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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 development of a physiologically based
pharmacokinetic (PBPK) model to quantitatively characterize the data. T cells were isolated from
the spleen of tumor-bearing mice, activated, and labeled with Cr-51 to facilitate the
guantification. 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 extent. 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 tumor was found to be very low, hovering below 1 %ID/g 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 like
extravasation, elimination, and recirculation of T cells via lymph flow. Retention factors were
incorporated into spleen, liver, and kidney 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 provides unprecedented insight

into biodistribution of exogenously administered T cells.
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INTRODUCTION

Adoptive cell therapy (ACT) has been gaining interest over the past three decades as a targeted
anticancer therapy. Several advancements have been made in this field, which include tumor
infiltrating lymphocytes (TILs) and engineered cells like 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 like 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, inadequate tumor infiltration, and immunosuppressive tumor microenvironment
(Newick et al., 2017; Xia et al., 2017). In addition, despite the clinical success, to date we do not
have a comprehensive understanding about the whole body pharmacokinetics (PK) of T cell
based therapeutics. Since T cells possess unique properties like tissue margination, the PK of T
cells is bound to be different than traditional small or large molecules, and requires further
investigation to understand and predict the exposure-response relationships for the efficacy and

toxicity of T cell based therapeutics.

There are only few published studies that have investigated the elimination and biodistribution
of T cells in various tissues of mice (Table 2). These studies have been limited in the number of
sampling time points and the tissues being analyzed, and provide contradictory results. Wallace
et al. were amongst the first to investigate the disposition of 1-125-PKH95 labeled TILs and
activated splenocytes in MC38 lung metastases bearing mice (Wallace et al., 1993). They
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observed that 20 hours after the administration, activated splenocytes accumulated more in the
spleen followed by lung and liver, whereas the TILs accumulated more in the lungs followed by
spleen and liver. Interestingly, the authors concluded that 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. subsequently presented a more
comprehensive investigation, where tumor-antigen activated and normal (non-activated)
lymphocytes obtained from the spleen were labeled with the residualizing isotope Indium-111,
and the PK of the cells was measured in MCalV mammary carcinoma bearing mice (Melder et al.,
2002). They observed that the PK of tumor antigen activated and normal lymphocytes was the
same, and the specificity of the lymphocytes towards 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. used CFSE
labeled CD3* T cells that were derived from mouse spleen and activated against tumor antigen,
and concluded that 1-3 days after administration the T cells accumulate to a high level in the
tumor followed by liver, kidney, and spleen (Xu et al., 2013). As such, the extent of T cell
distribution in many tissues is not known and there is not a consensus on the expected PK profiles

of exogenously 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 cell. Most of the models developed so far are based on scant biodistribution
data. Stekel et al. and Ganusov et al. have developed minimal PBPK models to describe T cell
disposition in rats (Stekel et al., 1997; Ganusov and Auerbach, 2014). The model by Stekel et al.

includes blood, spleen and lymphatic compartments, and the model by Ganusov et al. includes
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blood, lung, liver, spleen, peyer’s patch, mesenteric, and subcutaneous lymph node
compartments. More comprehensive models have been developed by Zhu et al. for mouse, rat,
and human (Zhu et al., 1996). Their model includes most of the tissues and tumor, 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
2-3 tissues in each species, and many parameters of the model were fixed to zero due to the lack

of experimental data.

In order to better understand whole-body PK of exogenously administered T cells, and to
facilitate the development of a more reliable and robust mathematical model, here we have
presented a comprehensive PK investigation in a mouse model of melanoma. T cells were
isolated from mouse spleen, activated, and labeled with 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). Labelled T cells
were injected into tumor-bearing mice, and the PK of T cells was measured in blood, tumor, and
tissues. Measured PK profiles were quantitatively characterized using a novel PBPK model
developed for exogenously administered T cells. Observed PK profiles were also compared with

previously reported results.
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METHODS
Reagents, cell line, and animal
Mouse melanoma cell line B16-BL6 was obtained from Creative Bioarray, and maintained in
DMEM medium with 10% heat inactivated fetal bovine serum and 1% penicillin-streptomycin.
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 Institutional Animal Care and Use
Committee (IACUC). Eight-weeks-old male C57BL/6 mice were purchased from Taconic
Biosciences and housed individually. Mice were subcutaneously inoculated with 0.5 million B16-
BL6 cells to develop the tumor. When the tumor volume reached ~250 mm?3, mice were subjected
to the experimental procedure below. Sodium chromate (1 mCi/ml of >1Cr) was purchased from
Perkin-Elmer Inc., and anti-CD3 and anti-CD28 antibodies were purchased from BD Biosciences.
Reagents for TIL isolation such as mouse tumor dissociation kit, anti-CD105 antibody-biotin, anti-
CD3 antibody-biotin, anti-biotin microbeads ultrapure, LD columns, LS columns, QuadroMACS™
separator were purchased from Miltenyi Biotec.
Isolation and expansion of T cells from mouse spleen
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. Cell suspension was centrifuged at 400 g and re-suspended in RBC lysis
buffer for 5 minutes at room temperature. AIM V medium was added to dilute lysis buffer and
centrifuged to remove the buffer and medium, followed by resuspension of the pellet in AIM V
medium at a density of 1-2 x 107 cells/ml in a non-tissue culture treated flask. The flask was pre-

coated with 1 pg/ml anti-CD3 and anti-CD28 antibodies in 5 ml of PBS overnight at 4°C. PBS
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solution containing antibodies was removed before adding mononuclear cell suspension. IL-2 at
a concentration of 50 IU/ml was added to cell suspension in the flask. After 48 h, cells were
centrifuged and media was replaced by fresh AIM V media with IL-2. Four days after isolation of
splenocytes the cells were analyzed using flow cytometer to determine the expression of CD3
and CD8. (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 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 h at room temperature. After incubation, cells were
washed three times with PBS to remove free Cr-51. Radioactivity of final cell suspension was
measured using gamma counter. 10 uCi of labeled T cells were injected in melanoma-bearing
mice via penile vein injections. Mice (n=3) were sacrificed at pre-determined time points (1 h, 1
day, 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 (IGLN)), lungs, heart,
kidney, spleen, liver, bone, muscle, skin, brain, thyroid, small intestine, large intestine, pancreas,

adipose, and testicles. Above mentioned sampling times were chosen based on several factors.
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While we wanted to investigate the biodistribution of T cells for more than 4 weeks, the tumor
volume reached permissible IACUC limit within two weeks, and hence 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?3 to prolong the study duration, it would have affected our ability to
qguantify T cells in the tumor, and hence it was not a viable option. Despite acceptable labeling
efficiency, 10-20 million T cells were needed to be injected per animal to attain radioactive dose
of 10 uCi, hence we were restricted by the number of T cells available while choosing how many
animals we can include in the study. Lastly, since most of the previous studies have reported T
cell disposition for a short period of time, we wanted to make sure we include at least 2 early
sampling time points (i.e. <24h) for comparison with published data, and enough time points
later on to capture the elimination of T cells from the system.

Blood and tissues were collected in pre-weighed 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:

%ID _ corrected cpm+100

gramof tissue injected cpmsweight of tissue in grams’

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 sub-
compartments 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
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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 IGLN (left inguinal LN) and the rest recirculate to TDLN (right inguinal
LN). Since tibia and thigh muscle were collected as representative bone and muscle tissues, to
mimic the physiology of lymph drainage into the inguinal LN from 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
LN (i.e. TDLN). Lymphatic fluid from all tissues was assumed to drain into lymph nodes, which
were connected to the central blood compartment. To capture the T cell concentrations in IGLN
and TDLN, the model incorporated two more transit lymph node compartments, which were
assumed to receive lymphatic fluids from bone, muscle, and tumor. Elimination of T cells was
assumed occur only in the vascular compartment of lungs, based on the model by Zhu et al. (Zhu
et al., 1996). To capture the plateauing concentrations of T cell in spleen, liver, and kidney over
the time, retention factors were incorporated into those tissues. To maintain the mass balance,
“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 compartment volumes) were
obtained from the literature (Shah and Betts, 2012). Blood flow for tumor compartment was
obtained from Zhu et al. (Zhu et al., 1996) and 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 observed whole-body PK data. The equations for the PBPK
model are provided below, and the description of model parameters is provided in Table 1.

Model Equations

10
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Whole blood

d l
E thole blood™ ('(Qlung"'Llung)* thole blood+(Qheart'Lheart)*Cﬁggf‘? ar"'(Qkidney'

l l l
Lkidney)* C}lgic:;fgyar_*_ (Qbrain'Lbrain)* ngglg# ar"'(Qmuscle'Lmuscle)* Cx{ﬁscclfear"'(Qbone'
l l l
Lbone)* ngfi(éu ar"’(stin'Lskin)* Cg}gi_;lcu ar"’(Qadipose'Ladipose)* ngis;gsgr_l_ ((QSI'LSI)"'(QLI'
l
LLI)+(Qspleen'Lspleen)+(Qpancreas'Lpancreas)"' (Qliver'Lliver))* Cﬁﬁ?ﬁu ar+(Q0the7’S'

% vascular *
Lothers) Cothers +Llymphnode Clymphnode)/ tholeblood (1)

Lungs
Vascular

d ~vascular_ * x vascular % ~vascular xsyyvascular
Eclung - ((Qlung+Llung) thole blood ~ Qlung Clung ']lung Clung Vlung -

x rvascular syyvascular vascular
Elung Clung Vlung )/ Vlung (2)
Extravascular

d ~extravascular_ x rvascular xyyvascular % rextravascular x extravascular
Eclung - Ulung Clung Vlung 'Llung Clung F lung)/ Vlung (3)

Typical Tissue
Vascular
d ~vascular_ * ~vascular x vascular
dt “tissue ‘(Qtissue lung '(Qtissue'Ltissue) Ctissue -
x rvascular xyyvascular vascular
]tissue Ctissue Vtissue )/ Vtissue (4)
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Extravascular

d extravascular x rvascular xyyvascular x rextravascular x extravascular
Utissue Cti Vti 'Ltissue Ctis F tissue)/ V

dt “tissue ssue ssue sue tissue

(5)

Tissues with retention factor

Vascular

d vascular * rvascular x vascular
ECtissue ‘(Qtissue lung '(Qtissue'Ltissue) Ctissue -

. * rvascular xyyvascular vascular
]tlssue Ctissue Vtissue )/ Vtissue (6)

11


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 8, 2019 as DOI: 10.1124/jpet.118.252858
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 252858
Extravascular
d Cextravascular
a Cextravascular_ *Cvascular xy7vascular L *tissue * [ )/ Vextravascular (7)
dt tissue - Utissue tissue tissue - Htissue Reissue tissue tissue

Liver

Vascular

d lar _ l l l
E Cﬁﬁ:ﬁu = (Qliver*cllitansgcu ar"'(QSI'LSI)* C;Jlascu ar"’(QLI'LLI)* Cglascu ar"'(Qspleen'

l l
Cg&%ﬁ#@ar"’(Qpancreas'Lpancreas)* ngrsli%e%g - ((QSI'LSI)+(QLI'LL1)+(Qspleen'

l
Lspleen)"‘(Qpancreas'Lpancreas)"’ (Qliver'Lliver))* Cﬁggﬁu -

x ~vascular xyyvascular vascular
]liver Cliver Vliver )/ Vliver (8)

Lspleen)*

Extravascular

S

=
=1

o
8
g

5]

3
=

&
&

d céxtravascular o
a extravascular_(] . *Cvascular*Vvascular_L . xCliver *E )/ Vextravascular (9) =
de ~liver ~“Vliver “liver liver liver Ry liver liver 3
liver %

)

«Q

2

>

Lymph node Q
M

iC _(F *] *Cextravascular +F *J *Cextravascular + §
dt lymph node~—\''lung *tlung %“lung heart “~heart “heart =
Clichtravascular i %

* “kidney * * x rextravascular * * o
Liianey Riidney Frianeyt Forain®Lorain™ Corain + Crpin*Lrpin + Cren*Ligin >
* x rextravascular * x rextravascular * % rextravascular 8
+ Fskin Lskin skin + Fadipose Ladipose Cadipose + FSI LSI CSI =
exltravascular 'S

* * rextravascular %_spleen * 1

+ FLI LLI CLI + Lspleen R Fspleen 8
spleen §

extravascular

* * rextravascular +Cliver *
+ Fpancreas Lpancreas Cpancreas + Lliver Ryiver Fliver +
* * rextravascular *
Fothers Lothers Cothers - Llymph node Clymph node )/ Vlymph node (10)

Inguinal lymph node

* (Fbone)* Cextravascular quscle)* CeXtT'aUaS(fulaT
2

d
E CIGLN= (Qbone bone +Qmuscle *( 2 muscle 'CIGLN*QIGLN)/ VIGLN

(11)

Tumor draining lymph node
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da Fp F.
_ *("boneyx extravascular * (- muscleyx ~extravascular * *
ECTDLN‘(Qbone ( 2 ) Cbone +Qmuscle ( 2 ) Cmuscle +Ftumor Ltumor
extravascular *
Ctumor - CTDLN QTDLN)/ VTDLN (12)

PK analysis and PBPK model fitting

Area under the concentration vs. time curve (AUC) for all the T cell PK profiles and associated
variability were calculated using non-compartmental analysis in Phoenix® WinNonlin® 7.0. The
ratio of T cell AUC in the tissues over the AUC in the blood was represented as biodistribution
coefficient (BC) value (Shah and Betts, 2013; Li et al., 2016). The PBPK model was fitted to
observed PK data using the maximum likelihood estimation method of ADAPT V software (BMSR,
CA). Following variance model was used for model fitting: Var(t)= (Gintercept+Osiope Y(t))?, where

Ointercept ANA 0g0pe are variance model parameters and Y(t) is the model output.

13
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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. Representative flow
cytometry analysis of these cells is provided in (Supplementary Figure 1). The efficiency of Cr-51
incorporation was ~50 pCi per 102 lymphocytes, and thus a dose of 10 puCi/mouse comprised of
~2x10’ T cells administered per mouse. Figure 2 shows typical PK profiles generated following
intravenous administration of Cr-51 labeled T cells in tumor-bearing mice, along with AUC values
for each profile. It was found that T cells eliminated from the blood and the lungs rapidly within
24 hours, followed by their accumulation in spleen and liver. Smith et al. showed similar results
in rats, where exogenous activated lymphocytes accumulated in lungs up to 4-6 hours and then
localized to spleen and liver over 24 hours (Smith et al., 1980). This phenomenon can be
attributed to the presence of reticuloendothelial system within 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 also showed high
accumulation of T cells over the time. Of note, no significant difference was seen between the
PK of T cells in TDLN vs. IGLN (AUC: 63577 vs. 712+192 %ID/g*h). Interestingly, T cell
concentrations peaked around 24 h in the TDLN, which was similar to the tumor, whereas T cells
accumulated gradually over 3-7 days in IGLN, which was similar to the bone marrow. Spleen,
liver, lung, kidney, bone, and lymph nodes accounted for more than 90% of T cells in the body
over the two weeks, with BC value of 448, 148, 39, 36, 27, and 16, respectively (Figure 2). The PK

of T cell in the heart displayed similar profile as the lungs, where majority of the T cells eliminated

14
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from the tissue by 72 hours. Intestines, pancreas, testes, muscle, fat, skin, and brain showed the
lowest amount of T cell accumulation, with concentrations hovering below 0.5 %ID/g for most of
the time. T cell concentrations in thyroid started of lower than 0.5 %ID/g, gradually decreased to
below the limit of quantitation after three days, and two of three mice showed high T cell
concentration on the day 14. This peculiar PK profile may stem from the lymphocytes that are
recirculating back to the thyroid after two weeks, however this hypothesis needs further support.
Importantly, tumor had a BC value of 1.3 and tumor concentrations of T cells hovered below 1
%ID/g during the whole study. This observation may stem from many factors, such as
immunosuppressive tumor microenvironment, insufficient 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). Nonetheless, this data does bring into question the potential for
treating solid tumors using T cell based therapy, and demands 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 (Figure 1) was able to characterize T cell PK profiles in most of the tissues
reasonably well (Figure 3). The model parameters were also estimated with good confidence
(Table 1). The estimates of transmigration rates were higher for tissues showing high
accumulation of T cells and BC values greater than 20, such as lung, spleen, liver and kidney.
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 high concentrations of T cells in spleen
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and liver, which may relate to T cell processing by the RES system. High concentrations of T cells
in the kidney may stem from the presence of 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 hr! obtained from Zhu et al. (Zhu et al., 1996). Of note, Zhu et al. had obtained this

value by scaling down the parameter value estimated using the human data.
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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 disposition
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 like, rolling and
adhesion on vascular endothelial cells, chemokine-driven extravasation, 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 towards understanding 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 over 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 expanded to enrich CD3* T cells. The cells were incubated with sodium
chromate to accomplish Cr-51 labeling, and 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 Cr3* 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 (Sanderson, 1976). However,

occasionally macrophages may phagocytose dead/dying T cells and accumulation small amount
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of Cr-51, which should be kept in mind while interpreting the biodistribution data from Cr-51

labelled T cells (Sprent, 1976; Thakur, 2013).

Our findings were comparable to previously published sparse PK data (Table 2). Figure 4 shows
the comparison of our PK data generated using Cr-51 labeled activated T cells, with previously
published PK data generated using In-111 and |-125 labeled T cells (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 very low number of TILs available from
B16-BL6 tumors, and PK data was collected only up to 24 hours. As shown in Figure 4, all the
studies demonstrate that spleen has the highest accumulation of T cells followed by the liver.
However, it was observed that T cells eliminated faster from the lungs, heart, and tumor in our
study compared to 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, higher concentration of T cells was observed
in the lungs compared to the spleen. This observation was similar to the one reported using I-125
labeled TILs (Melder et al., 2002), where lung had higher accumulation of tumor sensitized T cells
compared to 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 towards ICAM-1, expressed in lungs, is also high, leading to 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 pressure
difference between right ventricle that pumps the blood to the lungs and left ventricles that
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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
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 observation
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 biodistribution of a pooled
CD3* T cell population. Consequently, biodistribution characteristics of specific T cell subtypes
may differ. It also remains to be investigated if the disposition of T cells throughout the body will

be different between tumor-bearing and non-tumor bearing mice.

Other than mice, there are a few short-term lymphocyte migration studies reported in rats using
chromium. Interestingly, these studies were conducted by labeling thoracic duct lymphocytes
(TDLs) to track the recirculation of lymphocytes, which showed highest distribution in superficial
lymph nodes within a day. Spleen was the second highest organ to exhibit accumulation, and the
rest of the lymphoid and non-lymphoid tissues showed similar pattern as our study (Rannie and
Donald, 1977; Smith and Ford, 1983; Ganusov and Auerbach, 2014). Smith et al., passaged the
Cr-51 labeled thoracic duct lymphocytes through an intermediate animal before injecting them
into final recipient rats, to mimic physiological conditions and reduce the effect of cell handling
during in vitro incubation. Passaged TDLs entered and exited the spleen at a faster rate compared
to non-passaged TDLs. Discrepancies such as this could stem from differences in the origin and
maturation stage of the cells, cell handling procedures, or animal species used for the
investigation, and may require further investigation (Bainbridge et al., 1966; Heslop and Hardy,
1971; Hamann et al., 2000).
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When it comes to the evaluation of whole body disposition of lymphocytes in the humans, there
is not much published except two studies conducted using chromium labeled lymphocytes
(McMillan and Scott, 1968; Hersey, 1971). These studies were performed half a century ago, and
the techniques used for isolation and expansion of lymphocytes from PBMCs were archaic.
Nonetheless, McMillan and Scott reported high body surface counts of lymphocytes in the liver,
followed by heart, spleen, and lung over the 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 followed lymphocyte distribution over 8 days in healthy and CLL patients, and reported
high body surface counts in spleen, bone marrow, and liver. He concludes that the difference
between his results and study performed by McMillan and Scott was the fact that earlier study
was performed using mixture of leukocytes due to poor separation techniques. Hersey also
observed that lymphocyte percent decreases fast from blood and lungs in healthy patients similar
to earlier reports. Thus, it seems that both in humans and in mice lymphocytes distributes rapidly
to the tissues immediately after the administration, where spleen and liver accumulates majority

of the administered dose.

In this manuscript, we have also presented the development of a PBPK model to characterize
whole-body PK of exogenously administered 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 developed based on dense PK data we have generated in this investigation. The PBPK model
assumes retention of T cells in spleen, liver, and kidney, and elimination through only lungs. The
retention phenomenon is incorporated using the retention factors, and it is based on several
observations. It is reported that lymphocytes activated in vitro or in vivo tend to localize to
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secondary lymphoid organs such as spleen (Gowans and Knight, 1964; Hamann and Rebstock,
1993), and we have observed as similar trend in our exogenous T cell PK study. Previous reports
also suggest a slow turn-over 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 spleen
and liver over the time. As such, the retention factor in the model represents lymphocytes
accumulation in the extravascular region of 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 estimated value of pulmonary clearance for the T
cells may be inflated, as the model do not take into account elimination of T cells from tissues

like 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, due to the lack of sufficient in vitro data to estimate the parameters related to these
processes with confidence. Consequently, lymphocytes extravasation through the endothelial
capillary wall into the tissues is characterized in our model using a first order process termed as
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, going forward it
might be valuable to augment the model with experimentally observed values of T cell
extravasation and endothelial cell interaction (Simionescu et al., 1974; Hamann and Rebstock,
1993; Knust et al., 2009), which can enable the PBPK model to a priori predict T cell PK in other
species. At present it is very challenging to incorporate such values due to lack of quantitative in
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vitro experiments reported in the literature for transmigration rate of lymphocytes for each

tissue.

In summary, our results provide an unprecedented insight into whole-body disposition of
exogenously administered T cells. Immediately after the administration T cells disappear from
the blood, and spleen, liver, lung, kidney, bone, and lymph nodes accounted for more than 90%
of 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 cell 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 to solid tumors. It was also found that when T cells are activated against
tumor antigens they may accumulate in the lungs at a higher level. The PK data generated in this
manuscript was also mathematically characterized using a novel PBPK model developed for
exogenously administered T cells. The data and PBPK model presented here also paves the way
for the development of a ‘systems pharmacokinetic model’ for T cells, which can be further
combined with the PK model of monoclonal antibody (Shah and Betts, 2012) to develop

translational PK models for T cell engaging and targeting antibodies.
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FIGURE LEGENDS
Figure 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 (grey dotted lines). Red arrow shows elimination process via
lung, and blue arrows show transmigration process in each tissue. The tissue compartments are
color codes as following: red is the whole blood compartment; yellow compartments are lymph
node compartments; purple compartments are tissues obtaining blood from the liver
compartment; blue compartment is liver that receives the blood from hepatic artery and
hepatic portal vein (i.e. gut compartments), teal compartments are tissues obtaining blood
directly from the whole blood compartment and draining lymph directly into the lymph node
compartment; green compartments are tissues with lymphatic fluid draining in to two lymph
nodes (TDLN and IGLN); and pink compartment is the tumor compartment with lymphatic fluid
draining in to tumor draining lymph node. ‘V’ denotes vascular sub-compartment, and ‘EV’

denotes extravascular sub-compartment.

Figure 2. Observed concentration (%ID/gram of tissue) vs time (hours) curves of Cr-51 labeled T
cells in blood, tumor and other tissues excised from melanoma-bearing mice. AUC
(%ID/gram*hour) and biodistribution coefficient (i.e. tissue:blood AUC ratio) for each tissue is

reported.

Figure 3. Comparison of observed and model generated T cell PK profiles for various tissues.

Figure 4. Superimposition of the observed PK of Cr-51 labeled T cells (red) with previously

reported studies of In-111 (green) and |-125 labeled (blue) T cells. Closed symbols represent
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non-tumor targeting lymphocytes and open symbols represent lymphocytes activated against

tumor antigen. Please refer to Table 2 for further information.
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Table 1: List of model parameters along with their numerical values and sources.
Parameter Description (unit) Estimate CV%
Jiung 1843.0 15.4
Jheart 349 17.2
Jkidney 87.3 37.9
.lbrain 1.4 21.2
Jmuscle 0.5 19.7
Jbone 82.6 16.7
Jtumor . . 0.6 18.6
Yo Transmlg.ratlon rate for 06 18.7
each tissue (1/hr)

Jfat 1.6 18.5
Jsi 12.9 17.1
Ju 5.2 18.1
Jspleen 114.0 33.8
Jiiver 126.9 18.9
Jpancreas 10.0 20.0
Jother 86.8 17.7
Rkidney 3.9 37.9
Rspleen Retention factor 9.8 34.8
Riiver 2.5 18.4

Eiung Elimination rate (1/hr) 0.84 Fixed (Zhu et al., 1996)

Ftissue Fraction of T cells 1 Fixed (assumption)
recirculated to lymph node
Quissue, Ltissue, Vtissue Physiological blood flows, Fixed (Shah and Betts, 2012)
lymph flows and tissue
volumes for each mouse
tissue (ml/hr, ml/hr, ml)
Qtumor Tumor blood flow (ml/hr) 6 Fixed (Zhu et al., 1996)
Viumor Tumor volume (ml or g) 0.45 Fixed (radius~3.85mm)
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Table 2: 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.

Study ID

Wallace et al. (1993)

Melder et al. (2002)

Khot et al. (2018)

Labeling method

[-125 PKH95 labeled T

In-111 oxine labeled T cells

Cr-51 labeled T cells

cells
Mice
sensitized
TILs with Splenocytes
splenocytes TILs
Splenocytes | extracted expanded
. Lymphocytes of MCalV . . extracted
Preparation of T exposed to from using anti-
extracted tumor- i from B16-
cells 6000 IU/ml MC38 from spleen bearing C3H CD3, anti- BLG s.c
IL-2 s.c. P ring CD28 and <
mice and tumors
tumors IL-2
lymphocytes
extracted
from spleen
) ) ) Spleen Lung Spleen Lung Spleen Lung
T|ssues_I|sted n Lung Spleen Liver Spleen Liver Spleen
descending order ) X - -
. Liver Liver Lung Liver Lung Liver
of concentrations ” " ” "
at 20-24 hours Skin Skin Tumor Tumor Kidney Kidney
Muscle Muscle Heart Heart TDLN Tumor
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Figure 3
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Figure 4
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(A) A representative flow cytometry analysis of the T cells used for biodistribution studies.
~91% of the cells were CD3+, and ~88% of these cells were CD8+. (B) Representative flow
cytometry data providing analysis of early and late stage T cell activation markers in the T
cells used for biodistribution studies.




