systemically can safely and effectively drive anti-tumor immunity when
administered intratumorally (i.t.) to accessible lesions, by “anchoring” these drugs to
intratumoral collagen, or to injected materials such as liposomes or alum patrticles(77, 18,
20, 57, 58, 67, 91). These approaches are enabled by modern interventional radiology
methods that make intratumoral administration feasible in virtually any type of cancer(971—
93).

In this chapter, we introduce a localized immunotherapy strategy targeting cytokines to

the universal leukocyte receptor CD45. We have previously shown that antibodies against
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the ubiquitous leukocyte surface receptor CD45 bind to the surface of T cells and other
lymphocytes without triggering internalization(94, 95). Analogous to recent reports of the
altered biology achieved when IL-2 is targeted to lymphocytes via anti-PD-1(43), we
hypothesized that cell surface-displayed cytokines using CD45 targeting might exhibit

new biological effects relative to the native forms of these cytokines.

We begin the chapter by highlighting the development of CD45-targeted
immunocytokines. Through a variety of in vitro assays, we show that the immunocytokine
formats we developed can simultaneously bind both CD45 and cognate receptor, eliciting
novel internalization and signaling biology. We characterize the ability of CD45
immunocytokines to remain on the cell-surface, thus lengthening their signaling
timescale. Through co-culture assays, we also demonstrate the ability of cells decorated
with CD45-targeted cytokines to signal in both cis and trans. From there, we test CD45-
targeted cytokines in initial in vivo studies aimed at understanding their biodistribution and
tolerable doses. Throughout the chapter we apply the strategy to both IL-15 and IL-12
fusions. Ultimately, optimizing dose level, tissue localization, and timing results in a highly
efficacious and non-toxic cytokine therapy capable which we refer to as aCD45-Cyt

therapy. The mechanism of the therapy is detailed in Chapter 3.
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Results

Engineering CD45 immunocytokines

To develop CD45 targeted cytokines, we employed an immunocytokine approach where
we fused cytokines to an anti-CD45 antibody. Using a publicly available sequence for an
anti-CD45 clone, 30-F11, we grafted the variable regions onto a mouse IgG2c backbone
with effector-attenuating mutations (hereafter, aCD45). We also synthesized a non-
targeted size-matched control immunocytokine using an irrelevant fluorescein-specific
antibody (clone: 4-4-20, hereafter IgG). Using ELISA, we confirmed binding of aCD45 to
plate-bound recombinant mouse CD45 as well as validated IgG as a proper control
antibody (Fig 2.1A). We next profiled binding to cell-surface CD45 using a T cell derived
cell line in a competition flow cytometry experiment. The recombinantly produced mouse
lgG2c aCD45 antibody was competed off by a commercially available antibody of the

same clone, confirming cell surface CD45 binding (Fig 2.1B).

With validated binding and relevant controls, we designed and built initial antibody-
cytokine fusions using the aCD45 and IgG antibody scaffolds. We first generated aCD45
or IgG immunocytokine fusions with IL-15 as a testbed payload. A murine superagonist
IL-15 (IL-15 linked to a domain of its a receptor chain, IL-15Rasushi) was fused to the C
terminus of a murine IgG2c isotype heavy chain carrying LALA-PG effector attenuating
mutations (hereafter, aCD45-IL15 or IgG-IL15) (Fig. 2.2A-B)(23). We verified that
recombinantly expressed aCD45-IL15 was able to bind plate-bound CD45 and both
immunocytokines triggered proliferation of IL-15 receptor-expressing reporter cells (Fig
2.2C-D).

As described in the introduction to this chapter, CD45 can be bound to without triggering
internalization. On the contrary, cytokine receptors tend to be rapidly internalized. Thus,
we wanted to profile how binding CD45 would affect cytokine receptor mediated
internalization. Using dye-labeled constructs and fluorescence quenching, we assessed

the binding and internalization behavior of these IL-15 immunocytokines incubated with
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activated primary CD8* T cells. Control I1gG-IL15 fusions bound to the cells and were
rapidly internalized, while aCD45-IL15 had a cell-surface half-life of 24 hours, suggesting
that CD45 binding can maintain cytokines on the cell surface irrespective of the rapid
internalization typical for the native cytokine (Fig 2.3 A-B). CD45-targeted IL-15 bound to
T cells at far higher levels than IgG-IL15, suggesting that CD45 increases the

immunocytokine target receptor pool due to its high expression level (Fig 2.3 C).

To evaluate whether this extended surface retention altered cytokine activity, we pulsed
primary CD8* T cells with IL-15 immunocytokines for 1 hr, then washed to remove
unbound cytokine and evaluated downstream signaling over time. Strikingly, T cells briefly
pulsed with aCD45-1L15 exhibited robust pSTAT5 and CD25 expression levels 24 hours
later that were almost as high as cells incubated continuously in IL-15 (Fig. 2.4). By
contrast, these markers of IL-15 signaling had all returned to near baseline by this
timepoint for cells pulsed with non-targeted IgG-IL15 (Fig. 2.4). We next tested whether
CD45-anchored cytokines could signal to neighboring cells in trans. CFSE-labeled CD8*
T cells were pre-loaded with AlexaFluor-labeled aCD45-IL15 by pulsing for 1 hour with
the construct, then washed and mixed with non-loaded CFSE- “bystander” CD8* T cells
for an additional hour. The presence of just 1 pre-loaded T cell per 20 total cells led to
pSTATS5 induction in a majority of both the preloaded and bystander cultures, though at
a higher level in the former (Fig 2.5A-C). Signaling to bystander cells occurred with
minimal detectable transfer of the labeled cytokine fusion to the bystander cells,
suggesting prominent in trans signaling of the cytokine from pre-loaded to bystander T
cells (Fig 2.5A-C). By contrast, non-targeted IgG-IL15 led to robust pSTAT5 signal in the
preloaded population but failed to stimulate any bystander cells, likely due to its rapid
internalization (Fig 2.5A-C). It’s been hypothesized that inducing proximity between a
membrane-associated phosphatase like CD45 and a cytokine receptor could hinder
downstream signaling. Thus, we aimed to further confirm cis signaling through co-culture
experiments with CD45IL15R- cells. Using an identical experimental set-up to the
preloaded/bystander experiment, preloaded CD8* T cells were serially diluted into HEK

bystanders (as CD45IL15R- cells) to increase the average distance between preloaded
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cells. We confirmed pSTATS5 induction was unaffected by increasing dilution, as seen by
steady percentage and MFI, confirming cis signaling by IL15 immunocytokines (Fig 2.5D-
E).

To determine if cell surface retention and prolonged signaling was a general phenomenon
for aCD45-cytokine fusions, we also generated aCD45-IL12, a fusion of a single chain
IL12p70 with aCD45. This IL-12 immunocytokine was able to bind CD45 with no loss of
cytokine bioactivity and led to increased surface retention as well as extended signaling,
as measured by prolonged pSTAT4 levels (Fig 2.6A-E). To probe whether CD45 surface
retention is a mouse-specific phenomenon, we performed internalization assays with
human CD8* T cells and an anti-human CD45 antibody, and found, similar to the murine

antibody, prolonged cell surface retention with a half of life of over 5 days (Fig 2.7).

Profiling the biodistribution of aCD45-cytokine fusions after local administration

We next assessed the in vivo biodistribution of these fusion proteins following intratumoral
administration, reasoning that binding to leukocytes in the tumor and TDLN could allow
for strong local immune stimulation without the toxicity observed with systemic cytokine
administration. AlexaFluor-labeled IL-15 immunocytokines were injected into established
MC38 flank tumors, and association of the constructs on cells in the tumor, TDLNs, and
distribution into the blood 24 hours later was assessed by flow cytometry, microscopy,
and fluorescence measurements (Fig. 2.8A). Injection of 10 pg aCD45-1L15 led to robust
labeling of a majority of all CD45* cells in the tumor (Fig. 2.8B-D). By contrast, the non-
targeted control cytokine only showed association with ~40% of intratumoral CD45+ cells,
and at much lower MFI levels than the aCD45 fusion (Fig. 2.8B-D). aCD45-IL15 bound
effectively to all common intratumoral immune subsets while IgG-IL15 mostly associated
with Natural Killer (NK) cells as the dominant target, likely due to high IL2RBY expression
by NK cells (Fig 2.9A). Confocal microscopy confirmed these results, showing broad
distribution of aCD45-IL15 throughout the tumor (Fig. 2.8E). IgG-IL15 exposure was

sparse and isolated to narrow sections of the tumor (Fig. 2.8E). This dose also led to
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labeling of ~75% of CD45+ cells in the TDLN by aCD45-1L15, whereas IgG-IL15 labeling
was not statistically significant relative to untreated controls (Fig. 2.8F, Fig. 2.9B).
Microscopy imaging revealed efficient drainage of labeled aCD45-IL15 throughout the
TDLN and was readily apparent on CD8* T cells (Fig. 2.8G, Fig. 2.9C). Profiling of
cytokine uptake by immune cell subsets in the TDLN again revealed NK cells as the only
cellular subset with substantial uptake of IgG-IL15, while aCD45-IL15 was bound to T
cells, B cells, macrophages and dendritic cells (Fig. 2.9D). Importantly, at this dose, no
free aCD45-IL15 was detected in the serum and there was minimal association with
peripheral blood mononuclear cells (PBMCs), while non-targeted IgG-IL15 was found
accumulating in the blood (Fig. 2.8H, Fig. 2.9E). Intratumoral administration was required
for simultaneous tumor and lymph node labeling, as peritumorally delivered aCD45-IL15
efficiently labeled the TDLN but failed to meaningfully accumulate in the tumor (Fig. 2.9F).
Thus, CD45 targeting increased localization of the cytokine on immune cells in both
tumors and TDLNs, while avoiding systemic exposure when doses were selected to not

exceed the binding capacity of leukocyte surface CD45 in the tumor and TDLN.

To further understand the capacity of certain tissues for CD45 retention, we ran a small
biodistribution experiment at a lower dose (1 pg) that we hypothesized would be high
enough to coat the tumor, but not the TDLN. Mice bearing MC38 tumors were treated
with 1 pg of AF647-labeled IL-15 immunocytokine for biodistribution analysis 24 hours
later (Figure 2.11). For aCD45-IL15, this dose was enough to saturate CD8* T cells in
the tumor while sparing the node and PBMCs. IgG-IL15 did not meaningfully accumulate
in any tissues at this dose. Ultimately, these experiments served as references for

understanding the CD45 capacity of a given tissue.
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Optimizing therapeutic dosing schedule of CD45-targeted cytokines

Given this “goldilocks” biodistribution, we next sought to apply CD45 immunocytokines
therapeutically. Motivated by dosing regimens presented in our previous collagen-binding
work, we began by dosing IL-15 immunocytokines in combination with IL-12
immunocytokines every 6 days. We initially tested the efficacy of CD45 immunocytokines
in syngeneic MC38 tumors, known for being checkpoint blockade responsive. Two doses
of 10 pg of IL-15 and 2 ug of IL-12 led to complete responses in established MC38 tumors
that were 30-35 mm? in size regardless of retention strategy (Fig 2.12). As we
subsequently lowered the dose 10- or 100-fold, CD45-targeted cytokines retained their
efficacy while IgG control cytokines lost their ability to control MC38 tumors (Fig 2.12). All
survivors rejected a secondary re-challenged at d100 with 0.1M tumor cells in the

opposite flank (Fig 2.12).

To understand if both doses were necessary, we next assessed the ability of a single
medium dose (1 ug of IL-15 and 0.2 ug of IL-12) to elicit anti-tumor control in the same
MC38 model (Fig 2.13). We found that this single-shot regimen was elicited complete
responses in a majority of mice only when the cytokines were anchored to CD45. IgG

control cytokines were only able to cure 20% of mice in this setting (Fig 2.13).

To further profile this combination therapy, we next wanted to understand the safety
benefits of CD45 retention. Oftentimes, combination therapies are additive in both efficacy
and toxicity(17, 20, 57). To probe this, we treated MC38-bearing mice with a higher dose
of an IL-15 and IL-12 immunocytokine regimen that we hypothesized could be toxic (Fig
2.14). In this setting, 20 pg of unanchored IgG-IL15 in combination with 4 pg of
unanchored IgG-IL12 led to stark weight loss, with 100% of mice having to be euthanized
due to toxicity-related weight loss or poor body condition. In comparison, mice treated
with the combination of aCD45-IL15 and aCD45-IL12 only suffered mild, transient weight
loss. Additional studies confirmed this, where increasing the IL-12 dose from 4pug to 8ug

worsened the toxicity profile even in the aCD45 treatment group (Fig 2.15). These initial
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biodistribution and efficacy studies suggest a dose-dependent retention model for CD45-

targeted proteins that is governed by the CD45 capacity of a given tissue.

To validate the ability of CD45-targeted cytokines to work in multiple tumors, we next
evaluated the anti-tumor effects of this combination therapy in the B16F10 melanoma
model. In comparison to MC38, B16F10 has far less immune infiltration and is
unresponsive to immune checkpoint blockade. In an initial study, we treated d7 B16F10
tumors with a combination of 10 pg of IL-15 and 2 pg of IL-12 followed 7 days later by a
second dose of 10 ug of IL-15 (Fig 2.16). In the more challenging B16F10 model, CD45-
targeted cytokines elicited strong anti-tumor control leading to 80% complete response
rate. IgG control cytokines were only able to delay tumor growth but did not lead to any
long-term cures (Fig 2.16). However, at these doses, both aCD45 and IgG-targeted
cytokines triggered toxicity-related weight loss. We hypothesized that due to B16F10’s
lower immune infiltrate, the “capacity” for CD45-targeted cytokines may be lower than in
MC38 or more immune rich tumors. To test this, we once again lowered the dose to see
if efficacy could be retained while minimizing toxicity. Mice bearing B16F10 tumors were
treated on d7 and d14 with 5 pg of IL-15 and 1 ug of IL-12 cytokine, half of the dose that
triggered toxicity in previous experiments (Fig 2.17). At this lower dose, mice treated with
CD45-targeted cytokines did not elicit any weight loss while the mice treated with control
cytokine displayed the same weight loss as had been seen previously. Efficacy remained
at 80% complete response rate for the CD45-targeted group. Finally, we lowered the dose
even further, to a dose-sparing regimen of 1ug of IL-15 immunocytokine and 0.2ug of IL-
12 immunocytokine on d7 and d14 (Fig 2.18). At these lower doses, the control cytokines
elicited no long-term survivors. CD45-targeted IL-15 + IL-12 still displayed stark anti-
tumor control, curing 60% of mice in this study. This set of dose de-escalation studies in
both MC38 and B16F10 demonstrate the ability of CD45 anchoring for cytokines to

potently trigger efficacy even at low doses.
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Developing a sequential CD45-targeted cytokine regimen

Because of the toxicity triggered by the combination therapy, we evaluated whether
CD45-targeted cytokines could still be effective when dosed sequentially. To inform the
spacing between two sequential doses, we aimed to understand the kinetics of CD45
turnover in vivo. We labeled IL-15 immunocytokines with different fluorophores, AF488
and AF647, and dosed these at 24 or 72 hour intervals, followed by flow cytometry
analysis 24 hours after the last dose (Fig 2.19A-B). Interestingly, mice that were dosed
with IL-15 24 hours apart displayed robust co-labeling of both fluorophores, suggesting
meaningful CD45 turnover within a day (Fig 2.19A). When doses were spaced 72 hours,
there was no presence of the initial dose and cells were entirely labeled by the most
recent dose (Fig 2.19A). Overall, these turnover rates indicate faster in vivo receptor
kinetics than is reported in in vitro experiments. As expected, IgG-IL15 fusions were not

retained on cells at any time point (Fig 2.19A-B).

Taking biodistribution and kinetic experiments into account, we developed a finalized
treatment regimen, which is referred to as aCD45-Cyt or IgG-Cyt therapy hereafter, that
incorporates a single low dose of IL-12 immunocytokine that is isolated to the tumor
followed a few days later by a higher dose of IL-15 immunocytokine that can reach the
TDLN. Based on previous data, intratumoral IL-12 is highly effective at generating antigen
and increasing presentation by APCs (57). Thus, dosing the IL-15 sequentially at a higher
dose could help amplify newly primed CD8 T cells in the TDLN. In MC38 tumor bearing
mice, this sequential aCD45-Cyt therapy was able to elicit 100% complete response rate
while control IgG-Cyt therapy only led to 20% durable cures (Fig. 2.20A). While both
cytokine therapies led to short-term tumor control, only aCD45-Cyt therapy was able to
provide long-term control as seen by growth curves (Fig. 2.20B). In this sequential
paradigm, neither treatment elicited weight loss (Fig. 2.20C). All surviving mice
additionally rejected a secondary rechallenge 100 days after the initial inoculation,
suggesting robust immune memory (Fig. 2.20D). In the following chapter, we further

explore the efficacy and mechanism of aCD45-Cyt therapy.

43



Discussion

Redirecting cytokine signaling through immunocytokine fusions has been pursued
extensively over the past decades. While most of those approaches solely aim to
redirect specificity to a certain tissue, for example by TAA-targeting fusions, recent data
suggests that targeting cytokines and other agonists to immune cells can elicit unique
biology by engaging multiple cell-surface receptors. In this way, leukocyte targeted
immunocytokines can alter not only biodistribution but also native cytokine signaling. In
this chapter, we explore the development and optimization aCD45-cytokine fusions. The
motivation for CD45 targeting of cytokines stems from 2 key properties of this universal
leukocyte receptor. Primarily, CD45 displays a uniquely slow internalization rate, even
upon binding. Previous work from the Irvine Lab suggested that minimizing cytokine
internalization rate could extend downstream signaling (90); thus, we hypothesized that
targeting cytokines to CD45 as a cell-surface “anchor” could enhance native signaling
timescales. Second, CD45 is highly prevalent on the immune cell surface allowing for

an increased target pool over that of the cytokine receptor alone.

To develop aCD45-cytokine fusions, we repurposed a publicly available pan-CD45
antibody clone (30-F11) and grafted its variable sequences onto a mouse IgG2c
backbone with attenuated Fc effector function. Using IL-15/IL-15R as a prototypical
payload, we generated an aCD45-IL15 fusion to probe the functionality and biology of
these immunocytokines. Size-matched control IgG immunocytokines were also
generated to match valency and molecular weight. Strikingly, aCD45-IL15 displayed a
much longer surface half-life over the untargeted IgG-IL15 fusion as measured by
fluorescence quenching experiments. This diminished internalization rate also led to
extended and continuous pSTATS5 signaling over 24 hours. As will be discussed in more
detail in Chapter 3, constitutive STAT5 signaling has been shown to antagonize
exhaustion programs in T cells. Thus, our CD45-targeted IL-15 fusions may be able to

elicit this effect therapeutically.
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CD45-targeted IL-15 was shown to signal effectively in cis and trans, both of which have
interesting implications. Likely due to the far larger pool of surface CD45 than IL-15R,
cell-surface displayed IL-15 is able to effectively signal in trans to nearby cells, amplifying
the signaling cascade. Despite this being how IL-15 naturally signals, the ability for a
single “loaded” T cell to present IL-15 to neighboring cells may explain the profound
efficacy described toward the end of this chapter and at length in Chapter 3.
Demonstrating effective cis-signaling for CD45-targeted cytokines is also important to
understand how inducing proximity between a phosphatase like CD45 and a cytokine
receptor can impact relevant downstream JAK-STAT phosphorylation and signaling.
Thus, although CD45’s phosphatase properties have been previously employed to
deactivate nearby tethered receptors(88), CD45-targeted antibody-cytokine fusions as
designed here exhibit sustained and potent signaling. We believe this can be explained
through two key differences between our system and others where CD45 proximity has
been shown to hamper signaling(88, 89). The first is that cytokines are soluble ligands for
their cognate receptors as opposed to other immune regulatory receptors that signal
through cell-cell synapses, such as PD-1 and CD40. In native cytokine signaling, CD45
is not sterically excluded, suggesting that inducing proximity between a cytokine receptor
and CD45 may not affect signaling as in other cases where a synapse is formed.
Secondly, one of the key kinases that triggers downstream cytokine signaling, JAK, is
cytosolic and not membrane bound. Once again, other receptors where CD45 proximity
has been shown to induce dephosphorylation rely on membrane associated kinases.
Altogether, CD45-targeted cytokines as generated and tested in this work signal

effectively and modulate downstream signaling by slowing internalization.

We also demonstrate broader applicability of CD45-targeting for cytokines by applying
the same approach to IL-12, another immunostimulatory cytokine. aCD45-IL12 fusions
similarly displayed longer surface retention and extended pSTAT4 signaling. To validate
the translational aspect of this approach, we also show slow internalization of human
CD45. We are actively making a fully human aCD45-IL15 (sequence in Table) and plan

to test it on human CD8+ T cells to confirm consistent behavior with murine counterparts.
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The in vitro assays in this chapter provide a framework for evaluating novel aCD45
fusions. Our current results suggest that this approach can be applied quite broadly
across mouse and human for any immune agonist that does not require a synapse for
native signaling. Key experiments to validate novel aCD45-agonist fusions include
biofunctional assays such as proliferation or pSTAT readouts, internalization assays that
demonstrate extended surface half-life, and pulse-chase experiments to probe signaling

timescales.

Because of CD45’s ubiquity, we explored these targeted immunocytokines in the context
of local intratumoral administration. Flow cytometry based biodistribution experiments
using fluorescent aCD45-cytokine proteins revealed a dose-dependent spatial model that
was governed by the CD45 capacity of a given tissue. For these ~200 kDa fusion proteins,
we found that ~1ug was enough to coat the tumor without reaching the TDLN and ~10pug
was enough to saturate the tumor and the TDLN while sparing circulation. We didn’t
evaluate higher doses, but it’s likely that >10uug doses would begin to saturate the PBMC
compartment and likely stimulate bystander immune cells. This ability to dictate
compartment-specific doses that include the TDLN is unique to CD45-based retention

and is not seen with ECM-targeting or biomaterials retention.

To leverage CD45 retention therapeutically, we explored a variety of combination cytokine
regimens that included IL-15 and IL-12 immunocytokines. These therapies were
motivated by previous studies from our lab showing the highly synergistic effect of these
cytokines in combination as well as the need to localize them to on-target tissues to
prevent toxicity. CD45-targeted IL15 and IL12 in combination were shown to maintain
their efficacy at very low doses in both MC38 and B16F10 models, far outperforming
equivalent doses of size-matched untargeted IgG control cytokines. As has been reported
with other localization strategies, CD45 retention of toxic cytokine combinations was
shown to ablate toxicity-related weight loss. Finally, in this chapter, we present the final
treatment regimen, referred to as aCD45-Cyt therapy, that we dissect in detail in Chapter
3.
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Figure 2.1. aCD45 clone 30-F11 binds plate-bound and cell surface mouse CD45

as a milgG2c fusion.

A, ELISA absorbance measurement of aCD45 and IgG binding to plate-bound mouse
CD45. B, Primary CD8* T cells were stained with in-house recombinantly produced
aCD45 labeled with AF488 and in the presence of 10-fold molar excess of commercially
purchased aCD45 of the same clone. Shown is representative AF488 signal. Data are

mean =+ s.d. from n = 3 biological replicates.
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Figure 2.2. IL15 immunocytokines can be recombinantly expressed and are
bioactive.

A, Schematic of IL-15 immunocytokine. B, SDS-PAGE of IL15 immunocytokines. C,
ELISA absorbance measurement of aCD45-IL15 and IgG-IL15 binding to plate-bound

mouse CD45. D, Luminescence measurement of CTLL-2 cell proliferation following 48 hr
incubation with 1IgG-IL15 or aCD45-IL15 at indicated concentrations. Data are mean +

s.d. from n = 3 biological replicates
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Figure 2.3. CD45 immunocytokines are retained on the cell surface.

A, Internalization kinetics of IgG-IL15 or aCD45-IL15 labeled with AF488 following binding
to primary activated CD8* T cells (n = 3 biological replicates per time point.
Representative of n = 3 independent experiments). B, Derivation of internalization rate
and half-life for aCD45-IL15 (left) and IgG-IL15 (right) on primary CD8 T cells. Surface
signal was calculated by fluorescence quenching with an aAF488 antibody. C, AF488
signal of CD8* T cells (n = 3 biological replicates) stained for 25 minutes with AF488-

labeled aCD45-IL15 or IgG-IL15 for internalization experiment. Unstained background
signal was subtracted for analysis.
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Figure 2.4. CD45 immunocytokines display extended signaling.

A, Primary CD8 T cells were pulsed for 1 hour with IL-15 immunocytokine fusions. Cells
were washed to remove unbound cytokine, and 24 hours later fixed, permeabilized, and
stained for flow cytometry analysis of pSTAT5 and CD25. Data are mean +s.d. from n =

3 biological replicates. P values were determined by one-way ANOVA followed by

Tukey’s multiple comparison test.
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Figure 2.5. CD45 immunocytokines signal in cis and trans.

A-C, Primary CD8+ T cells were labeled with CFSE and incubated with AF647-labeled
IL-15 immunocytokine fusions for 1 hr (“preloaded”), washed, and mixed into non-labeled
“bystander” cells for 1 hr at a 1:20 preloaded: bystander ratio. Cells were then fixed,
permeabilized, and stained for flow cytometry analysis of pSTAT5, shown in A. Bystander
cells were defined as CFSE-AF647-. B, Representative pSTATS staining (n = 3) for the
experimental set-up described in A. C, AF647 MFI signal of cells incubated with aCD45-
IL15 (preloaded) and mixed with bystander cells. D-E, Primary CD8+ T cells were
incubated with AF647-labeled aCD45-IL15 for 1 hr, washed, and diluted into HEK cells
as CD45-IL15R- bystanders at the described dilution factors. Shown are pSTAT%+ (D)
and pSTAT5 MFI (E). Data are mean + s.d. from n = 3 biological replicates. P values were

determined by one-way or two-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 2.6. CD45-IL12 immunocytokines are retained on the cell surface and

display extended signaling.

A, SDS-PAGE of IL12 immunocytokines. B, ELISA absorbance measurement of aCD45-
IL12 and 1gG-IL12 binding to plate-bound mouse CD45. C, Absorbance measurement of
HEK-Blue-IL12 cells following 24 hr incubation with IgG-IL12 or aCD45-1L12 at indicated
concentrations. D, Internalization kinetics of IgG-IL12 or aCD45-1L12 labeled with AF488
following binding to primary activated CD8* T cells. Surface signal was calculated by
fluorescence quenching with an aAF488 antibody; E, Primary CD8* T cells were pulsed
for with IL-12 immunocytokine fusions for 20 minutes. Cells were washed to remove
unbound cytokine, and 24 hours later fixed, permeabilized, and stained for flow cytometry
analysis of pSTAT4. In B-E, data are mean + s.d. from n = 3 biological replicates. P values

were determined by one-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 2.7. Human CD45 can be bound to without triggering internalization.

A, Derivation of internalization rate (left) and internalization kinetics (right) of primary
human CD8+ T cells incubated with anti-human CD45 labeled with AF488 for stated time
points. Surface signal was calculated by fluorescence quenching with an aAF488

antibody. Data are mean + s.d. from n = 3 biological replicates.
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Figure 2.8. Intratumorally administered aCD45- IL15 is retained in the tumor and

TDLN with negligible systemic exposure.

C57BL/6J mice (n = 4 mice/group) were inoculated with 1M MC38 (B-D, F, H) or MC38-
ZsGreen (E, G) cells in the flank, and 10 days later administered AF647-labeled aCD45-
IL15 or IgG-IL15 (10pg) intratumorally, followed by analysis of cytokine biodistribution 24
hr later. For microscopy experiments, MC38-ZsGreen tumors were used for easy
detection of tumor cells. A, Study diagram. B, Representative histograms of antibody-
cytokine fusion binding to CD45* tumor-infiltrating leukocytes. C, Frequencies of AF647+
tumor-infiltrating leukocytes. D, AF647 MFI on TILs. E, Representative confocal images
of tumors. Scale bar, 200um . F, AF647 labeling on TDLN immune cells. G,
Representative histological images of TDLN. Scale bar, 100 um. H, Serum concentrations
of dosed immunocytokines based on fluorescence spectroscopy measurements. nd = not
detected. Shown are mean = s.d. from n = 4 replicates/group. P values were determined

by one-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 2.9. aCD45-IL15 displays altered biodistribution compared to 1gG-IL15.

A-D, AF647-labeled aCD45-IL15 or IgG-IL15 was dosed (10ug) intratumorally in
established MC38 tumors 24 hours prior to flow cytometry analysis (n = 4 mice/group).
Shown are A, Tumor cell-type specific biodistribution by percentage (left) or MFI (right).
B, Representative contour plot of AF647 signal on TDLN CD45+ cells. C, Representative
TDLN images from the experiment described in Fig. 2a. Scale bar, 200 yum. D, TDLN cell-
type specific biodistribution by percentage (left) or MFI (right). E, Compartment specific
biodistribution by MFI (left) or percentage (right). F, AF647-labeled aCD45-IL15 was
dosed (10pg) peritumorally (s.c. at the tail-base) 24 hours prior to flow cytometry analysis
(n =4 mice/group). In A,C,E and F, data are mean +/- s.d. from n = 4 biological replicates.
P values were determined by t-test, one-way, or two-way ANOVA followed by Tukey’s

multiple comparison test.

56



Singlet g

1 Singlet

Singlet

-\

CD45.2
NK1.1

MHCII+

ol
— g2
O

MHCII

D8’

D24

FSC-A

F4/80+CD24-(Mac)

F4/80

Leukocyte Profile:
CD45.2 - BUV395
L/D Zombie UV

CD4-BUV563
CD8-BUV737
NK1.1-BV421
Ly6C-BV605
F4/80-BV711
CD19-BV785
C8Da-AF488
CD11b-PE
CD24-PE-Cy7

MHCII-APC-Cy7

Figure 2.10. Leukocyte profiling gating strategy used in biodistribution

experiments.
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Figure 2.11. 1ug of aCD45-IL15 saturates intratumoral CD8+ T cells but spares the
TDLN.

C57BL/6 mice were inoculated with 1M MC38 cells. On days 9, mice were treated with
1ug of AF647-labeled IL-15 immunocytokine. 24 hours later, AF647 signal on CD8* T
cells was profiled by flow cytometry in various tissues. Data are mean +/- s.d. fromn =3
biological replicates. P values were determined by two-way ANOVA followed by Tukey’s

multiple comparison test.
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Figure 2.12. CD45-targeted IL-15 + IL-12 elicit efficacy in dose sparing regimens.

C57BL/6 mice were inoculated with 1M MC38 cells. On days 8 and 14, mice were treated
with the specified doses of IgG or aCD45 immunocytokines. For each dose, shown are

(left) tumor growth curves and (right) survival curves.
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Figure 2.13. A single dose of aCD45-IL15 + aCD45-IL12 can cure MC38 tumors

C57BL/6 mice were inoculated with 1M MC38 cells. On day 8, mice were treated with the
specified doses of IgG or aCD45 immunocytokines. Shown are (top) grouped tumor

growth curves, (middle) individual tumor curves, and (bottom) survival curves.
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Figure 2.14. CD45 targeting retains proteins at the site of injection and minimizes

toxicity for combination cytokine therapies.

C57BL/6 mice (n = 5) were inoculated with 1M MC38 tumors and treated as described in
the figure with 20ug of IL-15 immunocytokine and 4pg of IL-12 immunocytokine. Shown
is relative weight to pre-treatment. Vertical dashed lines indicate treatment. x on plot

indicates euthanasia due to weight loss or poor body condition (BC).
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Figure 2.15. Local administration of CD45-retained cytokines can improve toxicity

profiles.

C57BL/6 mice (n = 5) were inoculated with 1M MC38 tumors and treated as described in
the figure with 20ug of IL-15 immunocytokine and 8ug of IL-12 immunocytokine. Shown

is relative weight to pre-treatment. Vertical dashed lines indicate treatment.
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Figure 2.16. CD45-targeted cytokines are effective in B16F10.

C57BL/6 mice (n = 5) were inoculated with 1M B16F10 tumors and treated as described
in the figure with 10ug of IL-15 immunocytokine and 2ug of IL-12 immunocytokine on d7
and 10pg of IL-15 immunocytokine on d14.
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Figure 2.17. CD45-targeted IL-15 and IL-12 maintain efficacy at lower doses.

C57BL/6 mice (n = 5) were inoculated with 1M B16F10 tumors and treated as described
in the figure with 5ug of IL-15 immunocytokine and 1ug of IL-12 immunocytokine on d7

and di4.
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Figure 2.18.CD45-targeted IL-15 and IL-12 maintain efficacy at dose-sparing

regimens.

C57BL/6 mice (n = 5) were inoculated with 1M B16F10 tumors and treated as described
in the figure with 1ug of IL-15 immunocytokine and 0.2ug of IL-12 immunocytokine on d7
and d14.
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Figure 2.19. CD45 kinetic turnover in vivo.

A-B, C57BL/6 mice (n
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= 3) were inoculated with 1M MC38 tumors and treated as

described in the figure with 1ug of IL-15 immunocytokine that was fluorescently labeled

with AF488 or AF647. Cells were analyzed for fluorescence by flow cytometry 24 hours

after the last dose. Cells were gated on live CD3+CD8+ for analysis. Data are mean +/-

s.d. from n = 3 biological replicates. P values were determined by two-way ANOVA

followed by Tukey’s multiple comparison test.
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Figure 2.20. aCD45-Cyt therapy is safe and efficacious in MC38 tumors.

A-C, Mice (n = 5/group) inoculated with 1M tumor cells and treated with 1 ug of aCD45-
IL12 and 10ug of aCD45-1L15 (referred to as aCD45-Cyt) or treated with 1 ug of IgG-IL12
and 10ug of IgG-IL15 (referred to as IgG-Cyt) as shown on the experimental timelines.
A, Overall survival. Statistical comparison shown between IgG-Cyt and aCD45-Cyt
groups. B, Grouped tumor growth curves. C, Weight change after beginning treatment.
D, Surviving mice were rechallenged on d100 with 0.1M MC38 cells on the opposing flank
to the primary challenge. P values were determined by log-rank (Mantel-Cox) test. For all

plots, arrows indicate treatment.
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Tables

Table 2.1. Amino acid sequences of various mouse aCD45-cytokine fusions.

Key: VH, VL, linker, constant region, cytokine

aCD45 (30-F11) Vn

QVQLLQSGGGLVQPGRSLKLSCLASGFIFSNYGMNWI
RQAPGKGLEWVASISSTSSYIQYADTVKGRFTISRENA
KNTLYLQMTSLISEDTALYYCARHGGYGYKGIWFAYW
GQGTLVTVSS

aCD45 (30-F11) Vi

DIQLTQSPKSMSMSVGERVTLTCKASENVVTYVSWY
QQKPEQSPKLLIYGASNRYTGVPDRFTGSGSATDFTL
TISSVQAEDLADYHCGQGYSYPYTFGGGTKLEIK

IgG (4-4-20) Vx

DVKLDETGGGLVQPGRPMKLSCVASGFTFSDYWMN
WVRQSPEKGLEWVAQIRNKPYNYETYYSDSVKGRFT
ISRDDSKSSVYLQMNNLRVEDMGIYYCTGSYYGMDY
WGQGTSVTVS

IgG (4-4-20) Vi

DVVMTQTPLSLPVSLGDQASISCRSSQSLVHSNGNT
YLRWYLQKPGQSPKVLIYKVSNRFSGVPDRFSGSGS
GTDFTLKISRVEAEDLGVYFCSQSTHVPWTFGGGTK
LEIK

aCD45-1L15 Light
Chain (mCk)

DIQLTQSPKSMSMSVGERVTLTCKASENVVTYVSWY
QQKPEQSPKLLIYGASNRYTGVPDRFTGSGSATDFTL
TISSVQAEDLADYHCGQGYSYPYTFGGGTKLEIK RAD
AAPTVSIFPPSSEQLTSGGASVVCFLNNFYPKDINVKW
KIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDE
YERHNSYTCEATHKTSTSPIVKSFNRNEC

aCDA45-IL15 Heavy
Chain (mlgG2c LALA-
PG)

QVQLLQSGGGLVQPGRSLKLSCLASGFIFSNYGMNWIR
QAPGKGLEWVASISSTSSYIQYADTVKGRFTISRENAKN
TLYLQMTSLISEDTALYYCARHGGYGYKGIWFAYWGQG
TLVTVSS AKTTAPSVYPLAPVCGGTTGSSVTLGCLVKGY
FPEPVTLTWNSGSLSSGVHTFPALLQSGLYTLSSSVTVT
SNTWPSQTITCNVAHPASSTKVDKKIEPRVPITQNPCPP
LKECPPCAAPDAAGGPSVFIFPPKIKDVLMISLSPMVTCV
VVDVSEDDPDVQISWFVNNVEVHTAQTQTHREDYNSTL
RVVSALPIQHQDWMSGKEFKCKVNNRALGSPIEKTISKP
RGPVRAPQVYVLPPPAEEMTKKEFSLTCMITGFLPAEIA
VDWTSNGRTEQNYKNTATVLDSDGSYFMYSKLRVQKS
TWERGSLFACSVVHEGLHNHLTTKTISRSLGK GGGGS
GTTCPPPVSIEHADIRVKNYSVNSRERYVCNSGFKRKAGT
STLIECVINKNTNVAHWTTPSLKCIRDPSLAGGSGGSGG
SGGSGGSGGSGGNWIDVRYDLEKIESLIQSIHIDTTLYTD
SDFHPSCKVTAMNCFLLELQVILHEYSNMTLNETVRNVL
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YLANSTLSSNKNVAESGCKECEELEEKTFTEFLQSFIRIVQ

MFINTS
lgG-IL15 Light Chain | DVVMTQTPLSLPVSLGDQASISCRSSQSLVHSNG
(mCk) NTYLRWYLQKPGQSPKVLIYKVSNRFSGVPDRFS

GSGSGTDFTLKISRVEAEDLGVYFCSQSTHVPWT

FGGGTKLEIK RADAAPTVSIFPPSSEQLTSGGASV
VCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQ
DSKDSTYSMSSTLTLTKDEYERHNSYTCEATHKTS
TSPIVKSFNRNEC

lgG-IL15 Heavy Chain | DVKLDETGGGLVQPGRPMKLSCVASGFTFSDYWMN
(mlgG2c LALA-PG) WVRQSPEKGLEWVAQIRNKPYNYETYYSDSVKGRFT
ISRDDSKSSVYLQMNNLRVEDMGIYYCTGSYYGMDY
WGQGTSVTVS AKTTAPSVYPLAPVCGGTTGSSVTLG
CLVKGYFPEPVTLTWNSGSLSSGVHTFPALLQSGLYT
LSSSVTVTSNTWPSQTITCNVAHPASSTKVDKKIEPRV
PITQNPCPPLKECPPCAAPDAAGGPSVFIFPPKIKDVL
MISLSPMVTCVVVDVSEDDPDVQISWFVNNVEVHTAQ
TQTHREDYNSTLRVVSALPIQHQDWMSGKEFKCKVNN
RALGSPIEKTISKPRGPVRAPQVYVLPPPAEEMTKKEFS
LTCMITGFLPAEIAVDWTSNGRTEQNYKNTATVLDSDG
SYFMYSKLRVQKSTWERGSLFACSVVHEGLHNHLTTK
TISRSLGK GGGGS GTTCPPPVSIEHADIRVKNYSVNSR
ERYVCNSGFKRKAGTSTLIECVINKNTNVAHWTTPSLK
CIRDPSLAGGSGGSGGSGGSGGSGGSGGNWIDVRYD
LEKIESLIQSIHIDTTLYTDSDFHPSCKVTAMNCFLLELQV
ILHEYSNMTLNETVRNVLYLANSTLSSNKNVAESGCKEC
EELEEKTFTEFLQSFIRIVQMFINTS

aCD45-1L12 Light DIQLTQSPKSMSMSVGERVTLTCKASENVVTYVSWY
Chain (mCk) QQKPEQSPKLLIYGASNRYTGVPDRFTGSGSATDFTL
TISSVQAEDLADYHCGQGYSYPYTFGGGTKLEIK RAD
AAPTVSIFPPSSEQLTSGGASVVCFLNNFYPKDINVKW
KIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDE
YERHNSYTCEATHKTSTSPIVKSFNRNEC

aCD45-IL12 Heavy MWELEKDVYVVEVDWTPDAPGETVNLTCDTPEEDDIT
Chain (mlgG2c LALA- | WTSDOQRHGVIGSGKTLTITVKEFLDAGQYTCHKGGET
PG) LSHSHLLLHKKENGIWSTEILKNFKNKTFLKCEAPNYS
GRFTCSWLVQRNMDLKFNIKSSSSSPDSRAVTCGMAS
LSAEKVTLDQRDYEKYSVSCQEDVTCPTAEETLPIELAL
EARQQNKYENYSTSFFIRDIIKPDPPKNLQMKPLKNSQV
EVSWEYPDSWSTPHSYFSLKFFVRIQRKKEKMKETEEG
CNQKGAFLVEKTSTEVQCKGGNVCVQAQDRYYNSSCS
KWACVPCRVRSGGSGGGSGGGSGGGSRVIPVSGPAR
CLSQSRNLLKTTDDMVKTAREKLKHYSCTAEDIDHEDITR
DQTSTLKTCLPLELHKNESCLATRETSSTTRGSCLPPQK
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TSLMMTLCLGSIYEDLKMYQTEFQAINAALQNHNHQQIILD
KGMLVAIDELMQSLNHNGETLRQKPPVGEADPYRVKMKL
CILLHAFSTRVVTINRVMGYLSSA GGGGSGGGGSGGGGS
QVQLLQSGGGLVQPGRSLKLSCLASGFIFSNYGMNWIRQ
APGKGLEWVASISSTSSYIQYADTVKGRFTISRENAKNTLY
LQMTSLISEDTALYYCARHGGYGYKGIWFAYWGQGTLV
TVSS AKTTAPSVYPLAPVCGGTTGSSVTLGCLVKGYFPE
PVTLTWNSGSLSSGVHTFPALLQSGLYTLSSSVTVTSNT
WPSQTITCNVAHPASSTKVDKKIEPRVPITQNPCPPLKEC
PPCAAPDAAGGPSVFIFPPKIKDVLMISLSPMVTCVVVDVS
EDDPDVQISWFVNNVEVHTAQTQTHREDYNSTLRVVSALP
IQHQDWMSGKEFKCKVNNRALGSPIEKTISKPRGPVRAP
QVYVLPPPAEEMTKKEFSLTCMITGFLPAEIAVDWTSNGRT
EQNYKNTATVLDSDGSYFMYSKLRVQKSTWERGSLFACSV
VHEGLHNHLTTKTISRSLGK

lgG-IL12 Light Chain
(mCk)

DVVMTQTPLSLPVSLGDQASISCRSSQSLVHSNG

NTYLRWYLQKPGQSPKVLIYKVSNRFSGVPDRFS

GSGSGTDFTLKISRVEAEDLGVYFCSQSTHVPWT

FGGGTKLEIK RADAAPTVSIFPPSSEQLTSGGASV
VCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQ
DSKDSTYSMSSTLTLTKDEYERHNSYTCEATHKTS
TSPIVKSFNRNEC

lgG-IL12 Heavy Chain
(mlgG2c LALA-PG)

MWELEKDVYVVEVDWTPDAPGETVNLTCDTPEED
DITWTSDQRHGVIGSGKTLTITVKEFLDAGQYTCHK
GGETLSHSHLLLHKKENGIWSTEILKNFKNKTFLKC
EAPNYSGRFTCSWLVQRNMDLKFNIKSSSSSPDSR
AVTCGMASLSAEKVTLDQRDYEKYSVSCQEDVTCP
TAEETLPIELALEARQQNKYENYSTSFFIRDIIKPDPP
KNLQMKPLKNSQVEVSWEYPDSWSTPHSYFSLKFF
VRIQRKKEKMKETEEGCNQKGAFLVEKTSTEVQCK
GGNVCVQAQDRYYNSSCSKWACVPCRVRSGGSG
GGSGGGSGGGSRVIPVSGPARCLSQSRNLLKTTDD
MVKTAREKLKHYSCTAEDIDHEDITRDQTSTLKTCLP
LELHKNESCLATRETSSTTRGSCLPPQKTSLMMTLC
LGSIYEDLKMYQTEFQAINAALQNHNHQQIILDKGML
VAIDELMQSLNHNGETLRQKPPVGEADPYRVKMKL
CILLHAFSTRVVTINRVMGYLSSA GGGGSGGGGSG
GGGS DVKLDETGGGLVQPGRPMKLSCVASGFTFS
DYWMNWVRQSPEKGLEWVAQIRNKPYNYETYYSD
SVKGRFTISRDDSKSSVYLQMNNLRVEDMGIYYCTG
SYYGMDYWGQGTSVTVS AKTTAPSVYPLAPVCGGT
TGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFP
ALLQSGLYTLSSSVTVTSNTWPSQTITCNVAHPASST
KVDKKIEPRVPITQNPCPPLKECPPCAAPDAAGGPSV
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FIFPPKIKDVLMISLSPMVTCVVVDVSEDDPDVQISWF
VNNVEVHTAQTQTHREDYNSTLRVVSALPIQHQDWM
SGKEFKCKVNNRALGSPIEKTISKPRGPVRAPQVYVLP
PPAEEMTKKEFSLTCMITGFLPAEIAVDWTSNGRTEQN
YKNTATVLDSDGSYFMYSKLRVQKSTWERGSLFACSV
VHEGLHNHLTTKTISRSLGK

Table 2.2. Amino acid sequences of human aCD45-IL15 fusions

Key: Vu/VL, linker, constant region, cytokine

Human aCD45
(BC8) VL

DIALTQSPASLAVSLGQRATISCRASKSVSTSGYSYLHW
YQQKPGQPPKLLIYLASNLESGVPARFSGSGSGTDFTLN
IHPVEEEDAATYYCQHSRELPFTFGSGTKLEIK

Human aCD45
(BC8) VH

EVKLLESGGGLVQPGGSLKLSCAASGFDFSRYWMSWVR
QAPGKGLEWIGEINPTSSTINFTPSLKDKVFISRDNAKNTL
YLQMSKVRSEDTALYYCARGNYYRYGDAMDYWGQGTSVTVSS

Human aCD45-
IL15 Light Chain
(hCk)

DIALTQSPASLAVSLGQRATISCRASKSVSTSGYSYLHW
YQQKPGQPPKLLIYLASNLESGVPARFSGSGSGTDFTLN
IHPVEEEDAATYYCQHSRELPFTFGSGTKLEIK RTVAAPS
VFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNA
LQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVY
ACEVTHQGLSSPVTKSFNRGEC

Human aCD45-
IL15 Heavy
Chain (hlgG1
LALA-PG)

EVKLLESGGGLVQPGGSLKLSCAASGFDFSRYWMSWVR
QAPGKGLEWIGEINPTSSTINFTPSLKDKVFISRDNAKNTL
YLQMSKVRSEDTALYYCARGNYYRYGDAMDYWGQGTSV
TVSS ASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEP
VTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSL
GTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPE
AAGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEV
KFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQD
WLNGKEYKCKVSNKALGAPIEKTISKAKGQPREPQVYTLPP
SRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKT
TPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALH
NHYTQKSLSLSPGK GGGS ITCPPPMSVEHADIWVKSYSLYS
RERYICNSGFKRKAGTSSLTECVLNKATNVAHWTTPSLKCIR
GGSGGSGGSGGSGGSGGSGGNWVNVISDLKKIEDLIQSMHI
DATLYTESDVHPSCKVTAMKCFLLELQVISLESGDASIHDTVE
NLIILANDSLSSNGNVTESGCKECEELEEKNIKEFLQSFVHIVQ
MFINTSHHHHHH
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Methods

Cell lines and animals

Cell lines CTLL-2 (ATCC), Expi293F (Gibco), HEK-Blue IL-12 (Invivogen) were cultured
according to vendor instructions. MC38 (Kerafast), MC38-ZsGreen (developed in the lab
as described previously(96)), and B16F10 (ATCC) cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100
units ml=' penicillin and 100 pg mil-' streptomycin. All cells were maintained at 37 °C and

5% COg2, and all confirmed to be negative for mycoplasma.

All animal studies and procedures were carried out following federal, state and local
guidelines under an institutional animal care and use committee-approved animal
protocol by the Committee of Animal Care at MIT. Female C57BL/6J (The Jackson
Laboratory, 000664) and Batf3—/- (The Jackson Laboratory, 013755) mice at 6-8 weeks

age were purchased and maintained in the animal facility at MIT.

Cloning and protein purification

Gene blocks (gBlock, IDT) encoding for the light and heavy chain variable regions of anti-
CD45 (clone: 30-F11(97)) or untargeted isotype control (anti-FITC, clone: 4-4-20) were
cloned into a mouse kappa light chain and IgG2c backbone with LALA-PG(23) mutations,
respectively, in the mammalian expression vector gWiz (Genlantis). For aCD45-1L15,
murine IL-15/IL-15Rasushi, as described previously(57), was then cloned at the C terminus
of the anti-CD45 (or anti-FITC control) heavy chain. To generate aCD45-IL12, murine
single chain IL-12 (sclL-12), as described previously(57), was cloned at the N terminus
of the anti-CD45 (or anti-FITC control) heavy chain. For both IL-15 and IL-12
immunocytokines, a (GlysSer)s linker was used between the cytokine and antibody. A
gBlock encoding for the extracellular domain of mouse CD45RO (used for ELISAs;
sequence obtained from Uniprot) was cloned into gWiz with a Hise tag. Plasmid
sequences confirmed by Sanger sequencing (Quintara Biosciences) were transformed

into Stellar Competent Cells (Takara Bio) and purified using the NucleoBond Xtra Midi
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endotoxin-free midi-prep kit (Takara Bio). For immunocytokines, equal mass of heavy and
light chain plasmids were transfected into Expi293F cells (Gibco) per manufacturer’s
instructions and harvested 6 days after transfection. All immunocytokines were purified
using rProteinA Sepharose Fast Flow resin (Cytiva Life Sciences) and validated for size
by SDS-PAGE. His-tagged CD45RO was purified by TALON affinity resin (Takara)
according to the manufacturer’s instructions. Purified proteins were confirmed to be
endotoxin-free (<0.1 EU per dose) using the Endosafe Nexgen-PTS system (Charles

River). Purified proteins were flash-frozen in liquid nitrogen and stored at -80C until use.

ELISA and bioactivity assays

For ELISA assays, Maxisorp 96-well flat bottom plates (ThermoFisher) were coated with
recombinant CD45R0O at 0.2ug/mL in PBS (Corning) overnight at 4C. Subsequent
washes were performed with PBST (PBS supplemented with 0.05% v/v Tween-20
(Millipore-Sigma)). Blocking was performed in PBSTA (PBS supplemented with 1% w/v
BSA (Sigma Aldrich) and 0.05% v/v Tween-20) overnight. Inmunocytokines were diluted
to relevant concentrations in PBSTA and detected via an HRP-conjugated anti-mouse
lgG secondary diluted 1:3000 (Abcam). 1-Step Ultra TMB-ELISA substrate solution
(ThermoFisher) was added to develop for 5 minutes and quenched with 2N sulfuric acid
(VWR). Absorbance at 450 nm with reference at 570nm was measured on an Infinite

M200 microplate reader (Tecan).

For IL-15 bioactivity, 10,000 CTLL-2 cells were seeded in a 96-well U-bottom plate in
incomplete media per manufacturer’s instructions with stated IL-15 immunocytokine
dilutions for 48hrs at 37C. Proliferation was measured via CellTiter-Glo 2.0 Assay
(Promega) following manufacturer’s instructions. Luminescence was measured on a

microplate reader (Tecan) with an integration time of 0.25 seconds. IL-12 bioactivity was
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measured with HEK-Blue IL-12 reporter cells according to manufacturer’s instructions

(Invivogen).

Primary CD8* T cell preparation

Spleens from 6-8 week old C57BL/6J female mice were harvested and processed into
single-cell suspensions. CD8* T cells were isolated using the EasySep Mouse CD8* T
cell isolation kit (StemCell Technologies) and resuspended at a concentration of 106
cells/mL in complete RPMI supplemented with 1X sodium pyruvate (ThermoFisher), 1X
non-essential amino acids (ThermoFisher), and 1X beta-mercaptoethanol
(ThermoFisher). Media was additionally supplemented with 10 ng/mL murine IL-2
(BioLegend) prior to resuspension and subsequent passaging. Isolated CD8+ T cells
were activated for 48 hours on 6-well non-tissue culture (non-TC) treated plate that was
precoated with 0.5 pg/mL anti-CD3 (BioXCell, Clone 2C11) and 5 ug/mL anti-CD28
(BioXCell, Clone 37.51) overnight at 4C. The plate was washed twice prior to activation.
Following activation, T cells were cultured for 48 hours before use in downstream

experiments.

Fluorescence-quenching internalization assay

Internalization assays were performed and analyzed as described previously(98). Briefly,
immunocytokines were conjugated with AlexaFluor 488 (AF488) using NHS ester
chemistry (Invitrogen). Free dye was removed by Zeba spin desalting column purification
(ThermoFisher). 100,000 primary CD8 T cells were seeded in 96-well plate and incubated
with AF488-labeled immunocytokines at 10 ug/mL staggered at desired time points. Wells
were then split such that one set was incubated with 25 pg/mL anti-AF488 quenching
antibody (ThermoFisher, A-11094) for 25 minutes. For human CD8* T cell internalization
assay, anti-human CD45 (clone: MEM-28) conjugated to AF488 (ThermoFisher) was

used. Human CD8+ T cells were purchased from StemCell Technologies. Viability was
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assessed via DAPI staining. AF488 signal was measured using a BD LSR Fortessa and

data were analyzed in Flowjo.

Analysis of STAT phosphorylation by flow cytometry

For in vitro STAT5 experiments, primary CD8* T cells cultured as described above were
starved of IL-2 for 24 hours and seeded into 96-well plates at 100k cells/well. IL-15
immunocytokines were added at 10 pg/mL for 1 hour and subsequently washed with
incomplete T cell media (no IL-2) twice prior to resting for 24 hours. IgG-IL15 added at
the same molar concentration (without washing) was used as a continuous control. Cells
were immediately fixed in media with equal volumes of BD Phosflow Fixation Buffer | at
37C for 10 minutes. When required, cells were stained with Zombie Aqua viability stain
for 5 minutes in PBS (1:1000 dilution) prior to fixation. Cells were permeabilized for 30
minutes on ice with BD Phosflow Perm Buffer Ill that had been pre-chilled to -20C.
Staining with anti-pSTAT5 antibodies (clone 47, BD) conjugated to AF647 or PE was
carried out at room temperature for 1 hour. STAT4 experiments were performed
identically, but used complete media supplemented with IL-2 and immunocytokine
incubation was performed at 2 pg/mL for 20 minutes. pSTAT4 signal was detected with
anti-pSTAT4 (clone 38, BD). For trans-signaling experiments, immunocytokines were
conjugated with AF647 using NHS-ester chemistry. Preloaded cells were labeled with

CFSE per manufacturer’s instructions.

Measurement of STATS5 levels in vivo was carried out as previously described(99). Briefly,
TDLN were processed into single cell suspensions directly in BD Fixation Buffer | and
samples were incubated at 37C for 10 minutes. Downstream permeabilization and
staining was performed as described above. In all cases, pSTAT signal was measured

using a BD LSR Fortessa and data were analyzed in Flowjo.
Tumor inoculation and treatment preparation
For all single-tumor experiments, mice aged 6-8 weeks old were injected subcutaneously

in the shaved right flank with 1M tumor cells (MC38, MC38-ZsGreen, or B16F10) in a
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volume of 50 uL PBS. For two-tumor experiments, the contralateral tumor was inoculated
on the left flank 3 days after the primary tumor, as stated in study schematics. Prior to
treatment, mice were randomized to ensure equal mean initial tumor size across groups.
Immunocytokines were prepared at their stated doses (1ug for IL-12 immunocytokines,
10ug for IL-15 immunocytokines, where the mass indicated is the mass of the entire
fusion protein) and dosed intratumorally in 20 uL PBS unless otherwise stated. Doses
were informed by our biodistribution experiments as well as previous intratumoral
cytokine work from our lab(77). Peritumoral administration was performed in 50 uL PBS
injected s.c. at the tail-base. Intraperitoneal administration was performed in 100 uL PBS.
Tumor area was calculated as the product of tumor length and width. For single-tumor
studies, mice were euthanized when tumor area exceeded 100 mm?; for two-tumor
studies, mice were euthanized when cumulative tumor area exceeded 200 mm?2. Immune
memory rechallenge experiments were carried out 100 days after initial challenge with
10° tumor cells on the left flank. Age-matched naive mice were used as controls for these
studies. For the lung metastasis model used in Extended Data Fig. 6, 0.2M B16F10 cells
in 100 pL PBS were inoculated retro-orbitally on the same day as the standard 1M tumor

cell flank inoculation.

Tissue processing for flow cytometry

B16F10 or MC38 tumors were harvested, weighed, and subsequently minced using
dissection scissors in gentleMACS mouse tumor dissociation buffer (Miltenyi) prepared
per manufacturer’s instructions. As noted in the Miltenyi protocol, Enzyme R was reduced
to 20% of the stated amount to preserve surface epitope integrity. Minced tumors were
processed on a gentleMACS Octo-dissociator with heaters (Miltenyi) using program
mTDK_1 for B16F10 and mTDK_2 for MC38. Dissociated tumors were then filtered
through a 70-micron strainer and 25 mg tumor was plated for downstream staining. TDLN
were harvested, weighed, and subsequently dissociated and filtered through a 5 mL
round-bottom tube with cell-strainer cap (Falcon) using the blunt rubber end of a 1mL
syringe plunger (Falcon). 5 mg of TDLN was used for downstream staining. Blood was

collected by sub-mandibular bleeding into MiniCollect K2-EDTA tubes (Greiner) and red
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blood cells were lysed using ACK Lysis Buffer (Gibco). When intracellular cytokine
staining (ICS) was performed, as in Fig. 5, samples were resuspended and plated in
complete RPMI supplemented with 1X sodium pyruvate (ThermoFisher), 1X non-
essential amino acids (ThermoFisher), 1X beta-mercaptoethanol (ThermoFisher), and 1X
brefeldin A (BioLegend) and allowed to incubate at 37C for 3 hours prior to staining.
Precision counting beads (50uL, BioLegend) were added after initial resuspension and
used for downstream data analysis. Viability was assessed with Zombie UV or Zombie
NIR dyes (BioLegend, 1:1000) in PBS for 20 minutes at room temperature. Subsequent
washes and surface staining was performed in PBS supplemented with 1% bovine serum
albumin and 2mM EDTA (ThermoFisher). Samples were resuspended in Mouse Fc block
Plus (BioLegend) prior to surface staining for 15 minutes. Antibodies against surface
targets used as following: CD3 (17A3, BD, 1:100), CD4 (GK1.5, BD, 1:100), CD8 (53-6.7,
BD, 1:200), CD19 (6D5, BioLegend, 1:100), CD24 (M1/69, BioLegend, 1:100), CD25
(PC61, BioLegend, 1:100), CD44 (IM7, BD, 1:100), CD45.2 (BD, clone: 104, 1:100),
NK1.1 (PK136, BioLegend, 1:100), MHCII (M5/114.15.2, BioLegend, 1:100), Ly6C
(HK1.4, BioLegend, 1:100), F4/80 (BM8, BioLegend, 1:100), PD1 (29F.1A12, BioLegend,
1:100), TIM3 (RMT3-23, BioLegend, 1:100). P15E tetramer (MBL) staining was
performed in the presence of 50 nM dasatinib at a 1:75 dilution and anti-CD8 antibody
clone KT15 (ThermoFisher) was used to minimize background signal. Dasatinib
incubation was not included in the staining mixture for the RNAseq experiment. When
performing intracellular staining, cells were fixed and permeabilized using the Foxp3
transcription buffer set (eBioscience). Samples against intracellular antigens used as
following: TCF1 (C63D9, Cell Signaling Technologies, 1:250), IFNg (XMG1.2, BioLegend,
1:200), Granzyme B (QA16A02, BioLegend, 1:200). Intracellular staining was performed
overnight at 4C. Cells were collected using a BD FACSymphony A3 and data were

analyzed in FlowJo.

Biodistribution serum measurements
IL-15 immunocytokines were labeled with AF647 using NHS-ester chemistry per the

manufacturer’s instructions. Free dye was removed with Zeba desalting columns. Molar
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amounts of dye for each immunocytokine were matched prior to dosing. Serum
concentrations were calculated based on a standard curve prepared using known

amounts of serially diluted AF647-labeled immunocytokine.

Immunofluorescence Staining

Inguinal LNs and tumors were harvested 24 h post injection as described in Fig. 2a,
embedded in O.C.T. buffer (Fischer Scientific) and fresh frozen. 10 um tissue sections
were then post-fixed with 4% paraformaldehyde for 10 minutes, followed by three washes
with PBS. Sections were incubated with Fc receptor blocker (Innovex) for 30 minutes and
blocked for 1 hour with 5% goat serum, 2.5% BSA in PBS. Staining with primary
antibodies was performed overnight at 4°C in blocking buffer (LN: IgD (Biolegend,
405705), and CD8 (Abcam, ab217344). Tumors: CD8, and F4/80 (Abcam, ab105156)).
After 3 washes with PBS, the sections were incubated with fluorochrome-conjugated
secondary antibody (ThermoFisher, 35551) in blocking buffer for 30 minutes at room
temperature. After three washes with PBS, the sections were mounted onto glass slides
using mounting media (ProLong Diamond Antifade Mountant, Thermo Fisher Scientific).
High magnification images were acquired using a Leica SP8 laser-scanning confocal
microscope equipped with a white light laser, a 405 solid state laser line, and selective
emission filters. Images were collected using a 25x water immersion lens and a 63x oil

immersion lens.
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Chapter 3 : Efficacy and mechanism of action of locally delivered
CDA45-targeted cytokine therapy

Parts of this chapter appear as described in Santollani et al., bioRxiv (2024).

Introduction

In the previous chapter, we developed CD45-targeted immunocytokines and optimized a
treatment regimen, called aCD45-Cyt therapy, which uses a single low dose of aCD45-
IL12 followed a few days later by a higher dose of aCD45-IL15. In this chapter, we focus
on applying this therapy across a variety of tumor models, including models to test the
abscopal effects of this localized therapy. While previous local immunotherapy
approaches have elicited profound regressions of directly treated lesions, they typically
elicit modest responses at distal untreated sites, often requiring an additional systemically
administered agent such as checkpoint blockade immunotherapy (CBI) to drive abscopal
effects. Limited abscopal responses are consistent with the findings of many other groups
employing diverse therapeutic approaches in both preclinical models and early-stage
clinical trials(51, 92). Collectively, these data raise the question of whether localized
immunotherapies are capable of eliciting robust systemic responses against metastatic

disease.

Here, we characterize the response and mechanism of action of aCD45-Cyt therapy to
show that CD45-targeted immunocytokines are retained on the cell-surface and trigger
enhanced and prolonged signaling relative to their native cytokine counterparts.
Leveraging this altered biology, we found that a single dose of CD45-targeted IL-12
concentrated in the tumor followed by a single dose of CD45-targeted IL-15 accumulated
in both tumor and the tumor-draining lymph node dramatically altered T cell programming
in the TDLN. When compared to untargeted control IgG-Cyt therapy, aCD45-Cyt therapy
elicited complete responses in a majority of B16F10 tumors. Antibody depletion and
knock-out mice revealed a CD8 and batf3 dependency indicative of de novo priming. We

also characterize various routes of administration — intratumoral, peritumoral,
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intraperitoneal — to demonstrate that intratumoral delivery of these anchored cytokines
exclusively unlocks their efficacy. We then move to test aCD45-Cytokine therapy in more
challenging settings that probe its ability to elicit systemic immunity beyond curing a single
tumor. In two-tumor flank models as well as i.v.-seeded metastatic B16F10 models,
aCDA45-Cyt therapy demonstrates systemic anti-tumor responses. Finally, we probe the
phenotypic effect on tumor-specific CD8+ T cells through paired RNAseq and flow
cytometry studies. aCD45-Cyt therapy expanded tumor-specific CD8* T cells with potent
effector phenotypes displaying a transcriptional signature mirroring effective responses
to acute viral infection, while maintaining a pool of stem-like T cells. Dissemination of this
potent effector T cell pool led to strong systemic anti-tumor immunity characterized by

complete responses in both treated and untreated tumors.
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Results

aCD45-Cyt therapy eradicates single tumors

We evaluated the impact of this altered signaling and biodistribution on the therapeutic
potential of a cytokine therapy employing both aCD45-IL15 and aCD45-IL12. We first
treated established tumors 30-35 mm? in size with a single i.t. injection of 1 ug aCD45-
IL12 followed by one injection of 10 ug aCD45-IL15 several days later. Our rationale for
this sequencing was to use the IL-12 immunocytokine to inflame the tumor and promote
an initial wave of tumor immunogenic cell death and tumor antigen release by pre-existing
or newly recruited TlLs(57), followed by amplification of newly primed tumor-specific T
cells in the TDLN by the IL-15 immunocytokine several days later(76, 77). The selected
doses were informed by findings from the biodistribution experiments and aimed to retain
IL-12 at the tumor but deliver IL-15 to both the tumor and TDLN. On a cytokine mass
basis, these doses did not surpass 2 ug of total cytokine. Hereafter, we refer to this
sequential aCD45-1L12/aCD45-IL15 regimen as aCD45-Cyt; the untargeted cytokine
control therapy consisting of IgG-IL12 followed by IgG-IL15 is referred to as IgG-Cyt.

We tested this therapeutic regimen in the B16F10, an aggressive and poorly ICB
responsive syngeneic melanoma model (Fig. 3.1A). Injection of control IgG-Cyt elicited
an extension in survival, but no animals were long-term survivors (Fig 3.1A-B). By
contrast, >90% of tumors treated with aCD45-Cyt therapy were rejected, and animals
exhibited no signs of cytokine toxicity, as assessed via weight loss (Fig 3.1C). Mice cured
B16F10 tumors by aCD45-Cyt therapy displayed robust immune memory upon

secondary tumor rechallenge (Fig 3.1D).

We performed a variety of mechanistic studies to isolate the importance of each part
contributing to the efficacy of aCD45-Cyt therapy. Potential modulation of the immune
response by CD45 engagement did not contribute to efficacy, as treatment with aCD45
in the absence of cytokines provided no tumor control (Fig 3.2A). We assessed the

mechanism of tumor rejection by aCD45-Cyt therapy through antibody depletions and
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knockout mice: aCD45-Cyt therapy entirely depended on CD8* T cells and batf3*
dendritic cells, consistent with a critical role for tumor antigen cross-presentation (Fig.
3.2B). NK cells, neutrophils, and macrophages were each dispensable for anti-tumor
efficacy (Fig. 3.2B). Use of both cytokines in the treatment was required, as aCD45-1L15
or aCD45-IL12 monotherapy using the same treatment schedule elicited no long-term

survivors (Fig 3.2C).

To study the importance of cytokine localization to the tumor and TDLN, we varied the
route of administration of aCD45-Cyt therapy. Dosing the same aCD45-Cyt treatment
paradigm systemically (i.p.) led to a complete loss of efficacy, confirming the importance
of intratumoral exposure and efficient TDLN drainage for activity (Fig. 3.3A-C). Next, to
determine the relevant contributions to efficacy from tumor vs TDLN leukocytes, we
administered aCD45-Cyt therapy peritumorally, which predominantly acts on the TDLN
while sparing the tumor (Fig 2.9F). While dosing both cytokines peritumorally completely
ablated efficacy, we found that intratumoral aCD45-IL12 followed by peritumorally
delivered aCD45-1L15 displayed comparable early tumor control to the full intratumoral
paradigm (Fig. 3.4A). However, a majority of these mice (3/5) eventually succumbed to
tumor burden, suggesting that optimal long-term tumor control and rejection required both

doses to be administered intratumorally (Fig 3.4B).

aCD45-Cyt therapy elicits a systemic response

The successful translation of intratumorally administered immunotherapies will depend
on their ability to drive a systemic anti-tumor immune response that can eliminate lesions
that are not directly treated. To evaluate abscopal immune responses elicited by this
localized therapy, MC38 tumors were inoculated on opposite flanks of mice followed by
treatment of only the right-flank tumor with aCD45-Cyt therapy. Strikingly, this led to 90%
of mice rejecting both the treated and untreated tumors and becoming long-term
survivors, while only 20% of animals receiving IgG-Cyt therapy eliminated both tumors

(Fig. 3.5A-B). These results were obtained despite the fact that tracking of fluorescently-
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labeled constructs showed that locally delivered IgG-Cyt readily diffused out of the treated
lesion and accumulated in the distal site, while no statistically significant accumulation of
aCD45-Cyt was measured at the untreated tumor (Fig. 3.5C). To determine whether
regression of distal tumors relied on lymphocyte trafficking, we tested aCD45-Cyt in the
same two-tumor MC38 model but in the presence of FTY720 to block lymphocyte exit
from lymphoid tissue (Fig. 3.5D). The addition of FTY720 ablated the ability of aCD45-
Cyt to control the untreated left-flank tumor and led to no long-term survivors, suggesting
that rejection of untreated lesions is driven by lymphocyte migration (Fig. 3.5E-F).
aCD45-Cyt therapy still triggered regression of the treated tumor in the presence of
FTY720, but no tumors had been cured at the time of euthanasia due to outgrowth of the
untreated distal lesion (Fig 3.5G). To further stress test this treatment, we tested abscopal
responses in the aggressive B16F10 model. While IgG-Cyt treatment led to some delay
of treated tumors, all untreated tumors progressed (Fig 3.6A-C). By contrast aCD45-Cyt
therapy led to primary tumor regression in all mice and only 2 of 5 untreated tumors
escaped (Fig 3.6A-C). Finally, to assess the ability of aCD45-Cyt therapy to eliminate
metastases, we treated mice that had been injected with 0.2M B16F10 cells intravenously
in addition to flank tumor inoculation, giving rise to lung metastases. Once untreated mice
had reached euthanasia criteria due to flank tumor outgrowth (day 15), we analyzed lung
metastasis control across groups. In line with our previous experiments, regression of the
treated primary tumor was in progress for aCD45-Cyt therapy at this time point (Fig 3.7A).
We also found significant control of lung metastases by aCD45-Cyt therapy, as measured
by a dramatic reduction in total metastatic tumor burden and average metastasis size
(Figure 3.7B-D). Altogether, we find that aCD45-Cyt therapy is able to prime a robust
systemic immune response after localized treatment that is able to control both treated

and distal untreated lesions.

aCD45-Cyt therapy triggers an acute anti-viral gene signature in responding TDLNs

We next sought to understand how localized aCD45-Cyt treatment elicited such potent

systemic immunity, focusing on the CD8* T cells required for efficacy. Recent reports
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demonstrating the spatial segregation of T cell priming and activation between the TDLN
and tumor(700), respectively, motivated us to profile the TDLN CD8+* phenotypes after
treatment. To assess effects of aCD45-Cyt therapy on tumor-specific T cells, we treated
B16F10 tumors with aCD45-Cyt or IgG-Cyt therapy, and 1 day after dosing of the IL-15
immunocytokine, sorted CD8* T cells specific for the immunodominant p15E endogenous
retroviral antigen expressed by B16F10 tumors(707) via peptide-MHC tetramer staining
for downstream RNA sequencing (RNA-seq). aCD45-Cyt therapy dramatically
reprogrammed the CD8* T cell response, leading to significant upregulation of 1726
genes and downregulation of 1279 genes in comparison to the untreated condition (Fig.
4a). Many upregulated genes were associated with effector function (IL2ra, Gzmb, Kirg1,
Prf1) as well as interferon signaling (/fng, Ifngr1, Ifitm1), suggesting an ability of aCD45-
Cyt therapy to promote activation and effector differentiation of T cells within the TDLN
(Fig. 3.8A). Concurrently, genes related to lymph node trafficking (Cxcr3, Cxcr5) as well

as stemness (Tcf7) were downregulated (Fig. 3.8A).

Recent reports have demonstrated that, unlike the endogenous anti-tumor response,
effective virus-specific T cell responses, such as following acute lymphocytic
choriomeningitis virus Armstrong (LCMV Arm) infection, are accompanied by high
expression of inflammatory cytokines and differentiation markers in responding lymph
nodes(700). We thus performed gene set enrichment analysis (GSEA) to probe whether
aCDA45-Cyt therapy induces an anti “viral-like” signature within the tumor-reactive TDLN
CD8* compartment. We compared the untreated and aCD45-Cyt treated transcriptomes
of tumor-specific CD8* T cells for enrichment of a previously reported tumor (“TDLN”) or
acute viral (“LCMV Arm”) transcriptional response (Fig. 3.8B). Transcriptional profiles of
CD8+ T cells from untreated TDLNSs closely matched the previously reported endogenous
anti-tumor response, broadly characterized by a lack of effector molecules and activation
markers (Fig 3.8B, 3.9A). In contrast, aCD45-Cyt therapy elicited a signature highly
enriched for the canonical anti-viral response, suggesting that the prolonged cytokine
exposure within TDLNs induced by aCD45-Cyt triggers an immune response mirroring

effective anti-viral T cell priming (Fig 3.8B, 3.9A). We next characterized differences in
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the transcriptional response of aCD45-Cyt treatment vs. control IgG-Cyt therapy.
Principal-component analysis (PCA) showed that IgG-Cyt and aCD45-Cyt transcriptomes
clustered separately (Fig. 3.8C). Pathway analysis comparing the two treatment
conditions revealed a striking upregulation of hallmark STAT5 signaling triggered by
aCDA45-Cyt therapy, likely driven by the extended signaling of CD45-bound IL-15, as
shown in Fig. 1e (Fig. 3.8D). Other upregulated genes belonged to pathways involving
inflammatory responses, cytokine signaling, and cell-cycle metabolism (Fig. 3.8D).
Finally, we examined the top 20 differentially expressed genes (DEGs) between aCD45-
Cyt and IgG-Cyt therapy and found /fng expression as the most differentially upregulated,
along with other metabolism and inflammation genes (Fig. 3.8E, 3.9B). Altogether, these
data are indicative of a highly activated and proliferative TDLN compartment following
aCDA45-Cyt therapy.

aCD45-Cyt generates optimal effectors

Recently, genetically-induced sustained STAT5 activation has been shown to rewire
exhausted T cells into a unique effector profile that enables control of chronic infection or
tumors(702). Based on our pathway analysis and in vitro data, we hypothesized that
aCD45-1L15 stimulation may therapeutically elicit similar sustained STAT5 induction and
downstream generation of tumor-specific effectors, which could then traffic to distal
lesions and promote tumor rejection. Probing the signaling dynamics of CD45
immunocytokines in the TDLN 24 hours after intratumoral dosing with aCD45-IL15 alone
revealed robust STAT5 phosphorylation induced in 80% of CD8* T cells in the TDLN (Fig.
3.10A-B). By contrast, injection of IgG-IL15 led to a dim pSTAT5* population, closely
mirroring the in vitro and RNA-seq results shown in Figs. 1e and 4d (Fig. 3.10A-B).

Next, using an identical experimental set-up to that used in the RNA-seq analysis, we
treated B16F10 tumors with aCD45-Cyt or IgG-Cyt therapy and profiled p15E+*CD8* T
cells in the tumor and TDLN 24 hours after IL15 dosing by flow cytometry. Only aCD45-

Cyt treatment led to a statistically significant expansion of tetramer positive CD8* T cells

85



in the TDLN relative to untreated tumors (Fig. 3.11A-B). In agreement with the RNA-seq
results, in addition to expanded numbers, TDLN tumor-specific cells primed by aCD45-
Cyt exhibited a profound increase in IFNy expression as measured by MFI and the
number of IFNy*p15E* cells (Fig. 3.11C-E). IgG-Cyt therapy was unable to elicit IFNy
production within the TDLN (Fig. 3.11C-E). Tumor-reactive cells in the TDLN additionally
displayed high levels of Granzyme B expression after treatment with either cytokine
therapy (Fig. 3.11F). Both cytokine therapies also significantly increased CD25
expression over untreated control, but aCD45-Cyt treatment induced this upregulation on

a larger fraction of the CD8+* compartment (Fig. 3.11G).

Recent studies have suggested that antigen-specific TCF1+ stem-like T cells in disease-
site-draining lymph nodes (in models of tumors, chronic infections, or autoimmune
disease) play a critical role as a source of effector cell generation(700, 102-107). Given
the robust effector response exhibited in treated TDLNs, we evaluated the impact of
aCDA45-Cyt therapy on the magnitude of the stem-like (Ts., TCF1*TIM3") compartment.
Though both cytokine therapies led to the expected drop in the relative proportion of
TCF1+T cells, the absolute number of tumor-specific stem-like cells expressing PD1+ and
TCF1+increased, with aCD45-Cyt therapy eliciting a 6-fold higher count of stem-like cells
in the TDLN over untreated mice (Fig. 3.12A-B). Conversely, cytokine therapy skewed
CD8+ T cells towards a terminally differentiated (TD, TCF1-TIM3*) phenotype as seen by
high TIM3 expression in both treatment groups (Fig. 3.12C). However, aCD45-Cyt
therapy triggered a significantly larger expansion of the TD compartment by absolute

count over IgG-Cyt therapy (Fig 3.12D).

Analysis of intratumoral p15E*CD8* T cells revealed similar patterns as in the TDLN.
aCD45-Cyt therapy led to increased numbers of tumor-reactive CD8* T cells not seen
after IgG-Cyt therapy (Fig. 3.13A). Phenotypic profiling once again highlighted the unique
ability of aCD45-Cyt, but not IgG-Cyt, therapy to induce significantly higher levels of IFNy
within p15E-specific cells (Fig. 3.13B-C). This led to significantly higher numbers of
intratumoral IFNy*CD8*cells (Fig. 3.13B-C). Mice treated with aCD45-Cyt also displayed
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higher levels of CD25 expression, both by percentage and magnitude (Fig 3.13D-E).
Finally, intratumoral Granzyme B expression was high across all groups, but only aCD45-
Cyt therapy was able to generate a significant increase in the compartment size (Fig
3.13F-G). Taken together, these immunophenotyping results show that local aCD45-Cyt
therapy is not only able to dramatically alter the treated TME, as other local therapies
have accomplished, but also reprogram the tumor-specific CD8* population in the TDLN,

correlating with stronger abscopal responses.
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Discussion

Antibody-targeted cytokines have been pursued for many years with modest impact,
driven in part by the focus on targeting cancer cells lacking truly disease-specific antigens
and the problem that their biodistribution is often governed by the cognate cytokine
receptor and not the antibody target(7, 33). Recent approaches, focusing on targeting
immune cells through lineage markers or phenotype have shown promising preclinical
data(43, 47). A report of a PD-1 targeted IL-2 immunocytokine demonstrated unique
internalization and signaling behavior relative to the parental cytokine, highlighting the
potential of multi-receptor targeting to elicit novel cell signaling biology(43). Here we
focused on targeting host immune cells, using the unique biology of CD45 to develop
aCDA45-cytokine fusions capable of modulating tumor-specific T cells within the TME and
TDLN. We leveraged CD45 as a unique cell-based “anchor” for cytokines in two key ways:
1) its ability to be bound without triggering internalization, and 2) its abundant expression
on the immune cell surface, with reported measurements upwards of 100,000 molecules
per cell(708). We find evidence that these two characteristics allow for both cis and trans
signaling of CD45-tethered cytokines, as shown by the ability of CD8 T cells preloaded
with aCD45-1L15 to efficiently signal to multiple unloaded, bystander cells. Thus, by
decorating leukocytes in vivo with CD45-targeted immunocytokines, bystander cells
lacking the cognate receptor can serve as cellular depots that “present” the cytokine to
nearby cells, extending the cytokine’s residence time. We show that specified intratumoral
doses of CD45-targeted IL-15 and IL-12 are retained at the tumor and TDLN for prolonged
periods of time, leading to extended pSTATS5 signaling and acquisition of a potent effector
program by tumor-reactive CD8* T cells. When we applied this strategy in a therapeutic
context, this led to a reprogramming of the anti-tumor CD8* T cell response at the TDLN
and robust systemic anti-tumor immunity. On a cytokine basis, the doses given in the
aCD45-Cyt paradigm did not exceed 2 ug, a highly dose-sparing regimen highlighting the

benefit of administration at the right time and place.

88



Recent studies have suggested the endogenous cancer response is a two-step priming
and activation process that is confined to TDLN and tumors, respectively(700). However,
treatment with aCD45-Cyt therapy was able to alter this endogenous response and
triggered a striking expansion of activated cytotoxic effector cells within the TDLN
characterized by high expression of CD25, IFN-y, granzyme B, and TIM3. In striking
contrast to the endogenous unmanipulated anti-tumor response, T cells within the
aCD45-Cyt-treated TDLN had transcriptional signature resembling an acute viral
response. These changes in T cell activation in the TDLN also have many similarities with
effects recently reported for antigen-specific T cells transduced to express constitutively
active STAT5 (STAT5CA) in the setting of chronic LCMV infection(702). In that case,
splenic STAT5CA T cells were found to transition to a polyfunctional effector state, with
depletion of the exhausted precursor TCF1+ subset, and persist in the face of chronic
infection. Interestingly, prolonged signaling from cell-bound aCD45-IL15 may represent
a pharmacologically feasible approach to achieve similar effects in native T cells.
Importantly however, aCD45-Cyt therapy does not appear to deplete the tumor-specific
stem-like TCF1+PD1+ subset that is thought to be the critical self-renewing precursor to

produce effector cells.

The ability to generate these potent effectors at the TDLN, in addition to the tumor, may
explain the systemic response primed by aCD45-Cyt therapy. We hypothesize that tumor-
reactive CD8* T cells in TDLNs acted on by aCD45-Cyt therapy migrate into the systemic
circulation and disseminate agnostically to distal lesions. In our treatment paradigm, we
found evidence for a robust systemic response in two-tumor models of both MC38 colon
carcinoma and B16F10 melanoma, as well as in a metastasis model using B16F10 lung
metastases in combination with a flank tumor. These abscopal responses were not driven
by drug leakage into the contralateral tumor, but were dependent on immune cell
trafficking, as FTY720 ablated tumor control at the untreated lesion. These results
suggest that nodal cytokine retention following administration can prime potent anti-tumor

immunity capable of systemic tumor control.
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This approach is uniquely enabled by direct intratumoral administration as a conduit for
lymph node exposure. Current interventional radiology and surgery techniques allow
access to almost any surface or visceral lesion, bolstering intratumoral immunotherapies
in human cancer as a viable approach. Notably, the FDA-approved oncolytic therapy
talimogene laherparapvec (TVEC) is administered intratumorally. In addition, intranodal
or s.c. peritumoral administration, which we explore in our aCD45-Cyt paradigm, can be
considered as alternative administration routes for TDLN exposure. Finally, while we
explored some facets of CD45 biology, there are other potential aspects to consider.
Differential splicing of human CD45 can correspond to distinct cell states, with shorter
CD45 isoforms upregulated upon CD8 T cell activation(80, 83, 84). A CD45RO specific
antibody might therefore enable more targeted delivery of cytokines to activated T cells.
In summary, our results highlight CD45 anchoring as a potent modular platform for
enhancing the retention and response of immune agonists and provide rationale for

further development of CD45 immunocytokines.
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Figure 3.1. aCD45-Cyt therapy is safe and efficacious in B16F10.

A-C, Mice (n = 10-19/group) inoculated with 1M tumor cells and treated with 1 ug of
aCD45-IL12 and 10ug of aCD45-1L15 (referred to as aCD45-Cyt) or treated with 1 pg of
IgG-IL12 and 10ug of IgG-IL15 (referred to as IgG-Cyt) as shown on the experimental
timelines. A, Overall survival. Statistical comparison shown between IgG-Cyt and aCD45-
Cyt groups. B, Grouped tumor growth curves. C, Weight change after beginning
treatment. D, Surviving mice were rechallenged on d100 with 0.1M B16F10 cells on the
opposing flank to the primary challenge. P values were determined by log-rank (Mantel-

Cox) test. For all plots, arrows indicate treatment.
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Figure 3.2. aCD45-Cyt efficacy is driven through CD8* and batf3+ DCs.

A, Overall survival of mice (n = 6 in PBS cohort, n = 7 in aCD45 group) bearing B16F10
tumors treated with aCD45 (in the absence of cytokine) on an identical regimen and molar
matched dose to that described in Fig. 3.2A. B, Kaplan Meier survival of mice (n =
5/group) bearing B16F10 tumors treated with aCD45-Cyt therapy in combination with
depleting antibodies or performed in knockout mice as shown. C, Kaplan Meier survival
plot of mice (n = 5/group) inoculated with 1M B16F10 tumor cells and treated with IL-12
immunocytokine monotherapy (1 pg dose) or IL-15 immunocytokine monotherapy (10 ug
dose) as shown on the diagram. P values were determined by log-rank (Mantel-Cox) test.

For all plots, arrows indicate treatment.
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Figure 3.3. Systemic dosing of aCD45-Cyt is not efficacious.

A, Tumor growth curves of mice (n = 5/group representative of 2 independent
experiments) inoculated with 1M B16F10 cells and treated systemically (i.p.) with aCD45-
Cyt therapy with the same doses and schedule as in Fig. 3.1A. B, Weights of mice shown
in A. C, Overall survival of mice shown in A. P values were determined by log-rank

(Mantel-Cox) test. For all plots, arrows indicate treatment.
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Figure 3.4. Peritumoral delivery of aCD45-Cyt therapy elicits tumor control

A, Tumor growth curves of mice inoculated with 1M B16F10 cells and treated with the full
aCD45-Cyt intratumorally, peritumorally, or the IL-12 immunocytokine given
intratumorally and the IL-15 immunocytokine given peritumorally, as described in the text.
B, Overall survival of the mice shown in A. P values were determined by log-rank (Mantel-

Cox) test. For all plots, arrows indicate treatment.

94



IMMC38 1M MC38 B == Untreated
(Right) ~ (Left) 12 115 oo )
ﬁ * J' l' CD45-Cyt g
— - i
(- do d3 d8  di13
Untreated (left) tumor Treated (right) tumor ,—2“ 100 -
2
3
(%2}
B 50—
=
o
©
Q
2 0
o [ X L | I 1
0 20 40 60 80
30 20 10 0 10 20 30 . .
Days after MC38 inoculation Days after MC38 inoculation
Untreated Tumor D CD3+CD8+ (PBMC)
ns <0.0001
10+
40 <0.0001 T
X B Untreated 8
ég,g n B IgGL15 5,
5 B CD45-IL15 a8
220 5 44
x =
310 - 24
< N
0
PBS FTY720
E F G
Untreated tumor FTY720
ETYT20 ~— aCD45CyL IS
—  aCD45-Cyt. [3
—8— aCD45-Cyt TFTYT0 Treated tumor
- aCD45-Cyt + FTY720
FTY720 150
100 100 . —&— aCD45
- o~
N = —a— aCD45+FTY
£ 80 E £
£ s E 100
‘g 60 @ 3
2 ks -
< 40 > % T 50
g 2 £
2 20 g =]
0 e L T T 1 0 N SN U
0 5 10 15 20 25 0 20 40 60 80 0 5 10 15 20 25

Days after MC38 inoculation

Days after MC38 inoculation

95

Days after MC38 inoculation



Figure 3.5. aCD45-Cytokine therapy drives abscopal effects in MC38.

Mice bearing MC38 tumors on both flanks were treated with 1ug IL-12 and 10ug of IL-15
in the right tumor only at indicated times (n = 10 in untreated cohort, n = 10 in IgG-Cyt
cohort, n = 9 in aCD45-Cyt cohort across 2 independent experiments). Shown are A,
individual tumor growth curves from one representative experiment. B, Kaplan Meier
survival from experiment shown in A. C, Mice (n = 5/group) were inoculated with bilateral
MC38 tumors as described and dosed with 10ug of AF647-labeled IL-15 immunocytokine.
Shown are AF647 levels on immune cells at the contralateral tumor 24 hours after
administration of IL-15. D, Mice (n = 5/group) were dosed i.p. with 1.5mg/kg FTY720. Two
days later, PBMCs were collected and shown is the CD8+ T cell frequency. E-G, Mice
bearing bilateral MC38 tumors were treated with aCD45-Cyt therapy in the presence of
FTY720 starting on d5. Shown is E, the average tumor growth curve for the untreated
tumor, the F, overall survival from experiment, and G, the average tumor growth curve for
the treated tumor. P values were determined by log-rank (Mantel-Cox) test. For all plots,
arrows indicate treatment. Shown are mean + s.d. P values were determined by t-test or

one-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 3.6. aCD45-Cyt therapy drives abscopal effects in B16F10.

Mice bearing bilateral B16F10 tumors (n = 5) were treated with 1IgG-Cyt or aCD45-Cyt
therapy as described. Shown are A, overall survival, B, tumor growth curves for the

treated tumor, and C, untreated tumor.
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Figure 3.7. aCD45-Cyt therapy triggers systemic anti-tumor immunity.

C57BL/6J (n=5 in untreated cohort, n = 8 in aCD45-Cyt cohort) were simultaneously
inoculated with 1M B16F10 cells s.c. and 0.2M cells retro-orbitally (r.o.) to develop lung
metastases. Mice were treated with 1jug aCD45-1L12 immunocytokine on day 7 and 10ug
aCD45-IL15 onday 11 (aCD45-Cyt). On d15, animals were euthanized and tumor burden
was analyzed. A, Tumor growth curves with arrows denoting treatment. Dashed line
denotes analysis timeline. B, Metastatic lung burden shown as percentage of lung tissue
after aCD45-Cyt treatment. C, Average metastasis size after aCD45-Cyt treatment. D,
Representative images of untreated (top left) or aCD45-Cyt treated (top right) lungs.
Representative histology of untreated (bottom left) or aCD45-Cyt treated (bottom right)
lungs. Shown are mean + s.d. For metastatic burden, P values were determined by Mann-
Whitney non-parametric test. For average metastasis size, P values were determined by

l-test.

98



A FACSp1SE+ B E
1M B16F10 IL-12  IL-15
for RNAseq Upregulated Genes in Untreated vs aCDA45-Cyt

= 4 y ¥ i oI aCDA45-Cyt vs IgG-Cyt
@
o Ifngri

a1 d12 " ) =3.43e48
. NES= 347
1 B
Untreated aCD45-Cyt e
H o o
Vd LCMV Arm <= Prokhnevska et al 2023 => TDLN .
Ifitm1
Upregulated Genes in aCD45-Cyt vs Untreated .
Itgb3,  Gzmb Kirg1 B B e
\ 7 orsa padj = 1.44e-09
Stat6 ‘FM ~Gzma | NES =199
/ atos

Itgae. . o
. 5&:{ ngor/ gt mlmz
xcr! / | \fitma ¢ oose =
N\ sty ftgax [ M3 -
Cxor3-fs / Lo [ing i Game < — N |
WAL £
\J\.' 5o |4 _—— e == m - -

y ‘. H 2000 4000
ligad= ok liga7. LCMV Arm <= Prokhnevska et al 2023 => TDLN

b

£

1602 4121 iing
53 495 Fillp1
Brij

67 ip3

56 Hrmoxt

57 Ermn

57 Serpinb9b
132 Cdknla
56 Alpk2

75 Popirdb

168 Gic16a3
128 PdeSa  Zz-score
73 Lmtk3 2
166 Pdedd 1
293 it

o
204 liga
-1
0 398 Rails M)
54 275 Fire logro
3

51 42 Tnirsi4 2
155 Tigit |
236

enrichment score

b

§
on
I
T
g
]
5

-log(adj.p)

enrichment score

EsxERanaEseRe
=

o
79 Cersé -1

B e ifz
log2FaldChange Avgzs;p

150
Gni3 100
Shdb3 s0
Serpinadf o
Zowpw]  29(@dP)
Gaint10

in

C b Enriched Gene Sets in aCD45-Cyt vs IgG-Cyt

5

]

EE
SRESH

o e
bl

IzID

EEE

NRER

RoBB-RES
]

HALLMARK IL2 STATS SIGNALING 53

HALLMARK TNFA SIGNALING VIA NFKB ' - 78
(ALLMARK GLYCOLYSIS
s GOBP INFLAMMATORY RESPONSE

BIOCARTA IL12 PATHWAY

REACTOME METABOLISM OF CARBOHYDRATES

o 14G- REACTOME GLUCOSE METABOLISM

® IgG-Cyt HALLMARK INFLAMMATORY RESPONSE

o o @ aCD45-Cyt GOBP PROTEIN EXIT FROM ER

° BIOCARTA HCMV PATHWAY

L4 GOBP CALGIUM ION TRANSPORT INTO CYTOSOL

GOBP INFLAMMATORY CYTOKINE PRODUCTION

" BIOCARTA 4188 PATHWAY

GOBP CHEMOKINE PRODUCTION

. GOBF FOLYSACCHARIDE CATABOLIC PROCESS

BIOCARTA BARRESTIN PATHWAY

REACTOME TRANS GOLG VESICLE BUDDING

o

<
o
\‘I
by

6
—log10(p.adj) | 142
25

3
72
2 59
REACTOME METABOLISM OF LIPIDS

15
I 10 - || 66
i 68
s 7
|| 79
62
55
201
= T 3 o
PC1: 87% variance 0. 10

Normalized Enrichment Score

PC2: 15% variance
&
IO N — = N PO 6363 PO

"°9tadi-m|:3;;':%z;:smsta
S >
g
EX

HALLMARK PI3K AKT MTOR SIGNALING

log2FC

o
&
n

Figure 3.8. aCD45-Cyt therapy induces an anti-viral signature in the tumor-

specific TDLN compartment.

B16F10 tumors (n = 4 in PBS cohort) treated with aCD45-Cyt (n = 5) or IgG-Cyt (n = 5)
therapy were sorted for CD8* T cells specific for the immunodominant p15E retroviral
antigen for downstream RNA-seq. A, Volcano plot of differentially expressed genes
between untreated and aCD45-Cyt with selected genes labeled. B, GSEA using the
differentially expressed genes between untreated and aCD45-Cyt, compared with T cell
gene signatures from LCMV-Arm infection or TDLN from Prokhnevska et al. 2023
(GSE216731). Enrichment score is plotted. Adjusted p values and normalized enrichment
scores (NES) are labeled. C, PCA of IgG-Cyt and aCD45-Cyt treated samples. D,
Enriched pathways in aCD45-Cyt samples compared to IgG-Cyt samples. E, Top 25
differentially expressed genes between aCD45-Cyt samples and IgG-Cyt samples.
Statistical significance was determined using the Wald test with Benjamini-Hochberg post

hoc correction.
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Figure 3.9. aCD45-Cyt therapy enhances activation of the tumor-specific TDLN

compartment.

B16F10 tumors (n = 4 in untreated group) treated with aCD45-Cyt (n = 5) or IgG-Cyt (n = 5)
therapy were sorted for CD8* T cells specific for the immunodominant p15E retroviral antigen for
downstream RNA-seq. A, Differential gene expression of select inflammatory and activation
markers between untreated and aCD45-Cyt treated mice. B, Volcano plot of differentially

expressed genes between IgG-Cyt and aCD45-Cyt with selected genes labeled.
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Figure 3.10. aCD45-IL15 triggers extended pSTATS in vivo.

C57BL/6J mice (n=5/group) inoculated with B16F10 tumors were treated on d7 with 10
Mg IL-15 immunocytokine. 24 hours later, lymph nodes were fixed, permeabilized, and
stained for pSTAT5. A, Representative pSTAT5 contour plots after IL-15 treatment,
previously gated on live CD3+CD8+ cells. B, Summary data for pSTAT5 induction shown
in A.
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Figure 3.11. aCD45-cytokine therapy reprograms the TDLN leading to an optimal

% of PD1+Tet+ CD8+
% of PD1+Tet+ CD8+

IFNg-producing tumor-specific CD8+ T cell effector subset.

Mice (n = 11 in untreated cohort, n = 12 in IgG-Cyt cohort, n = 10 in aCD45-Cyt cohort
across two independent studies) inoculated with 1M B16F10 tumor cells were treated with
lgG-Cyt or aCD45-Cyt therapy starting on d7. Lymph nodes were harvested 24 hours
after completion of therapy. A, Representative contour plots and gating for p15E
tetramer+ cells in the TDLN, previously gated on live CD8+CD44+ cells. B, Treatment
effects on p15E+ tumor-reactive cells in TDLN. C, (Left) sample histogram of IFNy
expression and (right) TDLN frequency of tumor-specific cells expressing IFNy+. D, TDLN
counts of IFNy+PD-1+p15E+ T cells. E, IFNg MFI levels. F, Granzyme B expression. G,
CD25 expression. Shown are mean + s.d. P values were determined by one-way ANOVA

followed by Tukey’s multiple comparison test.
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Figure 3.12. aCD45-cytokine therapy differentiates TDLN tumor-specific CD8 T

cells without depleting the stem-like progenitor exhausted pool.

Mice (n = 11 in untreated cohort, n = 12 in IgG-Cyt cohort, n = 10 in aCD45-Cyt cohort
across two independent studies) inoculated with 1M B16F10 tumor cells were treated with
lgG-Cyt or aCD45-Cyt therapy starting on d7. Lymph nodes were harvested 24 hours
after completion of therapy. A, (Left) stem-like (TsL) vs. terminally differentiated (TD)
sample gating and (right) TDLN frequency of stem-like PD1+TCF1+CD8* T cells. B, TDLN
counts of stem-like PD1+TCF1+CD8* T cells. D, Expression of terminally differentiated
phenotype (TCF1-TIM3*) E, Absolute TDLN counts of terminally differentiated cells.
Shown are mean + s.d. P values were determined by one-way ANOVA followed by

Tukey’s multiple comparison test.
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Figure 3.13. aCD45-cytokine therapy triggers increased infiltration of highly

cytotoxic tumor-specific CD8+ T cells.

Mice (n = 11 in untreated cohort, n = 12 in IgG-Cyt cohort, n = 10 in aCD45-Cyt cohort
across two independent studies) inoculated with 1M B16F10 tumor cells were treated with
IlgG-Cyt or aCD45-Cyt therapy starting on d7. Tumors were harvested 24 hours after
completion of therapy. A-G demonstrate the effects of aCD45-Cyt therapy on intratumoral
p15E+*CD8* T cells. A, Counts of p15E tetramer*CD8* TILs. B, Counts of p15E
tetramer+CD8* TILs expressing IFNy. C, Sample histogram of IFNg staining (left) and
expression data (right). D, Counts of p15E tetramertCD8* TILs expressing CD25. E,
Sample histogram of CD25 staining (left) and expression data (right). F, Granzyme B
expression. G, Counts of p15E tetramertCD8* TILs expressing Granzyme B. Shown are
mean =+ s.d. P values were determined by one-way ANOVA followed by Tukey’s multiple

comparison test.
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Methods

In vivo pSTAT measurement

Measurement of STATS5 levels in vivo was carried out as previously described(99). Briefly,
TDLN were processed into single cell suspensions directly in BD Fixation Buffer | and
samples were incubated at 37C for 10 minutes. Downstream permeabilization and
staining was performed as described above. In all cases, pSTAT signal was measured

using a BD LSR Fortessa and data were analyzed in Flowjo.

Tumor inoculation and treatment preparation

For all single-tumor experiments, mice aged 6-8 weeks old were injected subcutaneously
in the shaved right flank with 1M tumor cells (MC38, MC38-ZsGreen, or B16F10) in a
volume of 50 uL PBS. For two-tumor experiments, the contralateral tumor was inoculated
on the left flank 3 days after the primary tumor, as stated in study schematics. Prior to
treatment, mice were randomized to ensure equal mean initial tumor size across groups.
Immunocytokines were prepared at their stated doses (1ug for IL-12 immunocytokines,
10ug for IL-15 immunocytokines, where the mass indicated is the mass of the entire
fusion protein) and dosed intratumorally in 20 uL PBS unless otherwise stated. Doses
were informed by our biodistribution experiments as well as previous intratumoral
cytokine work from our lab(77). Peritumoral administration was performed in 50 uL PBS
injected s.c. at the tail-base. Intraperitoneal administration was performed in 100 uL PBS.
Tumor area was calculated as the product of tumor length and width. For single-tumor
studies, mice were euthanized when tumor area exceeded 100 mm?; for two-tumor
studies, mice were euthanized when cumulative tumor area exceeded 200 mm?2. Immune
memory rechallenge experiments were carried out 100 days after initial challenge with
10° tumor cells on the left flank. Age-matched naive mice were used as controls for these
studies. For the lung metastasis model used in Extended Data Fig. 6, 0.2M B16F10 cells
in 100 pL PBS were inoculated retro-orbitally on the same day as the standard 1M tumor

cell flank inoculation.
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Tissue processing for flow cytometry

B16F10 or MC38 tumors were harvested, weighed, and subsequently minced using
dissection scissors in gentleMACS mouse tumor dissociation buffer (Miltenyi) prepared
per manufacturer’s instructions. As noted in the Miltenyi protocol, Enzyme R was reduced
to 20% of the stated amount to preserve surface epitope integrity. Minced tumors were
processed on a gentleMACS Octo-dissociator with heaters (Miltenyi) using program
mTDK_1 for B16F10 and mTDK_2 for MC38. Dissociated tumors were then filtered
through a 70-micron strainer and 25 mg tumor was plated for downstream staining. TDLN
were harvested, weighed, and subsequently dissociated and filtered through a 5 mL
round-bottom tube with cell-strainer cap (Falcon) using the blunt rubber end of a 1mL
syringe plunger (Falcon). 5 mg of TDLN was used for downstream staining. Blood was
collected by sub-mandibular bleeding into MiniCollect K2-EDTA tubes (Greiner) and red
blood cells were lysed using ACK Lysis Buffer (Gibco). When intracellular cytokine
staining (ICS) was performed, as in Fig. 5, samples were resuspended and plated in
complete RPMI supplemented with 1X sodium pyruvate (ThermoFisher), 1X non-
essential amino acids (ThermoFisher), 1X beta-mercaptoethanol (ThermoFisher), and 1X
brefeldin A (BioLegend) and allowed to incubate at 37C for 3 hours prior to staining.
Precision counting beads (50uL, BioLegend) were added after initial resuspension and
used for downstream data analysis. Viability was assessed with Zombie UV or Zombie
NIR dyes (BioLegend, 1:1000) in PBS for 20 minutes at room temperature. Subsequent
washes and surface staining was performed in PBS supplemented with 1% bovine serum
albumin and 2mM EDTA (ThermoFisher). Samples were resuspended in Mouse Fc block
Plus (BioLegend) prior to surface staining for 15 minutes. Antibodies against surface
targets used as following: CD3 (17A3, BD, 1:100), CD4 (GK1.5, BD, 1:100), CD8 (53-6.7,
BD, 1:200), CD19 (6D5, BioLegend, 1:100), CD24 (M1/69, BioLegend, 1:100), CD25
(PC61, BioLegend, 1:100), CD44 (IM7, BD, 1:100), CD45.2 (BD, clone: 104, 1:100),
NK1.1 (PK136, BioLegend, 1:100), MHCII (M5/114.15.2, BioLegend, 1:100), Ly6C
(HK1.4, BioLegend, 1:100), F4/80 (BM8, BioLegend, 1:100), PD1 (29F.1A12, BioLegend,
1:100), TIM3 (RMT3-23, BioLegend, 1:100). P15E tetramer (MBL) staining was

performed in the presence of 50 nM dasatinib at a 1:75 dilution and anti-CD8 antibody
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clone KT15 (ThermoFisher) was used to minimize background signal. Dasatinib
incubation was not included in the staining mixture for the RNAseq experiment. When
performing intracellular staining, cells were fixed and permeabilized using the Foxp3
transcription buffer set (eBioscience). Samples against intracellular antigens used as
following: TCF1 (C63D9, Cell Signaling Technologies, 1:250), IFNg (XMG1.2, BioLegend,
1:200), Granzyme B (QA16A02, BioLegend, 1:200). Intracellular staining was performed
overnight at 4C. Cells were collected using a BD FACSymphony A3 and data were

analyzed in FlowJo.

Antibody-mediated cellular depletion

Immune cell depletions were carried out with antibodies targeting CD8a (BioXcell, Clone
2.43, 400 pg twice weekly), NK1.1 (BioXCell, clone PK136, 400 ug twice weekly), CSF1R
(BioXCell, clone AFS98, 300 ug every other day) as previously described(57). All
depletions were given i.p. in 100 uL of PBS. Depletions were initiated 1 day prior to
treatment and carried out for four weeks. Depletions were carried out in C57BL/6J mice

unless otherwise noted.

FTY720 Preparation and dosing

FTY720 hydrochloride (Sigma Aldrich) was stored in stock solutions at 10 mg/mL in
DMSO. Prior to treatment, stock solutions were diluted to a dose of 30ug in 150 pL in
PBS. In 2-tumor MC38 studies, FTY720 was dosed every other day i.p. starting on day 5

after tumor inoculation.

Immunohistochemistry staining of lung sections

Animals were euthanized and transcardially perfused with PBS before harvesting the
lungs. Tissues were fixed overnight in 4% paraformaldehyde (PFA) at 4°C, processed
using conventional methods, embedded in paraffin, and sectioned at 10 um. Sections

were then stained with hematoxylin and eosin and scanned using the Aperio Brightfield
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(Leica Biosystems) Slide Scanning System. The lung tissue and metastatic lesions were

automatically detected via distinct pixel classifiers using QuPath v0.4.3.

CD8 T cell RNA sequencing, mapping, and analysis

For RNA-seq experiments, 2-40k live CD3*CD8+* CD44+p15E+ cells processed from TDLN
were sorted using a Sony MA900. RNA extraction was performed using the Qiagen
RNEasy Micro kit per manufacturer’s instructions. RNA libraries were prepared using the
Clontech SMARTer Stranded Total RNA-Seq Kit - Pico Input Mammalian and sequenced
using the lllumina NextSeq500 75nt kit. RNAseq reads were aligned to the mouse
genome with STAR (v2.7.9a) using ensembl GRCm39 primary assembly as the
reference. Aligned reads were quantified using RSEM (v1.3.1) with ensembl GRCm39
(release 110) transcript annotations. The resulting counts were analyzed in R using
DESeq2 for differential expression analysis, fgsea for gene set enrichment analysis
(GSEA), and msigDB for the gene set database. Data visualization was done with ggplot2
and ComplexHeatmap. GSEA was utilized for the correlative analysis between our
RNAseq data and the gene expression signatures from Prokhnevska et al. 2023. The
gene expression count matrix was obtained from NCBI Gene Expression Omnibus with
accession No. GSE216731. Differential gene expression analysis was performed on the
LCMV Arm and TDLN groups, and the genes were ranked by Wald test statistics. The
ranked genes were compared to gene signatures from our data, specifically, the
upregulated genes in aCD45-Cyt vs. untreated mice and the upregulated genes in
untreated vs aCD45-Cyt mice. The enrichment score suggests the degree of correlation
with T cells from either LCMV Arm or TDLN.

Statistical Methods

Statistics were computed in GraphPhad Prism v9 as denoted in the figure captions. For
in vitro, biodistribution, and flow cytometry immunophenotyping experiments,
comparisons were made by ttest or one- or two-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test. Survival comparisons were made by log-

rank (Mantel-Cox) tests. Differential gene expression analysis in the RNA-seq data was
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performed by Wald tests. In all RNA-seq analysis, P values are corrected by Benjamini-
Hochberg to account for multiple hypothesis testing. Exact P values are denoted in

figures.
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Chapter 4 : Next steps and outlook of aCD45-Cytokine therapy

Parts of this chapter appear as published in Santollani and Wittrup, Immunological
Reviews (2023)(1).

Introduction

As demonstrated in the last 2 chapters, in this work we designed, tested, and optimized
a modular cytokine engineering platform through antibody-mediated targeting to the
universal leukocyte phosphatase CD45. CD45’s abundance on intratumoral leukocytes
paired with its long surface half-life translated into a promising anchor that allowed for
improved payload retention at a macro level as well as enhanced signaling biology at a
cellular level. Optimization of dose and sequencing yielded a powerful sequential cytokine
treatment that was highly efficacious across various syngeneic tumor models and did not

trigger toxicity-related weight loss.

In this chapter, we focus on preliminary data and discussion on the future translational
potential of CD45 targeted cytokines. To facilitate the ease of translation of aCD45-Cyt
therapy, we design and develop a single aCD45/IL15/IL12 single fusion chimera, referred
to as aCD45-dual-IL. As opposed to having to make two separate proteins, a single dual-
IL molecule allows for an all-in-one approach. In preliminary in vitro and in vivo tests, the
initial aCD45-dual-IL prototype behaves consistently with its individual counterparts. We

contextualize this data in upcoming plans to pilot aCD45-Cyt therapy in canine patients.

Additionally, we look to combine aCD45-IL15’s lymph-node retention capabilities with
another localized therapy developed in our lab, a materials-anchored IL-12. In a two-
tumor MC38 model, a single dose of alum/IL-12 followed by a single dose of aCD45-IL15
leads to complete responses in a subset of mice. In the discussion, we highlight how the
unique capabilities of these two localized approaches may synergize to provide a robust
anti-tumor response.To conclude, we present a final discussion and outlook on the future

of engineered cytokine therapies.
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Preliminary results and discussion on future work

A single molecule approach and plans for canine translation

Given the promising efficacy and mechanism results in syngeneic tumors, we have most
recently spent time laying the groundwork for effective translation of aCD45-Cytokine
therapy. One potential hurdle in translation the current treatment paradigm is the need for
two separate immunocytokines (IL-15 and IL-12). For recombinant protein therapeutics
like immunocytokines, where clinical grade good manufacturing practice (GMP) material
for a small Phase | trial can cost upwards of $5M per asset, having to produce two

independent molecules could be gating.

Based on this, we wondered whether a single fusion protein that incorporates both
cytokines could be equally effective. This all-in-one approach has been validated for
another localized cytokine therapy from our lab. In translating Momin et al’s collagen-
binding cytokines, Cullinan Oncology developed a single protein incorporating IL-2, IL-
12, human serum albumin (HSA, for half-life extension), and the collagen binding domain.
This IL-2/IL-12 fusion, termed CLN-617, demonstrated impressive preclinical responses

and was recently dosed in a first-in-human study.

We hypothesized that a similar single fusion approach could be used to simplify aCD45-
Cyt therapy. Using the same aCDA45 antibody scaffold, we generated a bivalent IL-15/IL-
12 fusion, referred to as aCD45-dual-IL hereafter (Fig 4.1A). aCD45-dual-IL was able to
dose-dependently proliferate CD8* T cells to the same extent as IgG-IL15 or aCD45-IL15
(Fig 4.1B). aCD45-dual-IL was retained on the cell surface to a far greater degree than
IgG fusions but was internalized more rapidly than aCD45-IL15 (Fig. 4.1C). As discussed
in Chapter 2, this suggests that there is a balance between CD45’s slow turnover and
cytokine receptor’s rapid internalization rate. Increasing the valency of cytokine payloads
(four cytokines in aCD45-dual-IL vs two cytokines in individual aCD45/IL15 or

aCDA45/1L12) seems to increase internalization of the molecule.
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With promising in vitro validation of the aCD45-dual-IL construct, we tested its ability to
induce anti-tumor immunity in vivo. Mice bearing B16F10 tumors that were ~35mm? in
size were treated with aCD45-dual-IL on d8 and d12 at doses that were molar matched
to the original aCD45-Cyt paradigm. For the larger aCD45-dual-IL molecule, this
corresponds to 1.6 and 16 g for the d8 and d12 doses, respectively. Treatment with
aCD45-dual-IL did not trigger any weight loss despite the toxicity often associated with
combination of IL-15 and IL-12 (Fig 4.2). The two doses led to complete responses in the

entire cohort (Fig 4.2).

Despite these encouraging initial results, there needs to be additional testing with the
aCD45-dual-IL molecule to ensure it is triggering a similar immune response to the
original sequential aCD45-Cyt therapy. Most importantly, aCD45-dual-IL needs to display
comparable abscopal effects to aCD45-Cyt therapy to justify its translation. Furthermore,
there should be further optimization of the cytokine valency before nominating a final

construct for future translation.

The next planned step in translation for aCD45-Cyt therapy will be a small pilot trial in
canine patients carried out through the lab’s standing collaboration with Dr. Tim Fan at
UIUC. Dogs with spontaneously occurring malignancies can serve as an interesting
bridge model between mouse and human. Namely, 1) pet dogs are exposed to the same
environmental factors that we are, and 2) the timescale of canine tumorigenesis is
commensurate with that of human cancer. The lab has previously translated collagen-
anchored cytokines where they have shown signal in both melanoma and sarcoma
patients (64, 109).

To translate CD45-targeted cytokines into canine patients, we aimed to generate canine
surrogates of our mouse aCD45 immunocytokine molecules. Because we were not able
to find an anti-dog CD45 antibody sequence in the patent literature or in publications, we
recently began a yeast surface display campaign using a VHH library(770). Once a

selective binder is discovered and affinity matured, we will generate bivalent VHH-Fc-
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cytokine or monovalent VHH-cytokine fusions (Fig. 4.3). The final format of this molecule
will be guided by any final experiments exploring alternative mouse aCD45-dual-IL

constructs.

Future experiments will be focused on validating canine surrogate molecules to ensure
consistent behavior with their murine counterparts. Due to the more limited set of dog
reagents, we plan to test the surface retention and extended signaling of dog CD45-
targeted cytokines by performing a pulse-chase proliferation experiment. Canine PBMCs
labeled with Cell Trace Violet will be incubated with canine surrogate molecules for 1
hour, washed of unbound cytokine, and allowed to proliferate for 48 hours. CTV dilution
will be measured by flow cytometry and compared to untargeted control cytokines. We
expect only CD45-targeted cytokines to induce proliferation of canine PBMCs after a 1
hour pulse. A positive result in this experiment would validate 1) binding to CD45, 2)
cytokine bioactivity, and 3) consistent construct behavior (i.e. signal extension by CD45

surface retention).

aCD45-IL15 can drive abscopal responses in combination with alum-IL12

In the aCD45-Cyt treatment regimen, the IL-12 immunocytokine dose was designed to
be isolated to the tumor and spare the TDLN. The rationale was to use IL-12 as an
antigen-generation compound that would initiate an immune response that would later be
amplified by the IL-15 dose. We specifically dosed IL-12 at 1 pg to prevent any direct
TDLN exposure to avoid terminal differentiation of the nodal stem-like progenitor
exhausted pool which could lead to poor immune memory. We thus hypothesized that
other tumor-localized IL-12 therapies could serve the same purpose as aCD45-IL12 and
synergize well with aCD45-IL15. As a proof of concept for this idea, we replaced the initial
aCD45-IL12 dose in aCD45-Cyt therapy with a locally delivered alum-IL12 dose. Alum
anchoring, another localization strategy previously developed by our labs, relies on

phosphoserine affinity tags that are fused to therapeutic proteins and enable long-term
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linkages on the traditional vaccine adjuvant alum. For more background on alum-

anchoring, refer to previous thesis work from our labs or relevant publications(20, 57).

To test whether a single dose of alum/IL-12 would combine well with aCD45-IL15, we
tested this sequential regimen in a two-tumor MC38 model. Mice treated with alum/IL-12
monotherapy rejected the treated tumor but were unable to control the distal tumor. Mice
treated with alum/IL-12 followed by aCD45-1L15 successfully controlled the primary tumor
and about 40% of mice additionally rejected the contralateral tumor (Fig 4.4). While this
abscopal effect is not as pronounced as that seen by aCD45-Cyt therapy, it may be due
to differences in experimental set-up. In comparison to the two-tumor experiments shown
in Chapter 3, this experiment involved simultaneous inoculation of both tumors on either
flank, allowing for 3 additional days of tumor establishment on the contralateral flank.
Future study of this combination therapy should focus on mechanistic and phenotypic
comparison of alum/IL12 and aCD45-IL12 to truly understand whether they are

interchangeable.

This combination therapy highlights the key differences and strengths of different
localization strategies developed in the lab. For example, alum anchoring enables
retention on timescale of weeks to months, far longer than aCD45 anchoring. However,
due to the micron-sized depots that alum forms, it does not allow for efficient lymph node
drainage. In contrast, as we have shown throughout the thesis, CD45 targeting elicits
day-long lymph node retention when dosed appropriately. Future combinations of
engineered cytokines that each address key aspects of the anti-tumor response could

prove promising.
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Final words

Since the initial excitement around the potential of cytokines in cancer immunotherapy,
the field has matured and evolved tremendously. Our growth in understanding of T cell
immunology, structural biology, and protein engineering tools have sustained an
engineering campaign over the last two decades attempting to unlock the potential of
cytokine therapies. After initial half-life engineering, the next generation of cytokines
was mostly defined by simple tumor-targeting immunocytokines and not-alpha IL2
candidates. Today, a majority of cytokine engineering falls into conditional activation,
cis-targeting immunocytokines, and intratumoral anchoring. Furthermore, each of these
strategies can be paired with additional engineering endeavors in cellular therapies (e.g.
cytokine armored CAR-Ts) and gene therapies (e.g. gene delivery of engineered
cytokines). Because endogenous cytokines are exquisitely regulated by the immune
system, it’s likely that engineering them as therapies will not be a one-size-fits-all
approach. Depending on the specific payload, a given intensity and duration of signaling
may be productive or harmful. Just like their endogenous counterparts, cytokine

therapies will need to be fine-tuned in space and time to maximize patient benefit.

In this work, we engineered and optimized a potent cytokine therapy through targeting
of the universal immune cell receptor CD45. Multi-receptor engagement between CD45
and the cognate cytokine receptor led to extended surface half-life and enhanced
signaling for IL-15 and IL-12. Preliminary data suggests that this behavior will be
consistent for other cytokines and for human CD45 as well, highlighting the potential
and broad applications of CD45 targeting for certain immune agonists. As the
immunotherapy field moves into cis-targeting on immune cells, emerging properties
related to engaging multiple cell surface receptors simultaneously will likely be

discovered.
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For most of this thesis, we applied CD45-targeting therapeutically in a regimen referred
to as aCD45-Cyt therapy. At its crux, aCD45-Cyt therapy is modeled after a “prime and
boost” strategy that used an initial intratumoral dose of IL-12 to kickstart the anti-tumor
response and a sequential dose of IL-15 a few days later to amplify newly primed CD8+*
T cells. The relevant IL-12 and IL-15 doses were informed by the biodistribution
experiments highlighted in Chapter 2. These results revealed a “fountain” model for
intratumorally delivered CD45 targeted proteins in which protein subsequently drains
from tumor to TDLN to systemic circulation in a dose-dependent manner. This allowed
us to select doses for controlled compartment-specific exposure and most consequently
enabled sustained TDLN retention by aCD45-cytokines. Ultimately, we attribute this
lymph-node retention as the key differentiator that unlocked the profound systemic anti-
tumor immunity that was seen with aCD45-Cyt therapy. Our FTY-720 experiments
suggest that effector cells generated at the treated TDLN then disseminate and
agnostically infiltrate distal tissues. Rather than focusing solely on intratumoral targeting
and retention, as the field often has, this work clearly demonstrates the importance of
lymph node biology and lymph node exposure for effective systemic immunity.
Regardless of administration route or engineering approach, future cytokine therapies
should be developed with lymph node exposure and biology in mind. This is likely even
more important in clinical settings, where it is becoming increasingly appreciated that
the key immune cell subsets responding to immunotherapy such as progenitor

exhausted cells largely reside in lymph nodes (111, 112).

Systemic toxicities have always been a key part of the conversation around cytokines.
Though many strategies have been developed to tackle this problem, including the
strategy developed in this thesis, gauging toxicity from novel cytokine therapies is
difficult because preclinical models are often not as sensitive to cytokine toxicity as
humans. For example, antibody IL-2 fusions that appeared safe in mice have resulted in
dose-limiting toxicities when tested in humans(7713). Shockingly, IL-12 toxicity has been

reported for intratumoral doses as low as 100ng/kg (91, 114). This would correspond to
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single digit nanogram doses for an average sized mouse, far lower than what we and
others traditionally dose in preclinical models. Certain mouse models have been
reported to be more sensitive to cytokine toxicity. For IL-12, the C3H/Hed background
has been shown to be sensitive to low-dose recombinant IL-12 and is a good tool for
probing the toxicity of engineered constructs(67, 115). For other cytokines, weight loss
and liver enzymes are key metrics for predicting toxicity in new engineering approaches.
Finally, as discussed earlier in this chapter, spontaneous canine malignancies may
serve as an emerging intermediate translational model for cytokine development. In
comparison to syngeneic mouse tumors, which often grow and vascularize much more
rapidly than human tumors, canine tumors mirror human cancers more faithfully(64,
109, 116). Thus, they may serve as an effective bridge between murine preclinical

studies and first-in-human studies.

While we were able to probe many aspects of the biology and mechanism that underpin
aCD45-Cyt therapy’s effects, there are still outstanding questions. Because the majority
of our analysis occurred after completion of the entire regimen (that is, after the IL-15
dose), we do not yet fully understand the individual contributions of each dose of
therapy. For example, based on our understanding of each component — IL-12 for cell
death and antigen release and IL-15 for proliferation — the therapy should not be as
effective if the doses were reversed (i.e. IL-15 first followed by IL-12). A related question
is whether the aCD45-1L12 uniquely enabled the therapy’s activity or if other antigen-
generating agents could replace this first dose. Preliminary experiments replacing
aCD45-1L12 with alum/IL-12 suggest that at least other engineered IL-12 molecules
could be effective, but it would be interesting to probe more traditional agents like

radiation or immunogenic cell death(ICD)-inducing chemotherapy.

A paradoxical aspect of this approach has always been that it involves inducing
proximity between CD45, a potent phosphatase, and domains that require

phosphorylation for downstream signaling (i.e. cytokine receptors). As shown
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throughout the entire work, in the format we designed our immunocytokines, they were
unaffected by CD45 proximity — if anything, they displayed enhanced signaling.
Ultimately, we hypothesize that CD45’s phosphatase properties did not hinder this
approach for 3 key reasons: 1) cytokines are soluble ligands as opposed to membrane-
bound ligands that form the type of cell-cell synapses that naturally exclude CD45 (e.g.
many co-stimulatory receptors like CD40), 2) downstream signaling is dependent on a
cytosolic, not membrane-bound, kinase (i.e. JAK), and 3) the distance between the
CD45 and cytokine receptor was large enough in this immunocytokine format as to not
allow for dephosphorylation. Future experiments could be focused on proving or
disproving these hypotheses by applying CD45 anchoring to membrane-bound agonists
(e.g. CD28, CD40, 4-1BB) and varying construct architecture to increase or decrease
distance between CD45 engagement and the signaling domain. Another related aspect
that could play role in understanding how binding CD45 impacts cytokine signaling is
the epitope of the CD45 antibody. Based on its ability to bind all isoforms of murine
CD45, the clone used in this work (30-F11) likely binds in a membrane-proximal region
of CD45. Future experiments probing the importance of CD45 epitope on this approach

may be hugely valuable in ensuring effective translation.

Finally, a few thoughts on the prospects of translating aCD45-Cyt therapy. While the
IL15/IL12 paradigm we applied this approach was particularly effective, it is unclear that
these are the optimal cytokines for eliciting an anti-tumor response and moving forward
with. For example, there is compelling data demonstrating IL-21 as another common
gamma chain cytokine that can elicit anti-tumor immunity. Additionally, for intratumoral T
cells, which are likely much further on their differentiation and exhaustion trajectory,
pSTATS signaling cytokines like IL-10 may be the optimal payload to metabolically re-
invigorate them. Depending on the dose and objective, different payloads should be

explored and optimized.
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In thinking of future translation of this work, it’s also crucial to consider key differences
between our preclinical mouse models and spontaneous malignancies in canine, or
potentially human, patients. As described previously, the order of administration of
aCD45-Cyt therapy was motivated by using the IL-12 dose to prime a T cell response
and expand it using the IL-15. For syngeneic mouse tumors that are treated within a
week of inoculation and have not had time to generate an endogenous T cell response,
this reasoning makes sense. However, in established human tumors that have been
interfacing with the immune systems for months to years, there is already an existing T
cell response. Thus, the premise for staging IL-12 followed by IL-15 is likely not as
important as in our preclinical mouse work. One could even rationalize the inverse
treatment, using IL-15 to expand existing T cells and then IL-12 to reprogram them into

an activated cytotoxic state.

As mentioned in the conclusion of Chapter 3, there are also key differences between
CD45 biology in mice and humans, primarily relating to isoform prevalence and its
correlation with cell phenotype. In humans, CD45 isoform splicing often corresponds to
specific activation states and phenotypes. Canonically, T cells will downregulate CD45RA
and upregulate the shorter CD45RO isoform upon activation. Pending further expression
analysis of CD45RA on bystander leukocytes, generating a CD45RO targeting cytokine

fusion could enable systemic administration of this approach.

Because this approach hinges on intratumoral CD45 infiltration, we wanted to
understand how the mouse models we used for our preclinical validation compare in
their leukocyte fraction to established human tumors. Previous reports estimating
leukocyte fraction from TCGA samples range from 5% to 30%, suggesting that even
though many tumors have dysfunctional immune infiltrates or low lymphocyte counts,
there are no leukocyte immune deserts(777). Using another resource for analyzing

mouse syngeneic tumor models, the median baseline infiltration is around 10%(118).
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Knowing that common mouse syngeneic tumors have commensurate CD45 infiltration

as human tumors suggests that this approach could viable if it were to be translated.

Undoubtedly, we are in the middle of a cytokine engineering wave, with many exciting
preclinical and clinical examples. This newest generation of engineered cytokines,
including our cell-surface targeted immunocytokines, are spatiotemporally programmed

in ways that will hopefully translate to better tolerated and more efficacious therapies.
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Figures

Figure 4.1. A single aCD45/IL15/IL12 fusion chimera is biofunctional and retained
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A, Schematic of aCD45-dual-IL. B, Luminescence measurement of CTLL-2 cell
proliferation following 48 hr incubation with 1gG-IL15, aCD45-IL15, or aCD45-dual-IL at
indicated concentrations. C, Internalization kinetics of IgG-IL15, aCD45-IL15, or aCD45-

dual-IL labeled with AF488 following binding to primary activated CD8* T cells. Data are
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Figure 4.2. aCD45-dual-IL is safe and efficacious in B16F10 tumors.

C56BL/6 mice (n = 4-5/group) were inoculated with 1M B16F10 cells and treated on d8
and d12 with aCD45-duallL at molar-matched doses to the original aCD45-Cyt paradigm.

Shown are the A, weight, B, tumor growth curve, and C, overall survival.
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Figure 4.3. Sample architecture for canine surrogate aCD45-cytokine fusions.

A, Canine surrogate of aCD45-dual-IL mouse molecule described 4.1 and 4.2. B,

monovalent canine cytokine-VHH-CSA fusion (CSA: canine serum albumin).
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Figure 4.4. aCD45-IL15 elicits abscopal effects in combination with alum/IL-12.

C57BL/6 mice (n = 5-10/group) were inoculated with 1M and 0.25M MC38 cells on the
right and left flank respectively on d0. Mice were treated on d6 with Alum/IL12 and d10
with aCD45/IL15. Shown are the primary and distal grouped and individual curves as well

as overall survival.
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Tables

Table 4.1. Amino acid sequences of aCD45-dual-IL fusion.

aCD45-dual-IL
Light Chain (mCk)

DIQLTQSPKSMSMSVGERVTLTCKASENVVTYVSWY
QQKPEQSPKLLIYGASNRYTGVPDRFTGSGSATDFTL
TISSVQAEDLADYHCGQGYSYPYTFGGGTKLEIK RAD
AAPTVSIFPPSSEQLTSGGASVVCFLNNFYPKDINVKW
KIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDE
YERHNSYTCEATHKTSTSPIVKSFNRNEC

aCD45-dual-IL
Heavy Chain
(mlgG2c LALA-
PG)

MWELEKDVYVVEVDWTPDAPGETVNLTCDTPEEDDIT
WTSDQRHGVIGSGKTLTITVKEFLDAGQYTCHKGGET
LSHSHLLLHKKENGIWSTEILKNFKNKTFLKCEAPNYS
GRFTCSWLVQRNMDLKFNIKSSSSSPDSRAVTCGMAS
LSAEKVTLDQRDYEKYSVSCQEDVTCPTAEETLPIELAL
EARQQNKYENYSTSFFIRDIIKPDPPKNLQMKPLKNSQV
EVSWEYPDSWSTPHSYFSLKFFVRIQRKKEKMKETEEG
CNQKGAFLVEKTSTEVQCKGGNVCVQAQDRYYNSSCS
KWACVPCRVRSGGSGGGSGGGSGGGSRVIPVSGPAR
CLSQSRNLLKTTDDMVKTAREKLKHYSCTAEDIDHEDITR
DQTSTLKTCLPLELHKNESCLATRETSSTTRGSCLPPQK
TSLMMTLCLGSIYEDLKMYQTEFQAINAALQNHNHQQIILD
KGMLVAIDELMQSLNHNGETLRQKPPVGEADPYRVKMKL
CILLHAFSTRVVTINRVMGYLSSA GGGGSGGGGSGGGGS
QVQLLQSGGGLVQPGRSLKLSCLASGFIFSNYGMNWIRQ
APGKGLEWVASISSTSSYIQYADTVKGRFTISRENAKNTLY
LQMTSLISEDTALYYCARHGGYGYKGIWFAYWGQGTLV
TVSS AKTTAPSVYPLAPVCGGTTGSSVTLGCLVKGYFPE
PVTLTWNSGSLSSGVHTFPALLQSGLYTLSSSVTVTSNT
WPSQTITCNVAHPASSTKVDKKIEPRVPITQNPCPPLKEC
PPCAAPDAAGGPSVFIFPPKIKDVLMISLSPMVTCVVVDVS
EDDPDVQISWFVNNVEVHTAQTQTHREDYNSTLRVVSALP
IQHQDWMSGKEFKCKVNNRALGSPIEKTISKPRGPVRAP
QVYVLPPPAEEMTKKEFSLTCMITGFLPAEIAVDWTSNGRT
EQNYKNTATVLDSDGSYFMYSKLRVQKSTWERGSLFACSV
VHEGLHNHLTTKTISRSLGK GGGGS
GTTCPPPVSIEHADIRVKNYSVNSRERYVCNSGFKRKAGT
STLIECVINKNTNVAHWTTPSLKCIRDPSLAGGSGGSGG
SGGSGGSGGSGGNWIDVRYDLEKIESLIQSIHIDTTLYTD
SDFHPSCKVTAMNCFLLELQVILHEYSNMTLNETVRNVLYLA
NSTLSSNKNVAESGCKECEELEEKTFTEFLQSFIRIVQMFINTS
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Methods

Fluorescence-quenching internalization assay

Internalization assays were performed and analyzed as described previously(98). Briefly,
immunocytokines were conjugated with AlexaFluor 488 (AF488) using NHS ester
chemistry (Invitrogen). Free dye was removed by Zeba spin desalting column purification
(ThermoFisher). 100,000 primary CD8 T cells were seeded in 96-well plate and incubated
with AF488-labeled immunocytokines at 10 ug/mL staggered at desired time points. Wells
were then split such that one set was incubated with 25 pg/mL anti-AF488 quenching
antibody (ThermoFisher, A-11094) for 25 minutes. For human CD8* T cell internalization
assay, anti-human CD45 (clone: MEM-28) conjugated to AF488 (ThermoFisher) was
used. Human CD8+ T cells were purchased from StemCell Technologies. Viability was
assessed via DAPI staining. AF488 signal was measured using a BD LSR Fortessa and

data were analyzed in Flowjo.

CTLL-2 proliferation

For IL-15 bioactivity, 10,000 CTLL-2 cells were seeded in a 96-well U-bottom plate in
incomplete media per manufacturer’s instructions with stated IL-15 immunocytokine
dilutions for 48hrs at 37C. Proliferation was measured via CellTiter-Glo 2.0 Assay
(Promega) following manufacturer’s instructions. Luminescence was measured on a

microplate reader (Tecan) with an integration time of 0.25 seconds.

Tumor inoculation and treatment.
See Chapter 2 and 3.
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