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ABSTRACT

Here we have investigated whole-body pharmacokinetics (PK)
of exogenously administered T cells in a mouse model of
melanoma and have developed a physiologically based phar-
macokinetic (PBPK) model to quantitatively characterize the
data. T cells were isolated from the spleen of tumor-bearing
mice, activated, and labeled with chromium-51 to facilitate the
quantification. Labeled T cells were injected in the tumor-bearing
mice, and PK was measured in 19 different tissues. It was found
that T cells disappear from the blood rapidly after administration
and accumulate in the tissues to various extents. Spleen, liver,
lung, kidney, bone, and lymph nodes accounted for more than
90% of T cells in the body. The distribution of T cells in solid
tumors was found to be very low, hovering below 1%ID/g
(percent of injected dose per gram of tissue) during the entire

study. However, this observation may differ for targeted TCR-T
and CAR-T cells. Observed PK profiles also suggest that T-cell-
based therapies may be more successful in treating cancers of
the lymphatic system and bone marrow metastases compared
to solid tumors. A PBPK model was developed to characterize
the whole-body PK of T cells, which incorporated key processes
such as extravasation, elimination, and recirculation of T cells
via lymph flow. Retention factors were incorporated into the
spleen, liver, and kidney compartment to adequately capture the
PK profiles. The model was able to characterize observed PK
profiles reasonably well, and parameters were estimated with
good confidence. The PK data and PBPK model presented here
provide unprecedented insight into the biodistribution of exog-
enously administered T cells.

Introduction

Adoptive cell therapy has been gaining interest over the past
three decades as a targeted anticancer therapy. Several ad-
vancements have been made in this field, which include tumor-
infiltrating lymphocytes (TILs) and engineered cells such as
T-cell-receptor T cells (TCR-T) and chimeric antigen receptor
T cells (CAR-T). In fact, CAR-T cells targeting more than
25 tumor antigens have been investigated in preclinical and
clinical studies so far, resulting in recent approvals of Kymriah
and Yescarta for the treatment of hematologic cancers such as B
cell leukemia and lymphoma (Gross and Eshhar, 2016).

However, the development of T-cell based therapies for
solid tumors remains challenging for several reasons, such as
unknown cellular trafficking to the site of action, inade-
quate tumor infiltration, and immunosuppressive tumor
microenvironments (Newick et al., 2017; Xia et al., 2017).
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In addition, despite the clinical success, to date we do not have
a comprehensive understanding of the whole-body pharmaco-
kinetics (PK) of T-cell-based therapeutics. Since T cells
possess unique properties such as tissue margination, the PK
of T cells are bound to be different than traditional small or
large molecules and require further investigation to under-
stand and predict the exposure—-response relationships for the
efficacy and toxicity of T-cell-based therapeutics.

Only a few published studies have investigated the elimi-
nation and biodistribution of T cells in various tissues of mice
(Table 1). These studies have been limited in the number of
sampling time points and tissues being analyzed, and they
provided contradictory results. Wallace et al. (1993) were
among the first to investigate the disposition of iodine-125
(I-125) PKH95-1abeled TILs and activated splenocytes in mice
bearing MC38 lung metastases. They observed that 20 hours
after administration the activated splenocytes accumulated
more in the spleen followed by the lungs and liver, whereas the
TILs accumulated more in the lungs followed by spleen and
liver. Interestingly, the authors concluded that the higher
retention of TILs in the lungs was not because of the presence
of lung metastases as a similar disposition pattern was also
observed for non—tumor-bearing mice.

Melder et al. (2002) subsequently presented a more com-
prehensive investigation, where tumor-antigen—activated and

ABBREVIATIONS: AUC, area under the concentration-time curve; BC, biodistribution coefficient; CAR-T cells, chimeric antigen receptor T cells;
Cr-51, chromium-51; I-125, iodine-125; %ID/g, percent of injected dose per gram of tissue; IGLN, inguinal lymph node; IL-2, interleukin 2; In-111,
indium-111; LI, large intestine; PBPK model, physiologically based pharmacokinetic model; PK, pharmacokinetics; S, small intestine; TCR-T cells,
T-cell-receptor modified T cells; TDLN, tumor-draining lymph node; TILs, tumor-infiltrating lymphocytes.
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TABLE 1

Comparison of different biodistribution studies of T cells in mice. Methods of T cell isolation, expansion, and labeling, as well as tissue biodistribution

at 20-24 hours are compared.

Methods of T-cell isolation, expansion, and labeling, as well as tissue biodistribution at 20-24 h are compared.

Method Wallace et al. (1993) Melder et al. (2002) Present Study
Labeling 1-125 PKH95-1abeled T cells In-111 oxine-labeled T cells Cr-51-labeled T cells
Preparation of T cells  Splenocytes TILs extracted Lymphocytes  Mice sensitized Splenocytes expanded TILs extracted
exposed to from MC38 extracted with splenocytes using anti-CD3, anti- from B16-BL6
6000 IU/ml s.c. tumors from spleen of MCalV tumor- CD28, and IL-2 s.c. tumors
IL-2 bearing C3H
mice and
lymphocytes
extracted from
spleen
Tissues listed in Spleen Lung Spleen Lung Spleen Lung
descending order of Lung Spleen Liver Spleen Liver Spleen
concentrations at Liver Liver Lung Liver Lung Liver
20-24 h Skin Skin Tumor Tumor Kidney Kidney
Muscle Muscle Heart Heart TDLN Tumor

normal (nonactivated) lymphocytes obtained from the spleen
were labeled with the residualizing isotope indium-111
(In-111), and the PK of the cells were measured in MCalV
mammary-carcinoma—bearing mice. They observed that the
PK of tumor-antigen—activated and normal lymphocytes was
the same, and the specificity of the lymphocytes toward the
tumor antigen did not result in a significant increase in tumor
uptake. They also found that the spleen and the liver were the
major tissues that demonstrated lymphocyte accumulation.
However, more recently Xu et al. (2013) used 5,6-carboxy-
fluorescein diacetate succinimidyl ester (CFSE)-labeled CD3*
T cells that were derived from mouse spleen and activated
against tumor antigen. They concluded that 1-3 days after
the administration, T cells accumulated to a high level in the
tumor followed by the liver, kidney, and spleen. As such, the
extent of T cell distribution in many tissues is not known, and
there is no consensus on the expected PK profiles of exoge-
nously administered T cell therapeutics throughout the body.

In addition, there is also a lack of robust mathematical models
that can accurately describe the whole-body PK of T cells. Most
of the models developed thus far are based on scant biodistri-
bution data. Stekel et al. (1997) and Ganusov and Auerbach
(2014) developed minimal physiologically based pharma-
cokinetic (PBPK) models to describe T cell disposition in
rats. The model by Stekel et al. includes blood, spleen, and
lymphatic compartments; and the model by Ganusov et al.
includes blood, lung, liver, spleen, Peyer’s patch, mesenteric,
and subcutaneous lymph node compartments. More com-
prehensive models have been developed by Zhu et al. (1996)
for mice, rats, and humans; their models include most of the
tissues and tumors, and each tissue compartment is divided
into vascular and extravascular spaces to account for rolling,
adhesion, and extravasation of T cells in tissues. However,
these models are based on very sparse data from two to three
tissues in each species, and many parameters of the model
were fixed to zero due to the lack of experimental data.

To better understand whole-body PK of exogenously admin-
istered T cells and to facilitate the development of a more
reliable and robust mathematical model, we conducted
a comprehensive PK investigation in a mouse model of
melanoma. T cells were isolated from mouse spleen then
activated and labeled with chromium-51 (Cr-51), which is
reported to be a reliable label with no significant elution from
the cells or reuptake into other cells (McMillan and Scott,

1968; Rannie and Donald, 1977). In fact, labeling lymphocytes
with Cr-51 to investigate their in vivo biodistribution is an old
and well-established method (Zatz and Lance, 1970). We
injected the labeled T cells into tumor-bearing mice and
measured the PK of T cells in blood, tumors, and tissues.
The measured PK profiles were quantitatively characterized
using a novel PBPK model developed for exogenously admin-
istered T cells. The observed PK profiles were also compared
with previously reported results.

Materials and Methods

Reagents, Cell Line, and Animal

Mouse melanoma cell line B16-BL6 was obtained from Creative
Bioarray (Shirley, NY), and maintained in Dulbecco’s modified Eagle’s
medium with 10% heat inactivated FBS and 1% penicillin-streptomy-
cin. Cells were cultured at 37°C in 5% CO; in a humidified incubator.
All animal experiments were performed in accordance with the
protocols approved by the institutional animal care and use commit-
tee. Eight-week-old male C57BL/6 mice were purchased from Taconic
Biosciences (Hudson, NY) and housed individually. The mice were
subcutaneously inoculated with 0.5 million B16-BL6 cells to develop
the tumor. When the tumor volume reached ~250 mm?, the mice were
subjected to the experimental procedure.

Sodium chromate (1 mCi/ml of ®?'Cr) was purchased from
PerkinElmer (Waltham, MA), and anti-CD3 and anti-CD28 antibodies
were purchased from BD Biosciences (San Jose, CA). The reagents for
TIL isolation such as the mouse tumor dissociation kit, anti-CD105
antibody-biotin, anti-CD3 antibody-biotin, anti-biotin microbeads ul-
trapure, LD columns, LS columns, and QuadroMACS separator were
purchased from Miltenyi Biotec (Bergisch Gladbach, Germany).

Isolation and Expansion of T Cells from Mouse Spleen

The spleen from a melanoma-bearing mouse was collected
and homogenized under aseptic conditions to obtain a mononuclear
cell suspension in AIM V medium containing 10% FBS and beta-
mercaptoethanol. The cell suspension was centrifuged at 400g and
resuspended in red blood cell lysis buffer for 5 minutes at room
temperature. AIM V medium was added to dilute the lysis buffer and
was centrifuged to remove the buffer and medium, followed by
resuspension of the pellet in AIM V medium at a density of 1 to 2 x 107
cells/ml in a nontissue culture treated flask. The flask was precoated
with 1 pg/ml anti-CD3 and anti-CD28 antibodies in 5 ml of PBS
overnight at 4°C. The PBS solution containing antibodies was re-
moved before adding the mononuclear cell suspension. Interleukin
2 (IL-2) at a concentration of 50 IU/ml was added to cell suspension in



the flask. After 48 hours, cells were centrifuged, and the medium was
replaced by fresh AIM V medium without IL-2. Four days after
isolation of splenocytes, the cells were analyzed using flow cytometry
to determine the expression of CD3 and CDS8 (Trickett and Kwan,
2003; Koya et al., 2012).

Isolation of Tumor Infiltrating Lymphocytes

To facilitate a pilot study, TILs were isolated for mouse melanoma
tumors using a paramagnetic bead system. Melanoma tumors were
processed using the tumor dissociation kit to generate a single cell
suspension of tumor cells. B16-BL6 cells were depleted from the slurry of
cells by passing the cells labeled with biotin-anti-CD105 antibody and
anti-biotin microbeads through the LD column. The T cells were then
labeled for positive selection using biotin-anti-CD3 antibody and isolated
using LS columns.

Cr-51 Labeling and Pharmacokinetic Study

T cells collected from mouse spleen were washed with PBS
and incubated with sodium chromate (0.5 mCi of Cr-51 for 200 x 10°
cells) for 1 hour at room temperature. After incubation, the cells
were washed 3 times with PBS to remove free Cr-51. Radioactivity
of the final cell suspension was measured using a gamma counter.
We injected 10 uCi of labeled T cells in melanoma-bearing mice via
penile vein injections. The mice (n = 3) were sacrificed at predetermined
time points (1 hour and 1, 3, 7, and 14 days), and 19 tissues were collected
from each mouse including blood, tumor, inguinal lymph nodes (tumor-
draining [TDLN] and non—tumor-draining [[GLN]), lungs, heart, kidney,
spleen, liver, bone, muscle, skin, brain, thyroid, small intestine (SI), large
intestine (LI), pancreas, adipose, and testicles.

The predetermined sampling times were chosen based on several
factors. We wanted to investigate the biodistribution of T cells for more
than 4 weeks, but the tumor volume reached the permissible in-
stitutional animal care and use committee limit within 2 weeks, so
we had to design our study for only a period of 2 weeks. Although we
could have reduced the initial tumor volume to a value lower than
~200-250 mm? to prolong the study duration, it would have affected
our ability to quantify T cells in the tumor, so it was not a viable option.

Despite acceptable labeling efficiency, 1020 million T cells were needed
to be injected per animal to attain a radioactive dose of 10 uCi, so we were
restricted by the number of T cells available while choosing how many
animals we could include in the study. Finally, because most of the
previous studies have reported T cell disposition for a short period of time,
we wanted to make sure we included at least two early sampling time
points (i.e., <24 hours) for comparison with published data, and sufficient
later time points to capture the elimination of T cells from the system.
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PBPK Model Development

Figure 1 describes the PBPK model developed to characterize whole-
body PK of T cells. The model includes 12 major tissues and a tumor
compartment connected in an anatomical manner via blood
and lymph flows. All tissue compartments are divided into vascular
and extravascular subcompartments to characterize the process of
T cell extravasation. Extravasation of T cells in each tissue is
captured using an irreversible first-order transmigration rate
process.

For most of the tissues it was assumed that the transmigrated
T cells in the extravascular space recirculate back into the lymph
nodes via the lymphatic flow. For bone and muscle it was assumed that
half of the T cells recirculate to the IGLN (left inguinal lymph node)
and the rest recirculate to the TDLN (right inguinal lymph node). It is
because tibia and thigh muscle were collected as representative bone
and muscle tissues and to mimic the physiology of lymph drainage into
the inguinal lymph node from the hind legs, we divided the lymph flow
from muscle and bone into right and left inguinal lymph nodes.
Considering the tumor was implanted in the right flank, lymph
drainage from the tumor was added only in the right inguinal lymph
node (i.e., TDLN). Lymphatic fluid from all tissues was assumed to
drain into lymph node, which was connected to the central blood
compartment.

To capture the T cell concentrations in the IGLN and TDLN, the
model incorporated two more transit lymph node compartments,
which were assumed to receive lymphatic fluids from the bone,
muscle, and tumor. Elimination of T cells was assumed to occur
only in the vascular compartment of the lungs, based on the model
by Zhu et al. (1996). To capture the plateauing concentrations
of T cells in the spleen, liver, and kidney over the time, retention
factors were incorporated into those tissues. To maintain the
mass balance, an “others” compartment was incorporated into
the PBPK model. All the physiological parameters for the mouse
PBPK model (i.e., blood and lymph flow values, and compart-
ment volumes) were obtained from the literature (Shah and
Betts, 2012).

Blood flow for the tumor compartment was obtained from Zhu
et al. (1996), and the total tumor volume was based on the average
tumor size in our study. Transmigration rates of T cells for each
tissue and the retention factors were estimated by fitting the model
to the observed whole-body PK data. The equations for the PBPK
model are provided in the model equations section, and the de-
scription of the model parameters are provided in Table 2.

Model Equations
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The blood and tissues were collected in preweighed tubes, and their
radioactivity was measured using a gamma counter. Radioactive
counts were corrected for background and decay. Final counts
per minute were converted to percent of injected dose/gram of
tissue (%ID/g) by using the following equation:
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Fig. 1. Schematic of the PBPK model
developed to characterize the whole-body
disposition of T cells in mice. Tissues are
arranged and connected in an anatomical
manner by blood flow (black sold lines)
and lymph flow (gray dotted lines). The
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blood was represented as a biodistribution coefficient (BC) value
(Shah and Betts, 2013; Liet al., 2016). The PBPK model was fitted
to the observed PK data using the maximum likelihood estima-
tion method of ADAPT V software (Biomedical Simulations Re-
source, University of Southern California, Los Angeles, CA). The
following variance model was used for model fitting: Var(t) =
(o-intercept+o'slopeY(t))2, where intercept and 0glope are variance model
parameters and Y(t) is the model output.

Results

Whole-Body Pharmacokinetics of T Cells. Activation
of splenocytes with anti-CD3 antibody, anti-CD28 antibody,
and IL-2 led to more than 90% of CD3* T cells in the final
preparation, of which >85% were CD8" cells. A representative
flow cytometry analysis of these cells is provided in (Supple-
mental Fig. 1). The efficiency of Cr-51 incorporation was ~50
wCi per 10® lymphocytes, and thus a dose of 10 uCi/mouse
comprised ~2 x 107 T cells administered per mouse.

Figure 2 shows typical PK profiles generated after intrave-
nous administration of Cr-51-labeled T cells in tumor-bearing
mice, along with AUC values for each profile. It was found that
T cells were eliminated from the blood and the lungs rapidly
within 24 hours, followed by their accumulation in spleen and

liver. Smith et al. (1980) showed similar results in rats, where
exogenous activated lymphocytes accumulated in the lungs
up to 4-6 hours and then localized to the spleen and liver
over 24 hours. This phenomenon can be attributed to the
presence of a reticuloendothelial system within the spleen
and liver, which is reported to be significantly involved in
the disposition of T cells (Pabst, 1988; Norelli et al., 2016). In
addition, lymphoid tissues such as lymph nodes and bone
marrow showed high accumulation of T cells over time.

Of note, no significant difference was seen between the PK
of T cells in TDLN versus IGLN (AUC: 635% * 77% versus
712% *+ 192%ID/g*h). Interestingly, the T cell concentra-
tions peaked around 24 hours in the TDLN, which was
similar to the tumor, whereas T cells accumulated gradually
over 3-7 days in the IGLN, which was similar to the bone
marrow. The spleen, liver, lung, kidney, bone, and lymph
nodes accounted for more than 90% of the T cells in the body
over the 2 weeks, with BC value of 448, 148, 39, 36, 27, and
16, respectively (Fig. 2).

The PK of T cells in the heart displayed a similar profile as
the lungs, where majority of the T cells were eliminated from
the tissue by 72 hours. The intestines, pancreas, testes,
muscle, fat, skin, and brain showed the lowest amount of
T cell accumulation, with concentrations hovering below
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TABLE 2
List of model parameters along with their numerical values and sources
Parameter Description (unit) Estimate CV%
Jlung Transmigration rate 1843.0 154
Jheart for each tissue (1/h) 34.9 17.2
kidney 87.3 37.9
brain 14 21.2
I nuscle 0.5 19.7
Jhone 82.6 16.7
tumor 0.6 18.6
skin 0.6 18.7
Jtat 1.6 18.5
Jst 12.9 17.1
JL1 5.2 18.1
Jspleen 114.0 33.8
Jliver 126.9 18.9
Jpancreas 10.0 20.0
other 86.8 17.7
kidney Retention factor 3.9 37.9
spleen 9.8 34.8
Riiver 2.5 184
lung Elimination rate (1/h) 0.84 Fixed (Zhu et al., 1996)
issue Fraction of T cells recirculated 1 Fixed (assumption)
to lymph node
Qtissues Physiologic blood flows, lymph Fixed (Shah and Betts, 2012)
Liissues Viissue flows, and tissue volumes
for each mouse tissue
(ml/h, ml/h, ml)
Qtumor Tumor blood flow (ml/h) 6 Fixed (Zhu et al., 1996)
Viumor Tumor volume (ml or g) 0.45 Fixed (radius~3.85 mm)

0.5%ID/g for most of the time. T cell concentrations in the
thyroid started off lower than 0.5%ID/g, and gradually
decreased to below the limit of quantitation after 3 days;
two of three mice showed a high T cell concentration on day
14. This peculiar PK profile may stem from lymphocytes
recirculating back to the thyroid after 2 weeks, but this
hypothesis needs further support.

Importantly, tumors had a BC value of 1.3, and the tumor
concentrations of T cells hovered below 1%ID/g during the
whole study. This observation may stem from many factors,
such as an immunosuppressive tumor microenvironment, in-
sufficient trafficking of T cells into the tumor, and lower tumor
uptake of T cells due to less expression of cell adhesion molecules
on the tumor cells (Pandolfi et al., 1992). These data bring into
question the potential for treating solid tumors using T-cell-
based therapy and demand further investigation into the tumor
disposition of targeted T cells like TCR-T and CAR-T cells. In
addition, our results suggest that T-cell-based therapies may be
more successful for treating cancers of the lymphatic system and
bone marrow metastases.

Development of the T-Cell PBPK Model. The PBPK
model (Fig. 1) was able to characterize T cell PK profiles in
most of the tissues reasonably well (Fig. 3). The model
parameters were also estimated with good confidence (Table
2). The estimates of transmigration rates were higher for
tissues showing a high accumulation of T cells and BC values
greater than 20, such as the lungs, spleen, liver, and kidneys.
Retention factors for spleen, liver, and kidney were 9.8, 2.5,
and 3.9, respectively.

Incorporation of the retention process was necessary to
characterize the high concentrations of T cells in the spleen
and liver, which may relate to T cell processing by the reticu-
loendothelial system. High concentrations of T cells in the
kidney may stem from the presence of the Cr-51 label in that
organ. Elimination of T cells from the body was incorporated
only in the lungs, and the parameter for this process was fixed

to the value of 0.84 hour ! obtained from Zhu et al. (1996). Of
note, Zhu et al. obtained this value by scaling down the
parameter value estimated using human data.

Discussion

With the emergence of activated T cell and T cell targeting
antibodies as novel anticancer therapeutics, it has become
necessary to quantitatively understand the whole-body disposi-
tion of T cells to further advance the clinical potential of these
therapeutics. The process of T cell disposition is complex and
depends on multiple stimuli-dependent steps such as rolling and
adhesion on vascular endothelial cells, chemokine-driven extrav-
asation, and margination to specific tissues (Hogg, 1993; Springer,
1994; Girard and Springer, 1995). This process is further
complicated by dynamic regulation of cell adhesion molecules
expressed on tissues and changes in cell surface phenotype based
on the nature of the T cell (Defilippi et al., 1993; Ager et al., 2016).

Nonetheless, as an important first step toward understand-
ing the whole-body disposition of engineered T cells, here we
have conducted a comprehensive PK study of activated T cells
in a mouse model of melanoma. We have chosen a xenograft
tumor model rather than a spontaneous tumor model to
avoid the possibility of developing host tolerance (Lechner
et al., 2013). As such, further studies are warranted to assess
how the T cell disposition may differ between xenograft,
spontaneous, and orthotopic tumors.

The T cells employed in our investigation were isolated
from the splenocytes of melanoma-bearing mice and ex-
panded to enrich CD3" T cells. The cells were incubated with
sodium chromate to accomplish Cr-51 labeling. After the
labeling, >95% of cells were found to be alive via trypan blue
method. An advantage of using Cr-51 as a label is the fact that
Cr®* ions bind to organic ions such as citrate and amino acids
within the cells to form complexes, which do not leak out of
the cells or nonspecifically transfer to surrounding cells



Whole-Body PK and PBPK Model for T cells 509

Whole blood Lungs Heart
100 AUC =439+43 1000 AUC ;{; 7:2;';3110,5 100 Aucszaji; 26
10 100 10
1 10 1
0.1 3 1 0.1
0.014 . \’— 0.1+ y ; . . 0.014 . . . :
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Spleen Liver Tumor
1000 AUC =E;I(B:6:izl?‘t61111.? 1000 AUC 324:5:.427.15859.6 10 AUC;CSZ.j‘; 10.8
100 100 1
10 10 0.1
14 . , - , 14 . - . . 0.01+4 . . . .
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Bone TDLN IGLN
100 AUC =1204.9 + 305.4 100 AUCBEG=31543:.575.5 100 AUC 321:1,186.12191.6

BC =275

10 10 10

+
i
-

0.1

%ID/gram of tissue

0.1+ : . . 04 ) } . v v !
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Small Intestine Large Intestine Kidney
AUC =37.7+6.1 AUC=223+15 AUC =1577.4167.2
10 BC=09 L BC=0.5 100 BC =359
1 1 10
0.1 0.1 1
0.01+ . . . v 0.01+4 , - . ) 0.1+ . . , .
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Skin Muscle Adipose
10 AUC =38%1.3 10 AUC =18.5% 5.3 10 AUC =326 £11.5
BC =04 BC=0.7

BC=09

0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Brain Pancreas Testes Thyroid
10 AUC=9.3%05 10 AUC =57.2£35 105 AUC =39.242.0 100 AUC =402 +33.8
BC=0.2 BC=13 BC =09 BC =92

400 0 100 200 300 400 0 100 200 300 400 O 100 200 300 400

Time (hours)
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(Sanderson, 1976). However, occasionally macrophages may
phagocytose dead/dying T cells and accumulate a small
amount of Cr-51, which should be kept in mind while
interpreting the biodistribution data from Cr-51-labeled
T cells (Sprent, 1976; Thakur, 1985).

Our findings were comparable to previously published
sparse PK data (Table 1). Figure 4 shows the comparison of
our PK data generated using Cr-51-labeled activated
T cells, with previously published PK data generated using
T cells labeled with In-111 and I-125 (Wallace et al., 1993;
Melder et al., 2002). We have also included data from a pilot
PK study that was conducted using Cr-51 labeled TILs for
comparison. This study was limited due to the very low
number of TILs available from B16-BL6 tumors, and the PK
data were collected only up to 24 hours.

As shown in Fig. 4, all the studies demonstrate that the
spleen has the highest accumulation of T cells followed
by the liver. However, it was observed that T cells were
eliminated faster from the lungs, heart, and tumors in our
study compared with the In-111-labeled T-cell study. This
may be due to the residualizing nature of In-111, as the
naive and tumor-antigen-activated T cells demonstrated no
difference in the PK profile. Interestingly, when TILs were
administered, a higher concentration of T cells was observed
in the lungs compared with the spleen.

This observation was similar to the one reported using
1-125-1abeled TILs (Melder et al., 2002), where the lungs had
a higher accumulation of tumor-sensitized T cells compared
with normal lymphocytes. This suggests that when T cells are
activated against tumor antigens they may exhibit a tendency
to accumulate in the lungs at a higher level. Although the
mechanism for this phenomenon is not fully elucidated, there
is an increase in LFA-1 clustering on TILs and their affinity
toward ICAM-1, expressed in the lungs, is also high, leading to

a higher accumulation of TILs in lungs (Hamann et al., 2000;
Reina and Espel, 2017).

Regardless of activation, lymphocytes are also known to
temporarily accumulate in the lungs due to the pressure
difference between the right ventricle that pumps the blood to
the lungs and the left ventricle that circulates the blood
through the rest of the body. During the long transit through
the lung, lymphocytes can get trapped and exposed to alveolar
macrophages, which can phagocytose a small fraction of the
cells (Hall, 1985; Westermann et al., 2003).

Of note, in our study the tumor distribution of TILs was not
much different than activated T cells. However, this observa-
tion needs further research using targeted TCR-T and CAR-
T cells that can recognize tumor cells. In addition, we have
only focused on quantitatively understanding the biodistribu-
tion of a pooled CD3* T cell population. Consequently, the
biodistribution characteristics of specific T cell subtypes
may differ. It also remains to be investigated whether the
disposition of T cells throughout the body will be different
between tumor-bearing and non—tumor-bearing mice.

In addition to mice, a few short-term lymphocyte migration
studies with rats have reported using chromium. Interest-
ingly, these studies were conducted by labeling thoracic
duct lymphocytes to track the recirculation of lymphocytes,
which showed the highest distribution in superficial lymph
nodes within a day. Among organs, the spleen exhibited the
second highest accumulation, and the rest of the lymphoid
and nonlymphoid tissues showed a pattern similar to our
study (Rannie and Donald, 1977; Smith and Ford, 1983;
Ganusov and Auerbach, 2014). Smith and Ford passaged the
Cr-51-labeled thoracic duct lymphocytes through an inter-
mediate animal before injecting them into final recipient
rats, to mimic the physiologic conditions and reduce the
effect of cell handling during in vitro incubation. Passaged
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thoracic duct lymphocytes entered and exited the spleen at
a faster rate compared with nonpassaged thoracic duct
lymphocytes. Discrepancies such as this could stem from
differences in the origin and maturation stage of the cells,
cell handling procedures, or the animal species used for
the investigation, which may require further investigation
(Bainbridge et al., 1966; Heslop and Hardy, 1971; Hamann
et al., 2000).

When it comes to evaluation of the whole-body disposition of
lymphocytes in humans, little has been published except two
studies that used chromium-labeled lymphocytes (McMillan
and Scott, 1968; Hersey, 1971). These studies were performed
half a century ago, and the techniques used for the isolation
and expansion of lymphocytes from peripheral blood mono-
nuclear cells were archaic. Nonetheless, McMillan and Scott
(1968) reported high body surface counts of lymphocytes in the
liver, followed by the heart, spleen, and lungs over 24 hours.
In addition, lymphocytes disappeared from the blood rapidly,
and very low Cr-51 counts were detectable 6 hours after the
injection. However, Hersey (1971) followed lymphocyte distri-
bution over 8 days in healthy individuals compared with
patients with chronic lymphatic leukemia, and he reported
high body surface counts in the spleen, bone marrow, and
liver. He concluded that the difference between his results
and those of the study performed by McMillan and Scott was
the fact that the earlier study had been performed using
a mixture of leukocytes due to poor separation techniques.
Hersey also observed that the lymphocyte percent decreased
fast from the blood and lungs of healthy patients, similar to
earlier reports. Thus, it seems that in both humans and in
mice lymphocytes distribute rapidly to the tissues immedi-
ately after administration, and spleen and liver accumulate
the majority of the administered dose.

We also have presented the development of a PBPK model
to characterize the whole-body PK of exogenously adminis-
tered T cells. Our PBPK model is more parsimonious than
previously published models (Zhu et al., 1996; Stekel et al.,
1997; Ganusov and Auerbach, 2014) and was developed based
on the dense PK data we generated in this investigation. The
PBPK model assumes retention of T cells in the spleen, liver,
and kidney and elimination only through the lungs. The
retention phenomenon is incorporated using the retention
factors, and it is based on several observations.

It has been reported that lymphocytes activated in vitro or
in vivo tend to localize to secondary lymphoid organs such as
the spleen (Gowans and Knight, 1964; Hamann and Rebstock,
1993), and we observed a similar trend in our exogenous T cell
PK study. Previous reports also suggested a slow turnover and
very long half-life of T cell subsets in certain tissues (Sprent
and Tough, 1994), which may be the reason for the observed
stable concentrations of T cells in the spleen and liver over the
time. As such, the retention factor in the model represents
lymphocyte accumulation in the extravascular region of the
spleen, liver, and kidney, which may stem from decreased
recycling of lymphocytes from these tissues via the lymph
flow. Elimination of T cells from the body was incorporated
only in the lungs, based on the reports that T cells undergo
relatively faster clearance in the lungs due to the presence
of alveolar macrophages (Milik et al., 1997). However, it is
important to note that the estimated value of pulmonary
clearance for T cells may be inflated, as the model does not
take into account the elimination of T cells from tissues like

the liver and spleen, which have been shown to demonstrate
some degree of T cell elimination.

Our model excludes the well-known processes of reversible
rolling and irreversible adhesion of T cells, owing to the lack of
sufficient in vitro data to estimate the parameters related to
these processes with confidence. Consequently, the extrava-
sation of lymphocytes through the endothelial capillary wall
into the tissues is characterized in our model using a first-
order process termed the transmigration rate. Each tissue was
considered to have a unique transmigration rate due to the
differences in endothelial surface area and chemokine stimuli.
However, in the future it might be valuable to augment the
model with experimentally observed values of T cell extrava-
sation and endothelial cell interaction (Simionescu et al.,
1974; Hamann and Rebstock, 1993; Knust et al., 2009), which
can enable the PBPK model to predict a priori the T cell PK in
other species. At present it is very challenging to incorporate
such values due to the lack of quantitative in vitro experi-
ments reported in the literature for transmigration rate of
lymphocytes for each tissue.

In summary, our results provide an unprecedented insight
into the whole-body disposition of exogenously administered
T cells. Immediately after administration, T cells disappear
from the blood; while spleen, liver, lungs, kidneys, bone, and
lymph nodes accounted for more than 90% of the T cells in the
body. There was no difference found between the PK of T cells
in TDLN and IGLN. Interestingly, we did not find T cell
accumulation in the solid tumor; however, these observations
may differ for targeted T cells like TCR-T and CAR-T cells.
Our results suggest that T-cell-based therapies may be more
successful in treating cancers of the lymphatic system and
bone marrow metastases compared with solid tumors. We also
found that when T cells are activated against tumor antigens
they may accumulate in the lungs at a higher level. We also
mathematically characterized the PK data we generated by
the use of a novel PBPK model developed for exogenously
administered T cells. The data and PBPK model presented
here pave the way for the development of a systems pharma-
cokinetic model for T cells, which can be further combined with
the PK model of monoclonal antibodies (Shah and Betts, 2012)
to develop translational PK models for T cells engaging and
targeting antibodies.
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