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Abstract

Rationale: Cytotoxic T-lymphocyte—associated antigen 4 (CTLA-4) is a co-inhibitory checkpoint
receptor that is expressed by naive T-cells in lymph nodes (LNs) to inhibit activation against “self”’
antigens (Ags). In cancer, anti-CTLA-4 blocks inhibitory action, enabling robust activation of T-cells
against tumor Ags presented in tumor draining LNs (TDLNs). However, anti-CTLA-4 is
administered intravenously with limited exposure within TDLNs and immune related adverse
events (irAEs) are associated with over-stimulation of the immune system.

Methods: Herein, we first deliver anti-CTLA-4 in an orthotopic mammary carcinoma murine
model using a nanotopographical microneedle-array device to compare its anti-tumor response to
that from systemic administration. Additionally, to demonstrate the feasibility of lymphatic delivery
in humans using the device, we use near-infrared fluorescence imaging to image delivery of ICG to
LNs.

Results: Our data show that lymphatic infusion results in more effective tumor growth inhibition,
arrest of metastases, increased tumor infiltrating lymphocytes and complete responses when
compared to conventional systemic administration. In clinical studies, we demonstrate for the first
time that nanotopographic infusion can deliver ICG through the lymphatics directly to the axilla and
inguinal LNs of healthy human volunteers.

Conclusion: Taken together, these results suggest that regional delivery using a
nanotopography-based microneedle array could revolutionize checkpoint blockade immunotherapy
by reducing systemic drug exposure and maximizing drug delivery to TDLNs where tumor Ags
present. Future work is needed to determine whether lymphatic delivery of anti-CTLA-4 can
alleviate irAEs that occur with systemic dosing.

Key words: Immunotherapy, Nanotopography, Lymphatic delivery, Fluorescence imaging

Introduction

Nivolumab or pembrolizumab (targeting  T-lymphocyte-associated antigen 4 [CTLA-4]
programmed death 1 [PD-1] checkpoint monoclonal  checkpoint monoclonal antibody) have become
antibody) and ipilimumab (targeting cytotoxic  standard immune therapy for patients with advanced
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cancers. CTLA-4 is expressed on T-cell surfaces and
interacts with tumor antigen (Ag) presenting cells
(APCs) to suppress the activation of naive T-cells in
lymph nodes (LNs) (Figure 1). While anti-CTLA-4 has
also been shown to modify the immune status of the
tumor microenvironment [1], the intrinsic site of
therapeutic action for anti-CTLA-4 in locally
advanced metastatic cancers remains in the tumor
draining LNs (TDLNs) where naive T-cells are
activated against tumor Ags.

Both anti-PD-1 and anti-CTLA-4
immunotherapies are administered intravenously
(i.v.) and have been shown to induce anti-tumor
responses in patients with cancers, including
melanoma, non-small cell lung cancer, and renal cell
carcinomas. Because anti-CTLA-4 monotherapy is
associated with lower response rates and higher rates
of severe Grade 3-4 toxicities than anti-PD-1
monotherapy [2, 3], anti-PD-1 monotherapy has
become the preferred immunotherapy therapy in
patients with advanced melanoma [4]. Yet even for
immunogenic melanoma, only 50% of patients are
responsive to anti-PD-1 monotherapy. For these
patients, combination of anti-CTLA-4 and anti-PD-1
therapies have been shown to have complementary
activity of up to 50-60% response rates in advanced
Stage III or IV melanoma, but, disappointingly, they
act synergistically to amplify immune-related adverse
events (irAEs) and severe toxicity in up to 60% of all
patients [3, 5]. Using analysis of outcome data from
the CheckMate-067 trial, Oh, et al. [6] argue that the
elevated costs associated with irAEs due to
anti-CTLA-4 in combination with anti-PD-1 render it
cost-ineffective despite the benefits of improved
disease free survival in responsive cancers.
Maximizing exposure of anti-CTLA-4 in TDLNs
where cytotoxic T cells are activated against tumor
Ags may improve anti-tumor responses and minimize
dose dependent irAEs.

LNs are part of the open, unidirectional
lymphatic vasculature. The entry point for capillary
filtrate, macromolecules, and immune cells is at the
“initial” lymphatics that (i) lie immediately below the
epidermis, (ii) surround the periphery of all organs,
and (iii) can be formed at the tumor periphery
through the process of tumor lymphangiogenesis
(Figure 1). These “initial lymphatics” are immature
capillaries without a basement membrane and with
loose endothelial cell tight junctions that open and
close to uniquely allow entry of waste materials and
immune cells. From the initial lymphatics, lymph
drains through mature, conducting lymphatic vessels
that consist of a series of vessel segments bounded by
valves and lined with smooth muscle cells that
contract to actively propel lymph (often against

gravity) to regional LN basins. Following transport
through chains of downstream LNs via afferent and
efferent lymphatic vessels, lymph is deposited into
the blood vasculature via the subclavian vein [7].
Monoclonal antibody access to the regional
lymphatics following i.v. administration can occur
through the high endothelial venules (HEVs) of LNs
that are exclusive entryways for naive T and B cell
entry. In addition, antibodies that have extravasated
from the blood vasculature may also be taken up by
initial lymphatics for delivery to regional LNs.
However, because lymph drains into the blood
vasculature, comparatively large i.v. doses may be
needed to reach drug targets associated with tumor
Ags presentation within tumor draining LNs (Figure
1 insert A). Systemic, iv. administration of
anti-CTLA-4 can also result in activated naive-T cells
in non-tumor draining LNs where non-tumor, self
Ags rather than tumor Ags are presented (Figure 1,
insert B), and presumably lead to irAEs. In this work,
we hypothesize that lymphatic delivery of
anti-CTLA-4 will have greater anti-tumor responses
than systemic delivery in a preclinical model of
metastatic cancer. Since preclinical models poorly
predict irAEs to checkpoint blockade immunotherapy
[8], we test for similar or improved tumor responses
with lymphatic delivery.

Administration of biologics directly into the
lymphatics is challenging, with intradermal (i.d.) or
Mantoux administration offering the most accessible
entry point into the initial lymphatics below the
epidermis. Unfortunately, the small sub-epidermal
volume can accommodate ~100 pL and ~ 50 pL of
injected fluid in humans and in rodent models,
respectively and limits the therapeutic dose of
lymphatically delivered biologics in both preclinical
and clinical investigations. Deeper, subcutaneous
(s.c.) or intramuscular (i.m.) administration below the
sub-epidermal space is inefficiently taken up by initial
lymphatics and has reduced bioavailability due to
off-target drug uptake and cellular processing [9].

In this contribution, we show that the anti-tumor
responses of anti-CTLA-4 are significantly improved
in a preclinical model when delivered with
SOFUSA™, a nanotopography-based lymphatic
delivery system described previously by us and
others [10, 11]. The SOFUSA™ lymphatic infusion
device consists of a single-use, 66 mm? array of 100
microneedles of 110 pm diameter, 350 pm long, and
with a 30 pm hole located off-center (Figure S1). A
polyether ketone nanotopographical film heat-formed
over each microneedle provides the
nanotopographical features. These features have been
shown to reversibly remodel tight junction proteins
initiated via integrin binding to the nanotopography
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Figure 1. Site of CTLA-4 as a drug targets for locally advanced metastatic cancer. Insert (A) In tumor-draining LNs, T-cell activation to APC cells presenting tumor
Ag can be inhibited by CTLA-4 and blocking inhibition by anti-CTLA-4 could result in T-cell activation against tumor Ag. Insert (B) In regional or distant LNs where tumor Ag
may not be presented, anti-CTLA-4 blocking of inhibition against T-cell activation to APC cells presenting self Ag response can create irAEs.

structures [10] potentially augmenting uptake into the
initial lymphatics. In both animals and humans, the
device is first affixed via adhesive onto the tissue site
of infusion, and then a calibrated applicator pushes
the microneedle array into the sub-epidermal space
where the initial lymphatics are located. A calibrated
syringe pump then delivers drug into the microfluidic
chamber, through the microneedle array, and into the
sub-epidermal space in volumes not otherwise
achievable through i.d injections (Figure 2A). We
hypothesize that SOFUSA™ can deliver substances
into draining LNs at least as effectively as i.d.
administrations, but with greater volumes than
possible by i.d. injection.

In this work, we find that SOFUSA™ delivery of
anti-CTLA-4 in an orthotopic 4T1-luc mammary
carcinoma murine model results in a greater number
of complete responses, significantly reduced tumor
growth, and a striking inhibition of distant metastases
than when administered systemically. And in order to
demonstrate  the feasibility of SOFUSA™
nanotopography delivery through lymphatic vessels
directly into draining LNs in humans, we use
near-infrared fluorescence (NIRF) imaging to show
direct delivery of an inert fluorescent agent into
axillary and inguinal LN basins. Taking preclinical
and clinical results together, this report suggests that

lymphatic delivery of checkpoint inhibitors involved
in the naive T cell priming phase in the tumor
draining LNs could potentially improve anti-tumor
responses and alleviate disseminated irAEs in
patients with cancers over that currently treated by
conventional i.v. infusion.

Results and Discussion

Lymphatic delivery of anti-CTLA-4 improves
anti-tumor response in an orthotopic
mammary carcinoma murine model

In non-tumor bearing animals, NIRF imaging
showed that SOFUSA™ can effectively infuse 100
uL/h of ICG into the epidermal spaces wherein the
initial lymphatics take up the agent enabling
visualization of the propulsion of ICG-laden lymph
into the brachial LNs (Figure 2B, Supplemental Video
1) that also receive lymph drainage from the
mammary chain. Using these diagnostic studies to
understand how SOFUSA™ infusion results in
lymphatic delivery, we then tested the system to
deliver immunotherapy in tumor bearing mice. In
BALB/C mice with orthotopic implants of 4T1-luc
mouse mammary in the right caudal mammary fat
pad, SOFUSA™ was used to infuse 10 mg/kg
anti-CTLA-4 (clone 9H10, BioXCell) in 0.05 mL PBS on

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 26

8335

the right lateral side with infusion rates of 100 uL/h
on days 11, 15, 19, and 23 post implant (p.i). Tumor
growth rates and, in a subset of animals,
bioluminescence imaging of tumor burden were
compared to additional groups of tumor bearing
animals receiving either 10 mg/kg anti-CTLA-4 or
isotype control antibody (Polyclonal Syrian Hamster
IgG, BioXCell) through intraperitoneal (i.p.) injection
on days 11, 15, 19, and 23 p.i.

Bioluminescence imaging in a subset of animals
showed anti-CTLA-4 arrested tumor growth and LN,
bone, and lung metastases at day 23 and 30 p.i., and
from ex-vivo imaging at the 30 day study endpoint,
the amount of distant metastases (Figure 3A). Of the
animals dosed with SOFUSA™ infusion, 22% (4/18)
possessed a complete response as determined by
undetectable primary tumor volume by caliper
measurement. No  animals  receiving  ip.
administration of anti-CTLA-4 (0/11) or isotype
control (0/17) exhibited these complete responses,
suggesting that lymphatic delivery to TDLNs
potentiated early and robust anti-tumor activity. In
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addition, there were statistically significant less
animals with distant metastases in SOFUSA™ infused
animals compared to systemically dosed and isotype
control groups (p<0.01), but no difference in between
the systemically dosed and isotype control groups. In
the subset of animals imaged by bioluminescence for
detection of distant metastases, 100% (13/13) of
animals in the isotype control group, 82% (9/11) in
the systemically dosed group, and 40% (6/15) of those
dosed via SOFUSA™ infusion exhibited distant
metastases to the bone or LNs, with lung metastases
being the most prevalent. These results suggest that
despite the regional delivery of drug, there is an
effective abscopal anti-tumor response from regional
SOFUSA™ dosing in comparison to systemic dosing.
This result is consistent with (i) the greater drug
exposure to naive T cells in TDLNs with lymphatic
delivery and (ii) a more effective activation of T-cells
against tumor Ags which once educated, leave
TDLNs to mount a robust systemic anti-tumor
response. Of the subset of animals with lung
metastases, there were statistically (p<0.01) fewer
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Figure 2. A. Schematic of the (i) SOFUSA™ Nanotopographical Device for infusing anti-CTLA-4 into the sub-epidermal space consists of a (ii) microfluidic fluid block with a
microfluidic distributor (green) and silicon microneedle array (gray). Each microneedle is 350 ym long, 110 um wide with a 30 ym through hole located off center which the drug
flows out. (iii)) SOFUSAT™ infuses drug into the sub-epidermal space where initial lymphatic provide uptake, whereas deeper subcutaneous injections deposit drug below the initial
lymphatics reducing uptake. B. (i) Placement of SOFUSA™ on dorsal back of mice. NIRF (ii) dorsal and (jii) lateral images of SOFUSA™ delivery of ICG to brachial LN. (see
Additional file 1: Video 1 showing lymphatic pumping of ICG delivered via SOFUSA™ to the brachial LN). The SOFUSA™ device is covered with black cloth to prevent

oversaturation of NIRF imaging system.
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number of lung lesions in animals dosed with
anti-CTLA-4 compared to isotype control, but no
difference arose from animals receiving anti-CTLA-4
via differing routes of administration, i.e. lymphatic
versus systemic administration. While lymphatic
delivery increased the number of animals with
complete responses, in animals with incomplete or no
response, lymphatic delivery of anti-CTLA-4 was no
less effective than when administered systemically.
As shown in the group-averaged data of tumor
growth in Figure 3C, tumor bearing animals receiving
SOFUSA™ infusion of anti-CTLA-4 exhibited
significantly reduced tumor growth at day 15 p.i. and
onwards when compared to animals dosed with
isotype control antibody. Tumor bearing animals
receiving ip. injection of anti-CTLA-4 exhibited

statistically significant reduced tumor growth on day
19 p.i. and onwards when compared to animals
administered with isotype control antibody.
Beginning at day 15 p.. the tumor volumes of
animals having received the first round of
anti-CTLA-4 via SOFUSA™  infusion were
significantly smaller than those who received drug
systemically. This data suggests an earlier anti-tumor
response in animals dosed regionally with SOFUSA™
infusion into the lymphatics as compared to those
receiving drug systemically. IHC staining of the
subset of SOFUSA™-dosed animals that had residual
primary tumor at study endpoint, showed statistically
greater number of tumor infiltrating lymphocytes
(TILs) in the primary tumors compared to controls
(p<0.0001) or to animals dosed systemically (p=0.006;
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Figure 3. A. Example bioluminescence images of orthotopic 4T 1-Luc in Balb/c mice 16, 23, and 30 days after tumor inoculation and tissues after euthanasia. CTLA-4 was treated
i.p or via SOFUSA™ at 11, 15, 19, and 23 days post implantation. Examples of animals with complete and partial response to SOFUSA™ infusion of anti-CTLA-4 are illustrated
along with animals with systemic i.p. administration of anti-CTLA-4 and isotype control antibody. H, heart. RS/LS, right/left submandibular LN. RB/LB, right/left brachial LN.
RA/LA, right/left axillary LN. RI/LI, right/left inguinal LN. T, tumor. M, muscle. S, stratum. Sc, scapula. White arrows indicate distant metastases and images are scaled differently
to highlight presence of metastases. Supplemental images of additional animals are provided in Figure S2. B. Percentage of animals with lung, LN, or bone metastases in animals
receiving isotype control systemically (N=13) and receiving anti-CTLA-4 systemically (N=11) or via SOFUSA™ infusion (N=15). There is statistically reduced tumor burden in
SOFUSA™ dosed animals compared to animals systemically dosed with anti-CTLA-4 or isotype control antibody (z-test). * p<10-5. ** p<0.01. C. Average growth rates +/- SE of
orthotopic 4T 1-Luc in Balb/c mice treated with control antibody (blue; n=17) or with anti-CTLA-4 (orange; n=11)) administered i.p., or with SOFUSA™ delivered anti-CTLA-4
(grey; n=18). Arrows indicate treatment days. (*¥) denotes statistical differences (p<0.05) in tumor volumes in animals receiving anti-CTLA-4 via SOFUSA™ infusion and i.p.
injection. (1, 11) denote statistical differences between tumor volumes of animals treated with isotype control or with anti-CTLA-4 administered via lymphatic infusion or
systemic injection. The mean tumor volumes * SE (bars) are shown at the times that tumor measurements were made. D. Representative primary tumor tissues from each group
were immunostained for CD8a. Scale, 10 um. In the animals evaluated with bioluminescence, the number of CD8 positive T cells per mm?2 was measured in the mice treated with
control antibody (N=13), systemic administration of anti-CTLA-4 (N=11), and SOFUSA™ administration of anti-CTLA-4 (N=12). ** p<0.0001, *, p=0.0062. Tissues from three
animals dosed with SOFUSA™ were not available at endpoint due to complete responses or inadequate residual tissue.
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Figure 3D). Given that TILs are associated with
enhanced clinical responses to ipilimumab [12], these
results are consistent with improvement in response
due to increased exposure to drug target in the
TDLNs. Interestingly, there was no statistical
difference between TILs in animals receiving systemic
administration of control or CTLA-4 antibody. It is
important to note that in animals receiving
anti-CTLA-4 systemically and by SOFUSA™,
rebound of tumor of tumor growth occurs in a portion
of the animals, consistent with reports of
monotherapy in other studies.

If lymphatic delivery of anti-CTLA-4 to TDLN
reduces the dose-dependent irAEs observed in
humans [13], then combinational therapies that are
otherwise too toxic for use in many patients [5, 14]
could potentially increase the anti-tumor response as
seen in this preclinical study. It is noteworthy that the
4T1 mammary carcinoma model used herein is
considered non-immunogenic and non-responsive to
anti-CTLA-4 or anti-PD-1 monotherapy, but
responsive to combination therapy [15, 16]. While the
luciferase protein may confer immunogenicity of the
tumor line and explain the partial responsiveness to
anti-CTLA-4 monotherapy seen herein, further
studies remain to determine whether increase
responsiveness as seen with systemically delivered
combinational therapies can be achieved using
lymphatically delivered combinational therapies. As
with CTLA-4, PD-1 is expressed by T-cells in TDLN,
and associates with its ligand, PD-L1 expressed on the
lymphatic endothelium [17] and on tumor cells to
limit T cell effector function [18] in the tumor
microevironment. Lymphatic delivery of anti-PD-1
could selectively remove mechanisms for inducing
tolerance to tumor Ags within the TDLN, but, since
lymph ultimately empties in the blood circulation,
lymphatic delivery could also restrict tolerance
acquisition at peripheral and tumor sites. Finally,
while this study utilized hamster rather than a
potentially more relevant mouse derived IgG against
mouse CTLA-4, further studies are needed to
determine whether antibody isotype impacts
anti-tumor response.

While our previous studies used radioactivity
balances in rats to show that SOFUSA™ infusion
provided delivery as accurately as conventional
hypodermic syringes [11], the small size (20-25 g) of
mice employed in this study unfortunately resulted in
incomplete seeding of the entire microneedle array
into the epidermis on the dorsal lateral sides, resulting
in leakage of drug and incomplete dosing. The total
volume infused was estimated by using a syringe to
collect drug on the skin at the end of the infusion, and
subtracting the volume collected from the total

volume delivered by the calibrated syringe pump.
Using this approach, we estimate between 30% and
100% of the systemic dose (0.06 - 0.2 mg of drug) with
an average of 74 + 24% of the total intended dose was
infused, yet found no correlation between the
estimated dose infused via SOFUSA™ and the
measured anti-tumor responses. This limitation in
SOFUSA™ dosing may be overcome by designing
and using a smaller microneedle array specific for
preclinical studies. Despite this preclinical limitation
of receiving less drug, animals lymphatically dosed
with anti-CTLA-4 experienced greater anti-tumor
responses than those animals systemically dosed at
higher levels, which is consistent with greater
exposure to targets with lymphatic delivery. Whether
lymphatic delivery of even smaller amounts of drug
can achieve equivalent anti-tumor responses as
systemically delivered drug remains to be tested in a
lymphatic dosing study with more accurate delivery.
Due to enhanced exposure to drug targets, lymphatic
delivery may allow a dramatic reduction of dose and
may  potentially reduce the current iv,,
dose-dependent irAEs that limit clinical use of
ipilimumab [19] and other emerging immune
checkpoint inhibitors. Nonetheless, the safety of
lymphatic delivery of ipilimumab will need to be
clinically evaluated, since increased drug exposure to
targets and non-targets may have unintended
consequences.

There were several limitations of our studies that
could be improved upon in future studies. First, the
use of a single study endpoint did not enable
temporal or more detailed mechanistic evaluation of
immune responses between systemic and lymphatic
route of administrations. Future work will need to
evaluate survival as well as early time immune
responses in TDLNs, contralateral LNs, blood, and in
the tumor microenvironment. This work will also
need to be expanded into non-immunogenic,
immunogenic, and  transgenic = models  of
orthotopically implanted and spontaneous tumors,
and potentially implemented with combinational
therapies, including therapeutic vaccination. Finally,
testing in models with transient depletion of
regulatory T cells (Tregs) [20] will provide evidence
whether lymphatic delivery can reduce irAEs in
addition to enhancing anti-tumor immunity.

Near-infrared fluorescence imaging of ICG
shows lymphatically directed delivery to
draining LNs.

Before SOFUSA™ technology can be considered
for infusion of checkpoint blockade immunotherapies
in cancer patients, its feasibility for lymphatic delivery
needs to be assessed in human subjects. In a pilot
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study of 12 human volunteers, we showed SOFUSA™
is capable of delivering drug to LNs as shown
through NIRF lymphatic imaging of ICG. In the first 8
subjects, device placement and microneedle
penetration were optimized for infusions on the
dorsal aspect of the wrist, lateral aspect of ankles, and
medial aspect of calf and could be achieved with less
success on the dorsal foot. In subjects of low BMI, the
placement on the foot and wrist were often
complicated with incomplete penetration of
microneedles into the dermis as visualized by ICG
leakage and impaired uptake. Figure 4A (and
Supplemental Video 2) shows the lymphatic vessels
imaged following SOFUSA™ infusions and
contralateral i.d. injections in the medial aspect of the
calf and the expected symmetry of functional
lymphatic vessels that pump ICG-laden lymph to the
regional axillary and inguinal LNs (Figure 4B). With
subjects sitting upright, we found lymphatic pumping
rates expectedly ranged between 0.4 - 3.3 minl,
consistent with past work [21]. The lymphatic
pumping rates of ICG-laden lymph resulting from
SOFUSA™ infusion were consistently faster when
ICG was infused at rates > 0.2 mL/h with SOFUSA™
than when delivered via id. injection at the
contralateral site. In addition, as shown in Figure 5A,
the ratio of lymphatic pumping rates resulting from
SOFUSA™ infusion to that resulting from i.d.
administration also tended to increase with
SOFUSA™ infusion rates, but, due to the small
sample size, no further analysis or statistical
significance could be determined. Whether the
nanotopographic features on the microneedle array
are responsible for the enhanced filling and increased
active transport remain to be investigated. However,
previous data in animals showed the nanostructured
microneedle array devices cumulatively delivered
significantly more etanercept than microneedle array
devices without nanostructured coating by measuring
the appearance of drug in the serum of rats and
rabbits [10]. At SOFUSA™ infusion rates of 1 mL/hr,
ICG “pooling” at the infusion site was visualized after
removal of the device, indicating that the lymphatic
uptake in the initial lymphatics in the sub-epidermal
space was slower than the infusion rate. Figure 5B
shows the transient demarcations of ICG left by the
microneedle array immediately after removal when
there was no “flooding” of the sub-epidermal space.
After 24 hours, these demarcations disappear.
Subjective assessment of pain owing to application of
SOFUSA™, infusion, and removal of SOFUSA™
device was performed for each device application
using a visual analog scale (VAS) questionnaire with a
range of 0 - 100 with the value of 0 associated with no
discomfort sensation and with the value of 100

associated with extreme pain. The average + SD VAS
pain score for application, infusion, and removal of
the SOFUSA™ was 8 9,5 + 8, and 1 £ 4, respectively,
indicating that the device caused between no pain to
mild pain [22]. There were no adverse events
associated with the ICG or the SOFUSA™ device
during the time of the study or at study follow-up,
which occurred 24 hours after the study.

Prospects for lymphatic delivery of
immunotherapy in cancer patients

SOFUSA™  infuses drug  within the
sub-epidermis space and therefore accesses capillaries
of both the hemovascular and lymphovascular
systems. Many factors including size, composition,
dose, surface charge, and molecular weight affect
uptake into lymphatic and/or blood capillaries. For
example, large particles, immune cells, and
macromolecules are primarily taken up by lymphatic
capillaries, while small particles and molecules less
than 20 kDa can be absorbed by blood capillary
networks [23]. More recently, Levick and Michel [24]
recently showed that the glycocalyx on the luminal
sides of blood vessels and capillaries is responsible for
a force opposing capillary pressure and inhibits
re-absorption of fluid into the venous vasculature.
Thus while the blood capillaries are intact and
comparatively impermeable in the sub-epidermal
space, the “initial lymphatics” represent immature
capillaries without a basement membrane. They have
“loose” lymphatic endothelial cell tight junctions that
open and close via fibrils to uniquely allow entry of
macromolecules, waste products, and immune cells.
In fact, it has been estimated that as much as 12 liters
of capillary filtrate (carrying small solutes and
macromolecules) is collected from peripheral tissues
by the initial lymphatics and returned to the blood
vasculature [25]. Because lymph drains to the blood
vasculature, pharmacokinetic profiling in serum as
performed in past studies of SOFUSA™ delivery
provides [10, 11] a measure of effectiveness of
delivery through the lymphatics to the blood
vasculature.

While we have previously labeled monoclonal
antibodies with near-infrared fluorophores for
visualizing drug trafficking and distribution [26],
non-specific labeling can impact immunoreactivity.
Therefore, we did not conduct labeling in our
preclinical studies to demonstrate therapeutic effect.
Instead, we compared SOFUSA™ infusion of ICG
with i.d. injections that are known to routinely drain
to lymphatic basins [27, 28]. Our studies show that, for
the first time, SOFUSA™  infusion mimics i.d.
injections in humans (albeit at larger volumes) and
suggests that lymphatic delivery of immunotherapies
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Figure 4. A. Left: Applied SOFUSA™ device infusing ICG and Right: NIRF imaging of lymphatic vessels propelling ICG-laden lymph (Supplemental Video 2) during infusion (right)
and i.d. injection (left) of ICG in the medial ankle and lateral calf with inserts showing i.d. injection and SOFUSA™ infusion placement. B. Near-infrared fluorescence images of

SOFUSA™ delivery of ICG into the axilla and inguinal LNs of healthy volunteers.

in cancer patients should be possible. Our preclinical
results suggest that by delivering drug through the
lymphatics, drug exposure to targets that reside
within lymphatics are maximized for more effective
anti-tumor responses.

Maximizing the exposure of immune checkpoint
therapy to naive T cells in the presence of tumor Ags
while preventing T cell activation against non-tumor
self-Ags is a strategy that could improve treatment
efficacy as well as safety of cancer immunotherapies.
Similar strategies have focused on (i) 1iv.
administration of targeted nanoparticles that deliver
immunotherapies/immunmodulators to cancers or to
subsets of endogenous immune cells within the blood

circulation = [29-31], (ii) nanoparticle-loaded,
degradable microneedle patch-assisted or
scaffold-based sustained delivery of

immunotherapies [32, 33], (iii) i.d. injection of
nanoparticle agents that induce dendritic cell
maturation and vaccination within tumor draining

LNs [34], or (vi) intratumoral or peritumoral
injections of immunotherapies that eventually drain
to tumor draining LNs [35]. In the latter case,
currently approved immunotherapies may require
infusion volumes that may be too large for
peritumoral or intratumoral injections that in
themselves may not always be clinically safe and
feasible. Nanoparticle formulation of
immunotherapeutics add complexity that could limit
clinical  translation, while phagocytosis  of
nanoparticle formulations of extracellular agonists
and antagonists for T-cell priming in the LNs may
restrict or limit drug exposure to extracellular targets.
In contrast, lymphatic delivery devices such as the
nanotopographic ~ SOFUSA™  microneedle-array
device used herein could employ conventional
formulations of approved drugs albeit at a potentially
lower dose because of the maximized drug exposure
to immune cells that have high chance to experience
tumor Ag presentation in TDLNSs.
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Figure 5. A. The average + SE ratio of lymphatic contractile pumping in lymphatic vessels draining SOFUSA™ infusion sites to that in vessels draining from contralateral i.d.
injections sites as a function of infusion flowrate for administration sites in the arm, ankle, and calf. B. Photographs of tissue sights after removal of SOFUSA™ device that infused
ICG at rates of less than 1 mL/h (left) and at | mL/h (right) with the latter showing “pooling” of ICG in the epidermis.

It is noteworthy that the impact of lymphatic
delivery on tumor responses seen in this preclinical
study may be attenuated in the small, quadrupedal
preclinical tumor models as compared to bipedal
non-human primates or patients. Systemic
administration of monoclonal antibodies in rodent
studies are commonly performed with i.p. injection
for effective uptake by the plentiful lymphatics in the
peritoneal cavity that promptly empties into the
venous system. As a result, i.p. administration largely
approximates the same pharmacokinetic and
pharmacodynamic profiles seen with i.v. injection.
While i.p. administration may escape the exposure to
tumor draining LNs seen in this lymphatic delivery
study, the i.p. route of administration nonetheless
uses the truncal lymphatics to deliver drug to the
blood circulation. As a result of the exposure in the
lymphatic compartment, the anti-tumor responses
from i.p. administration in rodents may be expected
to overpredict those from iv. administration in
humans. In addition to the attenuated response in
rodent models, adverse immune responses to
immunotherapies are generally non-existent in
rodents, further requiring clinical investigation to
understand whether lymphatic delivery can

ameliorate irAEs that limit combinational and
emerging agonist immunotherapies. Translational
studies of lymphatic delivery of immune modifying
drugs will need to address (i) the heterogeneity of
lymphatic anatomy in humans, (ii) lymphatic
re-routing and ectopic LNs that are known to occur
with advanced disease, and (iii) the pragmatic
difficulties of recruiting advanced cancer patients
with intact TDLNSs, especially since LN dissection is
often standard-of-care treatment during initial
diagnosis. Interestingly, the standard-of-care for
diagnosing, staging, and treating of many cancers is
LN dissection, which itself involves the removal of the
very TDLNs that harbor the targets for current and
emerging cancer immunotherapies. Indeed, Fransen
and colleagues [36] recently demonstrated in
preclinical models that TDLNs are essential for
efficacy of PD-1/PD-L1 checkpoint therapy. While the
development of lymphatically-directed
immunotherapy could revolutionize the management
of cancer, several technological issues remain to
ensure the safety and effectiveness of treatments. The
tolerizing properties of lymphatic endothelial cells in
efferent lymphatic vessels, the determinants of the
active contractile lymphatic propulsion necessary for
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afferent delivery of drug, and the timeframe for
acquisition of anti-drug antibodies in response to
drug exposure in LNs, will all need to be elucidated
before lymphatic delivery of immune-modifying
drugs can be routinely performed and used as an
accepted route of administration. In addition, there is
no current ability to routinely sample lymph for
assessment of drug concentration and the
non-circulatory, unidirectional lymphatic vasculature
escapes modeling as a compartment for
pharmacokinetic and pharmacodynamic predictions.
Deciphering the biomarkers of regional immune
activation for systemic anti-tumor immunity will be
essential to validate and establish the effectiveness of
lymphatic delivery of cancer immunotherapies with
targets of T-cell priming. Hence before lymphatic
delivery can be ethically translated in cancer patients,

unique strategies for combining therapy with
diagnostics, i.e., theranostics, will need to be
developed.

Methods and Materials

All animal studies were conducted following
approval from the University of Texas Health Science
Center Animal Use Committee and human studies
were conducted following approval from the
University of Texas Health Science Center
Institutional Review Board. The human studies
employed off-label administration of ICG through the
SOFUSA™  device under approved FDA
combinational IND 136,057.

Orthotopic 411 animal model and immunotherapy
treatment 5 x 10° luciferase-transfected 4T1 (4T1-luc)
mouse mammary tumor cells ([37], kindly provided
by Mien-Chie Hung, Ph.D., The University of Texas
MD Anderson Cancer Center, Houston, TX) in 0.1 mL
of PBS and Matrigel were injected into the right
caudal mammary fat pad of BALB/C mice. At day 11,
animals were separated into one of three treatment
groups that received (1) 10 mg/kg anti-CTLA-4 (clone
9H10, BioXCell) in 0.05 mL PBS i.p.; (2) 10 mg/kg
anti-CTLA-4 in 0.05 mL PBS infused via SOFUSA™ ;
and (3) 10 mg/ kg isotype control antibody (Polyclonal
Syrian Hamster IgG, BioXCell) on days 11, 15, 19, and
23 p.. All the cohorts had similar tumor volumes at
start of dosing on day 11. Animals with tumor
volumes that were statistically different from the
group at day 11 were not included in the analysis.
Study endpoint was 30 days post-implant or the
tumor exceeds 20 mm in any dimension, whichever
came first.

SOFUSA™ lymphatic infusion device in preclinical
studies In animals, 50 puL of 4.5 mg/mL solution of
anti-CTLA-4, and 50 pL of 0.5 mg/mL ICG were
infused over an hour on the right dorso-lateral side of

isoflurane anesthetized animals. Lymphatic imaging
was performed non-invasive near-infrared
fluorescence imaging as previously described [27].

Assessment of tumor burden At days 4, 8,11, 15, 19,
23, 26, and 30 days post-implant (p.i.), short (D1) and
long (D2) tumor dimensions were assessed from
caliper measured and volumes (V) computed from 0.5
x D12 x D2 [38]. At days 16, 23, and 30 days p.i. tumor
burden was assessed in a subset of animals using
bioluminescence with a custom build,
bioluminescence device. In vivo bioluminescence
images were acquired 10 min after i.p. administration
of D-luciferin (150 mg/kg in 200 uL of PBS; Goldbio).
For ex vivo bioluminescence imaging at 30 days p.i.,
organs were removed immediately after the second
D-luciferin administration (approximately 20 min
after the first D-luciferin injection), incubated in
D-luciferin solution, and imaged. Tissues were
subsequently evaluated through gross examination
and histology.

Immunohistochemical staining Tissue samples were
embedded in paraffin and 4 pm sections used in all
staining procedures. Following paraffin removal and
antigen retrieval using citrate buffer, tissues were
incubated with H>O,, blocked with 5% normal goat
serum albumin, and stained with rat anti-mouse CD8
antibody  (eBioscience™) and biotin-anti rat
secondary antibody (Vector Labs). The Vectastain
Elite ABC system for peroxidase and DAB as
chromogens were used before tissues were
counter-stained with hematoxylin (Vector Labs). CD8
expression was examined at x63 magnification (Zeiss
Axio).

SOFUSA™ lymphatic infusion device in clinical
studies In a pilot study of 12 normal humans 0.25
mg/mL solution of indocyanine green (ICG) was
infused lymphatically for a period of 60 min using a
calibrated infusion pump (Model 4100, Atlanta
BioMedical Corporation), and the nanotopographical
device positioned on the dorsal aspect of feet, lateral
aspect of ankles, medial aspect of calf, and/or the
wrist. The uptake of ICG was monitored using a
custom built near-infrared fluorescence imaging
system employing a Gen IlI GaAs intensifier coupled
to a sCMOS [39] to visualize delivery to inguinal and
axillary LNs, and to quantify lymphatic propulsion
and transport of ICG-laden lymph at contralateral
sites after i.d. injection. Optimization of device
placement and microneedle tissue penetration was
performed on the first 8 subjects. In the last four
subjects, infusion rates were varied between 0.2 - 1
mL/h and afterwards, lymphatic propulsion was
analyzed from acquired images by counting the
number of ICG-laden lymphatic “packets” that
crossed a chosen anatomical landmark. Lymphatic
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pumping rates resulting from infusion were
compared to those from the contralateral locations
where ICG was administered intradermally.
Contralateral i.d. injections were made using a
conventional insulin syringe and 31 gauge needle to
deliver 0.1 mL of 0.25 mg/mL ICG solution and were
often made following desensitization with cold spray
for those volunteers who were sensitive to needle
prick. Cold spray was not used for application of the
SOFUSA™ infusion device and pain was assessed via
a visual analog scale (VAS) questionnaire for each
infusion device applied. Up to five different devices
were placed on each volunteer for simultaneous
infusion.

Data analysis and statistics Tumor growth data is
presented as average volumes + standard error (SE).
Statistical analysis was performed with Microsoft
Excel and volume data from individual time points
were analyzed by unpaired 1-tailed Student’s t-test
with the significance level set at p<0.05. Upon
euthanasia, tissues were collected and examined for
lung, liver, and LN metastases, and each animal was
assessed for the number of lung lesions. Differences
between the numbers of animals with and without
metastases were statistically evaluated by z-test with
the level of significance set at p<0.05. Lymphatic
pumping rates resulting from ICG infusion were
normalized to that obtained from contralateral sites
following id. injection and are presented as an
average * SE.
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programmed death-1, p.i.: post-implant; s.c:
subcutaneous; TDLNSs: tumor draining LNs; VAS:
visual analog scale.

Acknowledgments

This work was supported by a research grant
from Cancer Prevention and Research Institute of
Texas (CPRIT RP190019) and industrial grants from
Kimberly-Clark Corporation and Sorrento
Therapeutics.

Author Contributions

SK, WJH, RFR, and EMS-M conceived and
designed preclinical studies; SK, and FCV conducted
animal experiments; SK, JCR, MRG designed clinical
studies, SK, JCR, MG, KT, JRM conducted human
subject studies; SK, WJH, and EMS-M wrote the

manuscript. All authors reviewed and made

substantive changes.

Disclosures

EMS-M and WJH are consultants to Sorrento
Therapeutics which is commercializing the
SOFUSA™ device, RFR is employed by Sorrento
Therapeutics and inventor of the SOFUSA™ device,
and JCR and EMS-M are inventors on patents
covering the near-infrared fluorescence lymphatic
imaging described herein. There are no other relevant
financial disclosures by the authors.

Supplementary Material

Supplementary figures and video legends.
http:/ /www.thno.org/v09p8332s1.pdf

Supplementary movie 1.
http:/ /www.thno.org/v09p8332s2.avi

Supplementary movie 2.
http:/ /www.thno.org/v09p8332s3.mp4

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Simpson TR, Li F, Montalvo-Ortiz W, Sepulveda MA, Bergerhoff K, Arce F, et
al. Fc-dependent depletion of tumor-infiltrating regulatory T cells co-defines
the efficacy of anti-CTLA-4 therapy against melanoma. J Exp Med. 2013; 210:
1695-710.

2. Larkin J, Hodi FS, Wolchok JD. Combined Nivolumab and Ipilimumab or
Monotherapy in Untreated Melanoma. N Engl ] Med. 2015; 373: 1270-1.

3. Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L, et al.
Pembrolizumab versus Ipilimumab in Advanced Melanoma. N Engl ] Med.
2015; 372: 2521-32.

4. Metcalfe W, Anderson J, Trinh VA, Hwu WJ. Anti-programmed cell death-1
(PD-1) monoclonal antibodies in treating advanced melanoma. Discov Med.
2015; 19: 393-401.

5.  Boutros C, Tarhini A, Routier E, Lambotte O, Ladurie FL, Carbonnel F, et al.
Safety profiles of anti-CTLA-4 and anti-PD-1 antibodies alone and in
combination. Nature reviews Clinical oncology. 2016; 13: 473-86.

6. Oh A, Tran DM, McDowell LC, Keyvani D, Barcelon JA, Merino O, et al.
Cost-Effectiveness  of = Nivolumab-Ipilimumab Combination Therapy
Compared with Monotherapy for First-Line Treatment of Metastatic
Melanoma in the United States. ] Manag Care Spec Pharm. 2017; 23: 653-64.

7. Forster R, Braun A, Worbs T. Lymph node homing of T cells and dendritic
cells via afferent lymphatics. Trends Immunol. 2012; 33: 271-80.

8. Uno T, Takeda K, Kojima Y, Yoshizawa H, Akiba H, Mittler RS, et al.
Eradication of established tumors in mice by a combination antibody-based
therapy. Nat Med. 2006; 12: 693-8.

9. Kagan L. Pharmacokinetic modeling of the subcutaneous absorption of
therapeutic proteins. Drug metabolism and disposition: the biological fate of
chemicals. 2014; 42: 1890-905.

10. Walsh L, Ryu J, Bock S, Koval M, Mauro T, Ross R, et al. Nanotopography
facilitates in vivo transdermal delivery of high molecular weight therapeutics
through an integrin-dependent mechanism. Nano letters. 2015; 15: 2434-41.

11.  Aldrich MB, Velasquez FC, Kwon S, Azhdarinia A, Pinkston K, Harvey BR, et
al. Lymphatic delivery of etanercept via nanotopography improves response
to collagen-induced arthritis. Arthritis research & therapy. 2017; 19: 116.

12. Balatoni T, Mohos A, Papp E, Sebestyen T, Liszkay G, Olah J, et al.
Tumor-infiltrating immune cells as potential biomarkers predicting response
to treatment and survival in patients with metastatic melanoma receiving
ipilimumab therapy. Cancer immunology, immunotherapy : CII. 2018; 67:
141-51.

13. Bertrand A, Kostine M, Barnetche T, Truchetet ME, Schaeverbeke T. Inmune
related adverse events associated with anti-CTLA-4 antibodies: systematic
review and meta-analysis. BMC medicine. 2015; 13: 211.

14. Postow MA, Chesney J, Pavlick AC, Robert C, Grossmann K, McDermott D, et
al. Nivolumab and ipilimumab versus ipilimumab in untreated melanoma.
The New England journal of medicine. 2015; 372: 2006-17.

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 26

8343

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Takeda K, Kojima Y, Uno T, Hayakawa Y, Teng MW, Yoshizawa H, et al.
Combination therapy of established tumors by antibodies targeting immune
activating and suppressing molecules. Journal of immunology. 2010; 184:
5493-501.

Kim K, Skora AD, Li Z, Liu Q, Tam AJ, Blosser RL, et al. Eradication of
metastatic mouse cancers resistant to immune checkpoint blockade by
suppression of myeloid-derived cells. Proceedings of the National Academy of
Sciences of the United States of America. 2014; 111: 11774-9.

Tewalt EF, Cohen JN, Rouhani SJ, Engelhard VH. Lymphatic endothelial cells -
key players in regulation of tolerance and immunity. Frontiers in
immunology. 2012; 3: 305.

Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy.
Nature reviews Cancer. 2012; 12: 252-64.

Dummer R, Schadendorf D, Ascierto PA, Arance A, Dutriaux C, Di Giacomo
AM, et al. Binimetinib versus dacarbazine in patients with advanced
NRAS-mutant melanoma (NEMO): a multicentre, open-label, randomised,
phase 3 trial. The Lancet Oncology. 2017; 18: 435-45.

Liu J, Blake SJ, Harjunpaa H, Fairfax KA, Yong MC, Allen S, et al. Assessing
Immune-Related ~ Adverse  Events  of  Efficacious  Combination
Immunotherapies in Preclinical Models of Cancer. Cancer research. 2016; 76:
5288-301.

Tan IC, Maus EA, Rasmussen JC, Marshall MV, Adams KE, Fife CE, et al.
Assessment of lymphatic contractile function after manual lymphatic drainage
using near-infrared fluorescence imaging. Arch Phys Med Rehabil. 2011; 92:
756-64 el.

Jensen MP, Chen C, Brugger AM. Interpretation of visual analog scale ratings
and change scores: a reanalysis of two clinical trials of postoperative pain. J
Pain. 2003; 4: 407-14.

Oussoren C, Storm G. Liposomes to target the lymphatics by subcutaneous
administration. Adv Drug Deliv Rev. 2001; 50: 143-56.

Levick JR, Michel CC. Microvascular fluid exchange and the revised Starling
principle. Cardiovasc Res. 2010; 87: 198-210.

Olszewski WL. The lymphatic system in body homeostasis: physiological
conditions. Lymphatic research and biology. 2003; 1: 11-21; discussion -4.
Sampath L, Kwon S, Ke S, Wang W, Schiff R, Mawad ME, et al. Dual-labeled
trastuzumab-based imaging agent for the detection of human epidermal
growth factor receptor 2 overexpression in breast cancer. Journal of nuclear
medicine : official publication, Society of Nuclear Medicine. 2007; 48: 1501-10.
Sevick-Muraca EM, Kwon S, Rasmussen JC. Emerging lymphatic imaging
technologies for mouse and man. J Clin Invest. 2014; 124: 905-14.
Sevick-Muraca EM. Translation of near-infrared fluorescence imaging
technologies: emerging clinical applications. Annu Rev Med. 2012; 63: 217-31.
Schmid D, Park CG, Hartl CA, Subedi N, Cartwright AN, Puerto RB, et al. T
cell-targeting nanoparticles focus delivery of immunotherapy to improve
antitumor immunity. Nature communications. 2017; 8: 1747.

Liu X, Li Y, Sun X, Muftuoglu Y, Wang B, Yu T, et al. Powerful anti-colon
cancer effect of modified nanoparticle-mediated IL-15 immunogene therapy
through activation of the host immune system. Theranostics. 2018; 8: 3490-503.
Liu X, Wang B, Li Y, Hu Y, Li X, Yu T, et al. Powerful Anticolon Tumor Effect
of Targeted Gene Immunotherapy Using Folate-Modified Nanoparticle
Delivery of CCL19 To Activate the Immune System. ACS central science. 2019;
5:277-89.

Wang C, Ye Y, Hochu GM, Sadeghifar H, Gu Z. Enhanced Cancer
Immunotherapy by Microneedle Patch-Assisted Delivery of Anti-PD1
Antibody. Nano Lett. 2016; 16: 2334-40.

Wang C, Wang J, Zhang X, Yu S, Wen D, Hu Q, et al. In situ formed reactive
oxygen species-responsive scaffold with gemcitabine and checkpoint inhibitor
for combination therapy. Science translational medicine. 2018; 10.

Klinman DM. Immunotherapeutic uses of CpG oligodeoxynucleotides. Nature
reviews Immunology. 2004; 4: 249-58.

Sandin LC, Eriksson F, Ellmark P, Loskog ASI, Tétterman TH, Mangsbo SM.
Local CTLA4 blockade effectively restrains experimental pancreatic
adenocarcinoma growth in vivo. Oncoimmunology. 2014; 3: e27614.

Fransen MF, Schoonderwoerd M, Knopf P, Camps MG, Hawinkels LJ,
Kneilling M, et al. Tumor-draining lymph nodes are pivotal in PD-1/PD-L1
checkpoint therapy. JCI Insight. 2018; 3.

Li CW, Lim SO, Xia W, Lee HH, Chan LC, Kuo CW, et al. Glycosylation and
stabilization of programmed death ligand-1 suppresses T-cell activity. Nature
communications. 2016; 7: 12632.

Faustino-Rocha A, Oliveira PA, Pinho-Oliveira ], Teixeira-Guedes C,
Soares-Maia R, da Costa RG, et al. Estimation of rat mammary tumor volume
using caliper and ultrasonography measurements. Lab animal. 2013; 42:
217-24.

Zhu B, Rasmussen ]JC, Litorja M, Sevick-Muraca EM. Determining the
Performance of Fluorescence Molecular Imaging Devices Using Traceable
Working Standards With SI Units of Radiance. IEEE transactions on medical
imaging. 2016; 35: 802-11.

http://lwww.thno.org



