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Abstract

Tumor cells disseminate into compartments that are poorly accessible from circulation, which
necessitates high doses of systemic chemotherapy. However, the effectiveness of many drugs,
such as the potent topoisomerase | poison SN-38, are hampered by poor pharmacokinetics. To
deliver SN-38 to lymphoma tumors in vivo, we took advantage of the fact that healthy
lymphocytes can be programmed to phenocopy the biodistribution of the tumor cells. In a murine
model of disseminated lymphoma, we expanded autologous polyclonal T cells ex vivo under
conditions that retained homing receptors mirroring lymphoma cells, and functionalized these T
cells to carry SN-38-loaded nanocapsules on their surfaces. Nanocapsule-functionalized T cells
were resistant to SN-38, but mediated efficient killing of lymphoma cells in vitro. Upon adoptive
transfer into tumor-bearing mice, these T cells served as active vectors to deliver the
chemotherapeutic into tumor-bearing lymphoid organs. Cell-mediated delivery concentrated
SN-38 in lymph nodes at levels 90-fold greater than free drug systemically administered at 10-fold
higher doses. The live T cell delivery approach reduced tumor burden significantly after two
weeks of treatment and enhanced survival under conditions where free SN-38 and SN-38-loaded
nanocapsules alone were ineffective. These results suggest that tissue-homing lymphocytes can
serve as specific targeting agents to deliver nanoparticles into sites difficult to access from the
circulation, and thus improve the therapeutic index of chemotherapeutic drugs with unfavorable
pharmacokinetics.
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Introduction

Lymphomas are a heterogeneous family of hematological cancers that are generally
sensitive to a wide variety of cytotoxic drugs. However, survival rates vary between
subtypes, and their disseminated nature poses a challenge for therapy — tumor cell detection
in an increased number of lymph nodes and extranodal sites is directly associated with more
advanced staging and poorer prognosis (1). Being derived from immune cells that normally
recirculate among lymphoid organs, lymphomas seed tumors in multiple organs and surgery
cannot prevent the spread of disease. One route by which lymphomas evade chemotherapy
in circulation is through entry into lymph nodes by transmigration across the high
endothelial venules. Lymph nodes are a common tissue site for metastasis of many tumors,
but systemic administration of some cytotoxic drugs has been shown to generate barely
detectable levels of drug in the lymph nodes of cancer patients (2).

A second issue is permeation of drug throughout a tumor mass. For example, in breast
cancer patients given intravenous doxorubicin, the drug was found to only permeate tumor
cells in close proximity to blood vessels (3). Pharmacological studies have highlighted many
obstacles to drug accumulation in tumors, including rapid metabolism or excretion and the
physical barrier of the tumor stroma (4, 5). Administered by traditional intravenous routes,
toxic systemic doses may be required to overcome these bottlenecks and achieve
therapeutically relevant drug concentrations in the tumor. In addition, some tissue
compartments, such as the lymph nodes, may serve as tumor sanctuaries, out of reach of
normally effective drugs.

To overcome these issues, nanoparticles have been engineered to regulate the timescale of
drug circulation in vivo, as well as to improve accumulation of drug payloads in tumors (6—
8). Modification of particle material properties, surface chemistry, and microenvironment
responsiveness can facilitate particle escape from scavenging by the reticuloendothelial
system, as well as extend payload retention and, thus, increase the time between doses.
Nanoparticle drug delivery has shown the best efficacy in preclinical models of solid tumors
with leaky vasculature, where the enhanced permeation and retention (EPR) effect is most
active. However, nanoparticles often become trapped in the matrix just outside tumor
vessels, and thus fail to reach tumor cells distal from the vasculature. In addition, the EPR
effect is heterogeneous and may be completely lacking in some tumors (9), including
lymphoma subtypes that do not exhibit abnormal angiogenesis (10, 11).

We hypothesized that the efficacy of chemotherapy could be enhanced while reducing off-
target toxicity if autologous lymphocytes were used as carriers to target drug-loaded
nanoparticles to the lymphoid tissue sites where lymphomas home. Because the normal
function of lymphocytes is to migrate throughout lymphoid tissues in search of antigen, we
reasoned that polyclonal T cells, which express lymph node homing receptors but do not
specifically recognize tumor cell antigens, could serve as effective chaperones for targeting
of chemotherapy drugs to tumor-ridden lymphoid organs. By homing into these tumor
sanctuary sites and distributing throughout the tissue, each nanoparticle-carrying cell would
serve as a local micro-depot of drug to dose surrounding tumor cells. The use of polyclonal
T cell carriers would be attractive for clinical implementation, because tumor antigen-
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specific T cells can only be isolated from a subset of cancer patients (12) and by contrast
large numbers of T cells (250-500 million) can be obtained from a single leukapheresis and
quickly expanded as much as 5000-fold using established clinical procedures in adoptive
cell therapy (13).

To test this concept in a murine model of Burkitt’s lymphoma, we prepared controlled-
release lipid nanocapsules (NCs) loaded with the potent topoisomerase | poison SN-38.
These NCs were covalently conjugated to the plasma membrane of in vitro-activated
primary T cells expanded under conditions promoting retention of CD62L and CCR7
receptor expression required for lymph node homing. T cells conjugated to SN-38-releasing
NCs were used as live vectors to transport NCs systemically into lymphoid organs where
lymphoma cells are enriched. SN-38 NC-functionalized T cells rapidly reduced tumor
burden in multiple anatomical sites and significantly extend survival compared to systemic
drug therapy in an aggressive transplanted Ep-myc Arf~~ lymphoma model. These results
suggest that autologous lymphocytes with engineered tissue-specific homing receptors can
serve as effective chaperones for drug delivery to systemic cancer sites.

Poor uptake of systemically administered SN-38 in sites of lymphoma dissemination

To model Burkitt lymphoma, we employed malignant B-cells isolated from double-
transgenic Ep-myc Arf~/~ mice, in which the Ep promoter drives c-myc oncogene
overexpression in B cells and the Arf tumor suppressor is deleted, thus inactivating the
tumor suppressor p53 (14). To track tumor distribution and growth kinetics in multiple
tissues, Ep-myc Arf~/~ cells were transduced with dual green fluorescent protein (GFP) and
firefly luciferase reporters (hereafter, Eu-myec cells) (15). Consistent with prior studies (14),
when transplanted into wild type recipients, Eu-myc cells established systemic disseminated
disease, accumulating in peripheral lymph nodes, bone marrow, and spleen (Fig. 1A). This
pattern of tumor cell dissemination was accompanied by the expression of a suite of
chemokine and adhesion receptors associated with normal lymphocyte trafficking, including
the lymph node homing receptors CD62L and CCR7, bone marrow homing receptors
CXCR4 and ay, B1 and B, integrins, and the mucosal homing receptor a4f7 (fig. S1).

As an advanced chemotherapy strategy for treatment of lymphoma, we focused on SN-38,
the active form of the camptothecin derivative irinotecan. Although 1000-fold more potent
than irinotecan (16), SN-38 exhibits poor pharmacokinetics in vivo, with a 7-minute half-life
in the bloodstream and rapid clearance through the liver (17). Consistent with these prior
reports, following i.v. injection we found the majority of the drug was in the liver within 1 h
(Fig. 1B). SN-38 showed some accumulation in the spleen and bone marrow at 10 h post-
injection, but was rapidly cleared from these compartments. Less than 0.05% of the injected
dose was detected in the lymph nodes at any time point (Fig. 1B).

A common strategy to alter the biodistribution of chemotherapy agents is encapsulation in
nanoparticles (18). Following intravenous administration of fluorescently labeled stealth
liposomes (120+24 nm in diameter) to E-myc tumor-bearing mice, some liposomes were
found in the liver and spleen at 24 h. By contrast, no particles were detected in the lymph
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nodes (Fig. 1C). Systemic injection of stealth liposomes carrying SN-38 (13611 nm
diameter, 4.8+£1.5 pug SN-38/umol lipid) into tumor-bearing mice resulted in high levels of
SN-38 in the blood, spleen and liver, but accumulation of drug in LNs was 10-fold lower
than these organs and indistinguishable from the result obtained with systemic free drug
administration (Fig. 1D). Thus, free drug or liposome formulations that promote
accumulation of chemotherapy agents in tumors by the EPR effect failed to access tumor-
ridden lymph nodes efficiently, and thus these tissues may serve as a survival niche for
lymphoma cells in the face of chemotherapy.

Generation of T cells as chaperones for SN-38 delivery

We recently described a strategy to enhance the functionality of tumor-specific T cells via
conjugation of cytokine- or small molecule drug-releasing nanoparticles to the plasma
membrane of adoptively transferred lymphocytes; adjuvant drugs released from cell-bound
particles provided autocrine stimulation to the carrier T cells to support their antitumor
activity in vivo (19, 20). The failure of free or liposome-formulated SN-38 to effectively
reach lymphoid organs led us to test whether a similar “pharmacyte” strategy could be used
for paracrine delivery of chemotherapy to tumor cells, employing the intrinsic tissue-homing
pattern of lymphocytes rather than specific antigen recognition as a means to deliver drugs
to sites of lymphoma dissemination (Fig. 2A). For this approach to succeed, several
conditions needed to be met: (i) the tropism of the carrier cell needed to match as closely as
possible the tissue distribution of the target tumor cells; (ii) the chaperone T cell needed to
be resistant to SN-38 to avoid death of the carrier cell prior to arrival in target tissues; and
(iii) the lymphocytes needed to carry a dosage of SN-38-NCs sufficient to kill lymphoma
cells, which were expected to be in excess of the chaperone T cells.

To generate large populations of lymphocytes capable of targeting SN-38 to lymphoid
organs, we first established an ex vivo T cell priming protocol that allowed robust expansion
of primary T cells while retaining key homing receptors required for lymphoid tissue
trafficking. Both mouse and human T cells can be rapidly expanded to large numbers in
vitro by polyclonal TCR triggering followed by culture in interleukin-2 (IL-2). However,
following TCR stimulation, CD62L is rapidly shed/downregulated, resulting in decreased T
cell homing to lymph nodes, mediated in part by mTOR signaling (21). To counteract these
effects, we expanded primary T cells isolated from C57BL/6J mice in the presence of IL-2
and the mTOR inhibitor rapamycin, which has been shown to preserve CD62L and CCR7
expression during IL-2-induced growth and proliferation of T cells (21). As expected, I1L-2
expanded both CD4* and CD8* T cells with an activated CD25*CD44*CD69* phenotype
(fig. S2, A and B), regardless of whether rapamycin was present. However, only T cells co-
treated with rapamycin retained high levels of CD62L (Fig. 2, B and C). IL-2/rapamycin-
treated T cells also expressed the integrins a4B7, B1, and B, and the chemokine receptor
CXCR4 (fig. S2C), thus imitating the homing receptor repertoire of Eg-myc cells.

Eu-myc cells were sensitive to SN-38-induced apoptosis in vitro at concentrations as low as
2 ng/ml and were essentially eradicated at 10 ng/ml (Fig. 2D). In contrast, IL-2/rapamycin-
expanded T cells were minimally affected over the same concentration range. This selective
activity of SN-38 towards Ep-myc cells is consistent with previous reports of tumor cells
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having increased sensitivity to topoisomerase | poisons (22). These results suggest a
therapeutic window in which T cells could carry therapeutic doses of SN-38 without
undergoing apoptosis themselves.

Both sustained T cell receptor signaling and 1L-2 withdrawal promote apoptosis in T cells
(23); rapamycin counteracts this by increasing levels of the anti-apoptotic protein Bcl-2 (24).
Consistent with these reports, IL-2/rapamycin-treated T cells had higher Bcl-2 expression, as
compared to T cells expanded only in IL-2, and this expression difference was maintained in
the presence of SN-38 (Fig. 2E), suggesting that IL-2/rapamycin T cells would preferentially
survive invivo. Indeed, when we transferred IL-2- or IL-2/rapamycin-expanded T cells into
naive hosts and analyzed the biodistribution of the transferred cells 2 days later, we observed
between 10- and 100-fold more viable IL-2/rapamycin T cells in the blood, spleen and
lymph nodes compared to IL-2 T cells (Fig. 2F). Altogether, these data demonstrate that
combined IL-2/rapamycin “programming” yields expanded T cells that are resistant to
SN-38 treatment, exhibit lymphoid tissue homing, and maintain effective survival in vivo.

To enable T cell-mediated delivery of highly hydrophobic SN-38 over a period of days, we
entrapped the drug in multilamellar lipid nanocapsules (NCs) (25) designed to covalently
react with T cell surface thiols (Fig. 2A). NCs were formed by a variation on the synthesis of
interbilayer-crosslinked multilamellar vesicles we previously described: in brief, a co-
solution of phosphatidylglycerol lipid, maleimide-headgroup lipid, and SN-38 formed
precursor vesicles, which were fused together and each liposome wall was covalently
crosslinked to others to form multilamellar lipid capsules (Fig. 3A and fig. S3, A and B).
The resulting SN-38 NCs had a mean diameter of 340+£12 nm and entrapped 14.3 pg SN-38
per mg lipid, which was completely released over 3 days in vitro (Fig. 3B).

Following crosslinking, sufficient maleimide groups remained on the particle surfaces to
allow conjugation of nanocapsules to T cell surface proteins; residual maleimide groups
were quenched with PEG-thiol (Fig. 2A). SN-38 NCs were then stably conjugated to the
surfaces of T cells and retained following washing (Fig. 3C), whereas maleimide-free
(control) NCs showed minimal non-specific binding to T cells (Fig. 3D). Titration of the
NC:cell ratio showed that T cells could be readily coupled with NCs carrying up to ~0.4 pg
SN-38 per cell (Fig. 3E).

T cells functionalized with SN-38-releasing nanocapsules kill ymphoma cells in vitro

To test the capacity of SN-38-carrying T cells to deliver drug in transto lymphoma cells, we
cultured unmodified cells, T cells conjugated with empty NCs, or T cells conjugated with
SN-38-loaded NCs (SN-38 NC-T cells, 0.2 pg SN-38/cell) for 24 h with Ey-myc cells, and
viability was assessed by flow cytometry. Co-culture of Eu-myc cells with unmodified T
cells or T cells decorated with empty NCs (blank NC-T) did not affect tumor cell viability,
but SN-38 NC-T cells elicited tumor cell killing at ratios as low as 1 SN-38 NC-T cell per
20 lymphoma cells (Fig. 3F). In this same co-culture assay, SN-38 NC-T cells showed
viability comparable to T cells that were unmodified or conjugated with empty NCs,
demonstrating that T cells remained resistant to SN-38 even when drug-loaded capsules
were directly conjugated to their plasma membranes (Fig. 3G). Thus, particle-decorated T
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cells are capable of carrying doses of SN-38 that are therapeutically relevant for clearing
surrounding lymphoma cells, without causing acute toxicity to the carrier cell.

Delivery of SN-38 to lymphoid organs in vivo by nanoparticle-decorated T cells

We next tested whether T cells could transport drug-loaded nanoparticles into lymphoma-
infiltrated organs in vivo. Following injection into mice bearing established Ep-myc tumors,
luciferase*Thy1.1" T cells conjugated with SN-38 NCs trafficked to the spleen, lymph
nodes and bone marrow (Fig. 4A). Flow cytometry analysis showed substantial NC-T celll
accumulation in each of these lymphoid organs by 20 h, reaching peak levels by ~40 h with
kinetics similar to unmodified T cells, suggesting that NC conjugation did not impair the
survival or trafficking of the transferred T cells (Fig. 4B). Twenty-four h after transfer, NC-
T cells dispersed throughout the lymph node, in proximity to Eg-myc cells (Fig. 4C). When
conjugated with fluorescent particles, transferred T cells recovered from lymph nodes were
uniformly positive for NC fluorescence, demonstrating retention of their particle cargo
during homing and a lack of particle transfer to other cells in the lymph node (Fig. 4D).

To determine the impact of T cell-mediated NC transport on tissue levels of the
chemotherapy cargo, we measured SN-38 concentrations in tumor-bearing lymph nodes.
Consistent with the T cell/NC biodistribution, SN-38 accumulation was greatly increased in
tumor-bearing lymph nodes when delivered via T cell-bound NCs, reaching concentrations
63-fold greater than free NCs at 20 h and remaining at high levels for at least 4 days (Fig.
4E).

Enhanced efficacy of SN-38 chemotherapy by T cell-mediated drug delivery

We next tested the therapeutic efficacy of pharmacyte-mediated drug delivery against these
aggressive disseminated lymphoma tumors. Five days after tumor inoculation, mice were
treated with SN-38 as free drug i.v., SN-38 NCs, or SN-38 NC-T cellls (4 doses total given
every 3 days, 1 mg/kg SN-38 per dose for all groups). Mice treated with saline or free SN-38
had high Ep-myc tumor burdens in the blood, bone marrow, spleen and lymph nodes (Fig.
5A). Imaging revealed that free SN-38 at this dose did not suppress tumor growth at any
point during the therapy (Fig 5B). We also confirmed that transfer of IL-2/rapamycin-treated
T cells alone without nanocapsule conjugation had no effect on tumor progression (fig. S4).
By contrast, mice treated with SN-38-loaded NCs had a significant reduction of tumor
burden in all of these compartments, with the total tumor burden reduced by 5.1-fold (Fig.
5A, B). However, animals treated with SN-38 NC-T cells showed the most dramatic tumor
eradication, exhibiting a 60-fold reduction in tumor burden on day 16 relative to the free
drug or untreated animals (Fig. 5A, B). These results confirm that the lymph nodes are an
important growth niche for Ep-myc cells, and that increasing the local SN-38 concentration
by T cell delivery suppressed tumor growth.

To evaluate the efficacy of the therapy within the context of a wider dose range, we carried
out survival studies comparing the same four treatments as well as two new treatments: a 10-
fold higher dose of free SN-38 (10 mg/kg) and a one-quarter dose of 50x10% NC-T cells per
dose (corresponding to 0.25 mg SN-38/kg). Each group was treated 7 times, once every 3
days, and then followed for overall survival. On day 15, tumor burdens were measured by
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whole body imaging (Fig. 5C). As before, free SN-38 at 1 mg/kg did not impact tumor
burden, but increasing the dose of free SN-38 10-fold still did not achieve efficacy
comparable to drug-carrying T cells. In fact, the ¥ cell dose NC-T cell treatment (¥ the drug
dose as the free SN-38 group) had approximately the same tumor burden at this time point
as the 10X free SN-38 group — implying that T cell-mediated drug delivery enhanced the
potency of SN-38 by at least 40-fold (Fig. 5C).

Despite the early slowing of tumor growth achieved by treatment with 10X free SN-38 or
free NCs, tumor growth control decayed over the course of therapy (as seen for free NCs in
Fig. 5B), and the median survival times of these groups were not significantly different from
untreated controls (~24 days, Fig. 5D). Increasing the free drug dose 10X only increased the
survival of 1 out of 6 animals. By contrast, animals with lymphoma receiving SN-38 NC-T
cells showed significant increases in lifespan, with median survival extended to 35 days.
Infusion of a 4-fold lower dose of SN-38 NC-T cells also modestly extended survival of
50% of the cohort, although the overall median survival time was not statistically different
than the controls (Fig. 5D).

To assess possible toxicities from SN-38 NC-T cell therapy, we tracked animal weights and
liver enzymes, but saw no weight loss at any time point in any group and found that alanine
aminotransferase (ALT), blood urea nitrogen (BUN), and other serum measurements fell in
the range of healthy animals (Fig 5E; fig. S5). Thus, NC-T therapy significantly improved
the efficacy of SN-38 without increasing the risk of adverse side effects.

Discussion

SN-38 is representative of a large class of potent chemotherapy drugs with limited in vivo
efficacy owing to very poor pharmacokinetics and toxicity. Nanoparticle formulation has
been pursued as a strategy to overcome these issues, and several SN-38 formulations have
been developed — including liposomes, PLGA nanoparticles, and micelles — some of which
are in clinical trials for colorectal and other solid cancers (26). However, nanoparticle
delivery faces its own challenges, as tumor accumulation is dependent on the presence of a
leaky tumor vasculature (the EPR effect), and particles often become trapped perivascularly
in tumors. Autochthonous Ep-myc Arf*/* tumors developing in lymph nodes show higher
densities of blood vessels and lymphatic vessels compared to normal nodes, but these
vessels are not permissively leaky to systemically injected dyes (27). Similar observations of
increased angiogenesis have been made in patient samples, but are inconsistent across
lymphoma subtypes (10, 11). Within the transplanted Ep-myc Arf~~ model used in our
studies, we did not observe an EPR effect in tumor-ridden lymph nodes with “stealth”
liposomes (Fig. 1) or with SN-38 NCs (Fig. 4). Thus, nanoparticle-based delivery of SN-38,
or similar drugs, would be insufficient to reach lymphoid tissue-homing lymphomas or
leukemias.

To overcome these hurdles, here we demonstrated a strategy for active targeting of
chemotherapy to disseminated tumors, using lymphocytes as living chaperones to deliver
drug-loaded nanocapsules to tumor sites. By expanding T cells under conditions that
maintained chemokine and adhesion receptors necessary for lymphoid tissue homing, we
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were able to generate large numbers of lymphocyte chaperones with highly specific tumor-
targeting tropism. These T cell chaperones were resistant to SN-38, even with high doses of
drug-loaded particles bound directly to the cell membrane. Although T cell homing occurs
over days, even low numbers of NC-T cells entering tumors at early times after transfer
could initiate therapeutic responses, as seen from the high concentration (20-fold above the
ECgqg) of SN-38 in tumor-bearing lymph nodes at 20 h post-transfer (Fig. 4). The
substantially lower efficacy of free SN-38 NCs, which effectively accumulated in one
lymphoma residence site (the spleen) but not lymph nodes, suggests increased lymph node
delivery is key to the efficacy of this approach. This enhanced delivery of SN-38 to tumors
yielded therapeutic benefits at modest doses of SN-38—doses that had no effect in free drug
form and limited efficacy in NCs only. We demonstrated a 12-day extension of survival
using T cell-mediated SN-38-NC delivery, at a cumulative dose of only 7 mg/kg SN-38.
This efficacy was far greater than 70 mg/kg free SN-38, due to the poor pharmacokinetics of
the free drug. However, even with irinotecan, the water-soluble FDA-approved analog of
SN-38, a cumulative 100 mg/kg dose was required to extend survival by a maximum of 9
days in this model (28). Doxorubicin, another cytotoxic chemotherapeutic, achieved a 14-15
day survival extension at 10 mg/kg (28), but this is the maximal lifetime tolerated dose and
causes potentially lethal myocardial damage. By contrast we saw no evidence for toxicity
with SN-38 NC-T cells, suggesting that the therapeutic window for higher levels of drug
dosing with this approach is much wider than for traditional chemotherapy.

The intrinsic trafficking ability of host cells to infiltrate disease sites and act as self-directed
vectors for therapeutics is being explored in a number of contexts, most commonly
employing phagocytic cells as drug carriers (29, 30). Monocytes, macrophages, and
mesenchymal stem cells readily phagocytose nanoparticles and microparticles, and particle-
loaded cells have been used as transporters for gold nano-shells for photothermal tumor
ablation (31), chemotherapy- or imaging agent-loaded particles for tumor treatment (32, 33),
and antiretroviral drugs for treatment of HIV infection (34). A limitation of such approaches
is that they can only be applied to cell-permeable drug cargos or agents that provide a
function from within the carrier cell. By contrast, the plasma membrane-conjugation
approach described here allows particles to deliver cargos, such as biologics, that are not
membrane-permeable and must access cell surface receptors of nearby target cells (19).

We used polyclonal T cells as nanoparticle carriers, employing lymphocytes that express
homing receptors to traffic to the lymphoid organs where tumor cells reside, but which do
not target tumor antigens explicitly. The pronounced therapeutic effects shown here using
non-antigen-specific cells demonstrate the utility of organ-specific targeting in this disease
model (as opposed to tumor cell-specific targeting). The effectiveness of polyclonal T cells
facilitates clinical implementation, because isolation of endogenous tumor antigen-specific
T cells is only possible for a fraction of cancer patients (12). However, in diseases such as
melanoma where tumor-specific T cells are more readily obtained or cancers where
genetically engineered artificial antigen receptors can be safely introduced [e.g. leukemias
(35)], our approach could be combined with tumor antigen-specific T cells.

Although significant tumor cell killing was seen at a T cell:tumor cell ratio of 1:20 in vitro,
complete eradication required ratios of at least ~1:10. Owing to in vivo confounding factors,

Sci Transl Med. Author manuscript; available in PMC 2015 December 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 9

such as lymph flow, secreted factors, and stromal cells that augment Ep-myc tumor growth
and survival (36, 37), we aimed to transfer enough T cells to reach at least 1:5 T cell:tumor
ratios in the nodes. Although the cell numbers needed to reach this density of pharmacytes
in lymph nodes is high, it is within the range of cell doses that have been used in clinical
trials of adoptive T cell therapy for cancer. Using the FDA guidelines for determining dose
conversions between species (38), the equivalent of our 2x108 cell dosing for a human
patient would be ~4.6x1010 lymphocytes. Early adoptive T cell therapy clinical trials treated
melanoma patients with >2x101! total tumor-infiltrating lymphocytes in the first course
alone, with some patients receiving up to 5 total courses (39). More recent trials have used
up to 1.5-1.6x1011 total cells per patient (40, 41). These numbers reflect the large quantity
of T cells required to successfully eliminate large tumor burdens even when relying on
antigen-specific recognition for tumor elimination, and suggest that the number of SN-38
NC-conjugated T cells required for human patients would be both technologically and
clinically reasonable to achieve. This cell dosing could be substantially reduced with the
development of NCs loaded more efficiently with drug cargo, but our objective here was to
demonstrate proof of concept in a cell dose that has been used in patients. We also expect
this approach would have substantial synergy with traditional chemotherapy dosing, using
the “pharmacyte” approach to eradicate residual disease in lymphoid tissue sanctuaries
rather than as a sole treatment regimen- this is an area for future study. Further efficacy with
this strategy in patients might also be expected because human lymphomas exhibit a broad
range of phenotypes, while the Ey-myc tumors used here with constitutive expression of
Myc and deletion of Arf model the most aggressive subtypes of these cancers (42).

The fundamental approach for cell-mediated drug delivery demonstrated here should be
generalizable to many types of cellular carriers. Lymphocytes as drug carriers offer a
number of advantages. First, clinical protocols for T cell expansion are well established in
the adoptive therapy field, and autologous lymphocytes are easily obtained from blood.
Second, lymphocytes exhibit substantial plasticity in their expression of tissue homing
markers. T cells can be induced under conditions of inflammation or disease to enter nearly
every tissue, and the receptors required for T cell trafficking to the lungs, skin, gut, and
brain, as well as the molecular stimuli required to induce expression of these homing
markers have been characterized (43), and could potentially be used to generate lymphocyte
carriers to deliver drugs to each of these organs.

In summary, we have developed here a strategy for active targeting of drugs to disease sites,
using autologous lymphocytes as “Trojan horses” to deliver drug-loaded nanocapsules. A
limitation of this approach is the total payload of drug that can be loaded per cell and the
number of cells that can be transferred, but as shown here, the greatly enhanced efficacy of
drug delivery to tumor sites allows even modest total doses of drug to be highly efficacious.
Further, ongoing advances in nanoparticle design can facilitate loading of very high
payloads of drug (44-46). We envision that this approach could be particularly relevant as a
means to eliminate residual disease in tissue sanctuaries that are difficult to reach at safe
doses and by traditional nanomedicine.
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Materials and Methods

Study Design

The hypothesis was that SN-38-carrying nanoparticles attached to T cells would show
greater uptake in tumor tissues and enhanced anti-tumor efficacy compared to free drug or
free nanoparticle treatments. All experiments were performed independently at least twice.
In vivo therapy studies were designed to evaluate the impact of active versus passive
delivery of a chemotherapeutic agent to disseminated tumor sites in a syngeneic mouse
model of lymphoma, and were executed with at least 5 animals per group. Prior to treatment,
cumulative tumor burden was measured by whole body radiance, and animals were
randomized to minimize variances between groups. The radiance value of each animal was
normalized by its pre-treatment radiance. Representative data were shown for tumor therapy
experiments due to variation in tumor growth kinetics between inoculations. Pooled data
were shown for NC-T cell biodistribution experiments, to obtain sufficient replicates for
each timepoint and condition. Data analyses were not blinded. Outliers were not excluded.

Cell-NC conjugation

Live T cells were purified by Ficoll gradient, washed in PBS, and resuspended in serum-free
unsupplemented RPMI-1640 at 50x108/ml. NCs were added and incubated with gentle
mixing at 4°C for 30 min. Cells were washed by pelleting and resuspending in 50 ml PBS
twice. Cells were then resuspended in serum-free RPMI with 1 mg/ml PEG2000-SH, and
incubated with gentle mixing at 4°C for 30 min. Cells were washed in PBS and used
immediately. The amount of SN-38 NC conjugated to T cells was quantified by lysing T cell
pellets in 0.1 M NaOH + 0.5% Triton X-100, pelleting at 21000g and reading the SN-38
fluorescence in the supernatant.

In vivo tumor experiments

Animals were cared for following federal, state and local guidelines. To inoculate tumors,
1x108 Ep-myc cells were injected via the tail vein. For luciferase*GFP* Ep-myc Arf~/~ cells,
tumor burden was assessed by whole-animal bioluminescent imaging (Xenogen Spectrum
200). Animals were injected subcutaneously with 150 mg/kg D-luciferin 10 minutes prior to
imaging. At the terminal timepoint, blood, spleen, lymph nodes (cervical, axillary, brachial,
inguinal, mesenteric, iliac), and bone marrow (from femurs and tibia) and liver were
collected. For flow cytometry analysis, tissues were mechanically dissociated into single cell
suspensions, and Eu-myc cells were gated on GFP.

Statistical analysis

Statistical analyses were performed using Graphpad Prism 5.0. All plots show mean + s.e.m.
Statistical significance threshold was set at p<0.05. All tests assumed normal distribution
and were two-sided.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. SN-38 is a potent cytotoxic agent against Epy-myc lymphoma cells, but fails to access sites
of lymphoma dissemination in vivo
C57BL/6J recipients were injected i.v. with 1x106 luciferase- and GFP-expressing Ej-myc

cells. (A) On day 21 post inoculation, lymphoma biodistribution was imaged by IVIS in
intact animals (shown are representative ventral and side views), followed by flow
cytometry to detect GFP* tumor cells (green gates). (B) On day 17 post inoculation, free
SN-38 (10 mg/kg) was injected i.v. into tumor-bearing mice and tissue drug concentrations
were measured by HPLC over time. Data are means + s.e.m. (n=3/group). (C) On day 17
post-inoculation, tumor-bearing mice were i.v. injected with empty fluorescent liposomes
(36.3 mg/kg lipid). Tissues were collected 24 h following injection for histology. (D) On day
17 post-inoculation, tumor-bearing mice were i.v. injected with SN-38-containing liposomes
(1 mg/kg SN-38). Tissues were collected 24 h following injection for HPLC analysis. All
data are representative of 1 of 2 independent experiments (n = 3 animals per group). Dashed
lines in (B, D) denote limit of detection (0.5 ng/g tissue) for SN-38 by HPLC.
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Fig. 2. IL-2/rapamycin-expanded T cells express homing receptors to traffic to lymphoma sites
and are resistant to SN-38 toxicity

(A) Schematic of T cell functionalization and cell-mediated delivery of SN-38 NCs into
tumors. (B and C) Polyclonal T cells from C57BL/6J mice were primed with concanavalin
A and IL-7 for 2 days, then expanded in IL-2 with or without rapamycin for 2 days and
analyzed for expression of tissue homing receptors by flow cytometry. Shown are
representative staining histograms (B) and quantification markers (C) of n=7 replicate
cultures from 2 independent experiments. Data are means * s.e.m., **p<0.01, by t-test. (D)
Ep-myec cells or IL-2/rapamycin-expanded T cells were cultured in vitro with SN-38 at
indicated doses, and viability was assessed by flow cytometry after 24 h. Data are means +
s.e.m of pooled n=4-8 replicate cultures from 4 independent experiments. (E) IL-2- or IL-2/
rapamycin-cultured T cells were taken directly from culture or incubated with 20 ng/ml
SN-38 for 12 h, then stained for intracellular Bcl-2 expression and analyzed by flow
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cytometry. Data are representative plots for n=3 cultures per condition, from 1 of 3
independent experiments. ****p<0.0001 by two-way ANOVA with Bonferroni post-test.
(F) IL-2- or IL-2/rapamycin-cultured Thy1.1* T cells (40x10%) were adoptively transferred
into C57BL/6J mice (n=6-7/group). The number of Thy1.1* T cells in blood, spleen and
lymph nodes were enumerated by flow cytometry 2 days post-transfer. Data are means +
s.e.m from 1 of 2 independent experiments. **p<0.01, ****p<0.0001 by t-test.
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Fig. 3. T cells conjugated with SN-38 NCs Kill bystander lymphoma cells but not the T cells
themselves

(A) Cryo-EM image of SN-38 NCs. (B) Kinetics of SN-38 release from NCs at 37°C in 10%
serum. Data are means + s.e.m (n=8). (C) T cells stained with CFSE (blue) and conjugated
to fluorescently labeled NCs (pink) were imaged by confocal microscopy. (D) T cellls were
conjugated to fluorescent DiD NCs either lacking maleimide-lipid (control NCs) or
containing maleimide-headgroup lipids (maleimide NCs), washed, and then analyzed by
flow cytometry. (E) T cells were conjugated with SN-38 NCs over a range of NC:cell ratios,
then lysed to measure the final conjugated amount of SN-38. (F and G) Ep-myc cells were
co-cultured with unmodified T cells, empty (“blank™) NC-conjugated T cells, or SN-38 NC-
conjugated T cells at indicated T cell:lymphoma cell ratios. Viability of Ep-myec cells (F)
and T cells (G) were measured by flow cytometry 24 h later. Data are means + s.e.m (n=3-8
samples/group). n.s., not significant, two-way ANOVA with Bonferroni post-test. All data
are representative of 2-3 independent experiments.
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Fig. 4. SN-38 NC-conjugated T cells traffic into lymphoma-bearing lymph nodes in vivo and
sustain elevated intranodal SN-38 levels over time

C57BL/6J mice (n=3-5/group) were injected i.v. with 1x108 Ep-myc cells, and 17 days later
received i.v. injection of 2x108 luciferase* SN-38-carrying NC-T cells (1 mg/kg equivalent
SN-38), control unmodified T cells, or an equivalent dose of free nanocapsules. (A) T cell
biodistribution was assessed by whole-animal bioluminescence 38 h post-transfer. (B)
Kinetics of T cell and SN-38 NC-T cell accumulation in tissues assessed by flow cytometry.
Data are means + s.e.m (n=4-12 animals/group per timepoint), pooled from 5 independent

Sci Transl Med. Author manuscript; available in PMC 2015 December 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Huang et al.

Page 19

experiments. **p<0.01 versus T cells alone, by two-way ANOVA with Bonferroni post-test.
(C) Mice (n=4/group) were injected with SN-38 NC-conjugated fluorescently labeled T
cells, and tumor (Eu-myc)-bearing lymph nodes were harvested at 24 h post-injection for
histological analysis. Representative image from 1 of 2 experiments is shown. (D) Retention
of fluorescently labeled SN-38 NCs by T cells (Thy1.1%) in tumor-bearing lymph nodes was
measured by flow cytometry 15 h post-transfer. Plot is from 1 of 2 representative
experiments. (E) Animals were treated with free SN-38 NCs, SN-38 NC-T cells, or free
SN-38 at a dose 10-fold greater than the dose in the NCs. Tumor-bearing lymph nodes were
harvested at various times after treatment for HPLC analysis. Data are means + s.e.m (n=3-
5 animals/group per timepoint), pooled from 4 independent experiments. Dashed line
denotes limit of SN-38 detection (0.5 ng/g tissue). *p<0.05, ****p<0.0001 versus SN-38
NCs, by two-way ANOVA with Bonferroni post-test.

Sci Transl Med. Author manuscript; available in PMC 2015 December 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Huang et al.

Page 20

1x107
B 8x10°
E
P 6x10°
[ =
[=]
E
= 4x10°
8
c
.
E 2x10°
1x10°
B 10000 c
=) 600 1
(=]
T 1000 g
=] T 400 4
5 < p=0.0074
g 1001 5
) 200
S v
- 104 =
@ 2 p
N oo =
T
g E 3 £ QQ;') ’b(b ,\Q+ e(.r\k{-:\ (’z
52 bbb b R N
=% 9 5 o 15 20 23 A
Days post-tumor inoculation ‘{-'
D E
12
1004 = PBS ¢ -
| o SN-38 100
801 Y (1 mg/kg per dose) -
$ : l p=0.0053 —|-® SN-38,10x £,80
604 L (10 mg/kg perdose) '@ 60 = PBS
<ol Y & NC-conjugated T = o SN-38
= il p=0.0009 (1 mg/kg per dose) £ 40 & SN-38,10x
3401 | & & L|e NC(1mg/kg perdose) E b
: 5 o NC-T,1/4 dose £20 & NCT.1/4 dose
20 r!‘.--i 4 (0.25 mg/kg per dose) 0 '
ol 5 0 5 10 15 20 25 30

20 25 éo 35 40 Days post-tumor inoculation
Days post-tumor inoculation

Fig. 5. T cell-mediated delivery of nanocapsules improves the therapeutic efficacy of SN-38
without toxicity

(A-B) Albino C57BL/6J mice (n=5 animals/group) were inoculated with 1x10% Ep-myc
cells on day 0, then received 4 treatments of free SN-38, free SN-38 NCs, or 2x108 NC-T
cells (1 mg/kg SN-38 in each group) as indicated (arrows on panel B). Shown are
representative results from 1 of 2 independent experiments. (A) Bioluminescence images of
tumor burden on day 16. (B) Tumor burden as assessed by Ep-myc bioluminescence
(normalized to signal at the start of therapy) over time. *, p<0.01 by two-way ANOVA with
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Bonferroni post-test on day 16. (C-F) Albino C57BL/6J mice (n=5-6 animals/group) were
inoculated as in (A), then received free SN-38 at 1 mg/kg or 10 mg/kg, free SN-38 NCs at 1
mg/kg, or 2x108 or 5x107 NC-T cells (1 mg/kg or 0.25 mg/kg SN-38, respectively) every 3
days, starting on day 5, for a total of 7 treatments. Shown are representative results from 1 of
2 independent experiments. (C) Normalized total body bioluminescence measured on day
15. **p<0.01, by t-test. (D) Overall survival. ***p<0.001 by log-rank test. (E, F) Animals
were inoculated and treated as in (C), shown are representative results from 1 of 3
independent experiments. (E) Weights of animals normalized individually to the pre-therapy
weight. (F) On day 28, serum was collected for ALT and BUN measurement; dashed lines
indicate reference healthy ranges. Data shown are means * s.e.m., n=4-6 animals/group.

Sci Transl Med. Author manuscript; available in PMC 2015 December 22.



