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concentration was detected in the small intestinal epithelium. On the
other hand, a small amount of NK012 was found in the feces and NK012
was weakly and uniformly distributed in the mucosal interstitium.
A portion of SN-38 converted from CPT-11 undergoes subse-
quent conjugation as induced by UDP-glucuronyltransferase to form
SN-38 B-glucuronide (SN-38-Glu) [27]. CPT-11, SN-38, and SN-38-Glu
are excreted into the bile and then reach the small intestinal lumen
[27,28]. SN-38-Glu is deconjugated in the cecum and colon to regenerate
SN-38 through bacterial B-glucuronidase [29]. In our study, CPT-11 was
excreted into feces much more than NKO12 and a high CPT-11
concentration was detected in the small intestinal epithelium. It is
speculated that the highly excreted CPT-11 is reabsorbed in the small
intestinal epithelium and converted to SN-38 to damage the intestinal
mucosa. On the other hand, NK012 was uniformly distributed in the
mucosal interstitium at a lower concentration and this is suggested to be
related to the less mucosal damage and diarrhea than those induced by
CPT-11, although NK012 was observed for longer period than CPT-11
(30). Very recently we also found that NK012/S 1, a dihydropyrimidine

line, showed a significantly
hlgher anmumor activity W|lh Iess intestinal damage than CPT-11/5-1,
one of the promising regimens against non SCLC, advanced colorectal
cancer, and metastatic advanced gastric cancer [31}.

3.3. Renal cell cancer (RCC)

The results of chemotherapy in RCCs have been disappointing, as
mdu:ated by the low response rate However, clinical trials using an
bolite, gemcitabi have been encourag-

ing, with major responses occumng in 5-17% of patients [32,33],
suggesting the possibility that chemotherapy is promising as a modahty
for RCC therapy if anticancer agents can be selectively deli
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had significant antitumor activity against both bulky Renca (mouse renal
cell tumor) and SKRC-49 tumors. Notably, NK012 eradicated rapid-
growing Renca tumors in 6 of 10 mice [34]. In the pulmonary metastasis
treatment model, an enhanced and prolonged distribution of free SN-38
was observed in metastatic lung tissues but not in non-metastatic lung
tissues after NK0O12 inistration. NKO12 resulted in a
significant decrease in metastatic nodule number and was of survival
benefit. OQur study showed the outstanding advantage of polymeric
micelle-based drug carriers and suggests that NK012 would be effective
in treating disseminated RCCs with irregular vascular architectures.

34. Glioma

Irinotecan hydrochloride (CPT-11), a prodrug of SN-38, shows some
antitumor activities in patients with recurrent gliobastoma multiforme
(GBM), with response rates of 0 to 17% in several trials [35-38]. CPT-11
activity is thus similar to that of other agents used for recurrent GBM
[37). A recent phase 11 trial for recurrent GBM demonstrated that the
combination of CPT-11 and bevacizumab, an anti-vascular endothelial
growth factor (VEGF) monoclonal antibody, is an effective treatment
against the neoplasia with a 6-month progression-free survival rate of
46% and a 6-month overall survival rate of 77%(39,40]. However, there s
an increased risk of developing venous thromboembolic disease and
intracranial hemorrhage with this combination therapy [40). Therefore,
there is an urgent need to develop treatment modalities by which
cytotoxic drugs can exert more potent antitumor activity to their full
potential with modest adverse effects and thereby reasonably prolong
the overall survival in GBM patients. Our study showed that the
therapeutic effect of NK012 was superior to that of CPT-11 in terms of
antitumor effect and survival. Since the antitumor activity of SN-38 is
time dep the superiority of NKO12 over CPT-11 may be due to

and maintained around tumor tissues. Compared with CPT-11, NKO12
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release of SN-38 from NK012 within the tumor tissues. Nevertheless,
free SN-38 was not detected in the normal brain tissues at any

time after intr injection of NK012 or CPT-11. 1t is
thus speculated that both NK012 and CPT-11 are unable to cross the
blood brain barrier (BBB) in the normal brain, but can pass through the
brain tumor vessels effectively {41} (Fig. 4). In addition, CPT-11 in
combination with bevacizumab showed significantly more potent
antitumor activity and longer survival than CPT-11 monotherapy.
However, there was no difference t NK012 herapy and

3.5. Stomach cancer

Patients with gastric cancer with scirrhous type stroma particularly
demonstrated poor prognosis even after curative resection, as well as
highly progressed peritoneal dissemination [43]. Since peritoneal
dissemination causes several refractory symptoms such as massive
ascites, intestinal obstruction, hydronephrosis and obstructive jaundice,
the quality of life of patients at the end stage of cancer is severely

NKO012 in combination with bevacizumab, Concentration of free SN-38
released from NKO12 in the tumor tissue decreased in combination with
bevacizumab. NKO12 monotherapy or NK012 with bevacizumab
showed potent antitumor activity and longer survival than any dosing
method of CPT-11 in combination with bevacizumab [42]. Our data
warrant a clinical evaluation of NK012 in patients with GBM.

d. Poor delivery of anticancer drugs to peritoneal metastatic cells
may be one of the reasons for the poor prognosis of patients with
peritoneal dissemination [44]. In peritoneal nodules, the distribution
and eventual diffusion of drugs to cancer cells tend to be impeded
because of several obstacles such as severe fibrosis and high interstitial
pressure [45,46]. On the other hand, angiogenesis was reported to be an
essential factor in the development of peritoneal metastasis, and the
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Fig. 5. Effects of NK012 and CPT-11 in 44As3Luc mouse models. Antitumor activity of NKO12 or CPT-11 was evaluated by counting the number of photons using the IVIS system
(points, mean; bars, SD; arrows, drug injections). A. Antitumor effect of each regimen on days 20, 24 and 28. (O) control, (0)) CPT-11 (66.7 mg/kg/day, x 3) .jmd (A) .NKOIZ (30 mg/
kg/day.x3) in 44As3Luc mouse model. B. Images of 44As3Luc mouse model administered NKO12 taken using the IVIS system on days 18,32, 42 and 151 after inoculation of 44As3Luc
cells. Data were derived from the same mice as those used in the present study.



190 Y. Matsumura / Advanced Drug Delivery Reviews 63 (2011) 184-192

SN-38 conc. Iin tissue. (ug/g) 3>

1hr 24 hr 72hr
Time (hr)

0.1

0.05]

SN-38 conc. in tissue. (pg/g) 0

1hr 24 hr 72hr
Time (hr)

Fig. 6. Concentration-time profile of free SN-38. NK012 (30 mg/kg) or CPT-11 (66.7 mg/kg)
was injected 26 days after implantation of 44As3Luc gastric cancer cells (points, mean;
bars, SD). A. Concentration of free SN-38 in orthotopic gastric tumor tissue of 44As3Luc
mouse mode! after administration of NKO12 (black column) and CPT-11 (white column).
B. Concentration of free SN-38 in peritoneal nodules of 44As3Luc mouse model after
administration of NK012 (black column) and CPT-11 (white column).

high expression level of vascular endothelial growth factor (VEGF) in
primary gastric tumors or ascitic fluid, which can énhance tumor
vascular permeability, was found to be directly associated with the

development of ascites and peritoneal dissemination [47-51]. In
addition, several factors such as kinins and nitric oxide are known to
be involved in tumor vascular permeability [52-54]. We evaluated the
antitumor activity of NK012 against peritoneal tumor dissemination as
compared with that of CPT-11 using mouse models orthotopically
rransplanted with scirrhous gastric cancer cells, as well as against

gressing peritoneal di ion [55,56). NK012 or
CPT-11 dlsmbutmn in these tumors was evaluated using a fluorescence
microscope on the same schedule. In both models, the antitumor
activity of NKO12 was superior to that of CPT-11 (Fig. 5A and B). High
concentration of SN-38 released from NKO12 was detected in gastric
tumors and peritoneal nodules up to 72 h by HPLC (Fig.6Aand B).Only a
slight conversion from CPT-11 to SN-38 was observed from 1 t0 24 h.
Fluorescence originated from NK012 was detected up to 72 h, whereas
that from CPT-11 disappeared until 24 h. NK012 also showed antitumor
activity against peritoneal nodules [57]. Thus, NK012 showing enhanced
distribution with prolonged SN-38 release may be ideal for cancer
treatment especially in patients with stomach cancer.

3.6. Colorectal cancer (CRC)

In two phase Il trials, the addition of CPT-11 to bolus or infusional -
5-FU-leucovorin (5FU/LV) regimens clearly yielded greater efficacy than
administration of 5FU/LV alone, with a doubling of the tumor resp
rate and prolongation of the median survival time by 2-3 months [1.2].
We evaluated the antitumor activity of NK012 administered in com-
bination with 5FU as compared with that of CPT-11 administered in
combination with 5FU against CRC in an experimental model. And we
found that the therapeutic effect of NK012/5FU was significantly
superior to that of CPT-11/5FU against HT-29 tumors [58).

4. Phase 1 clinical trials

Two independent phase I clinical trials were conducted in the
National Cancer Center in Japan [59] and the Sarah Canon Cancer
Center in the USA [60] in patients with advanced solid tumors to
define the maximum tolerated dose (MTD), dose limiting toxicity

Pre Tx

Fig, 7. Computed tomography scan of a patient with

After 1st course

After 2nd course

cancer with multiple pulmonary metastases showing a reduction in tumor

burden after two cycles of NKO12 at a dose level of 28 mg/mz and continuing study lherz;:y for 5 months until disease progression.
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(DLT), and recommended dose for phase II study. NKO12 is infused
intravenously over 30 min every 21 days until disease progression or
unacceptable toxicity occurs. The MTD was 37 mg/m? in the US,
however 28 mg/m? in Japan. The recommended dose (RD) for phase 2
study was the same 28 mg/m? in both countries. DLTs were mostly
neutropenia or its related events, and diarrhea was mild. The PK profile
in the US study was similar to that in the Japanese study. Antitumor
activity was also promising. Partial (PRs) were obtained in 3
patients with triple negative breast cancer, 1 patient with SCLC, 1
patient with endometrial cancer, and 1 patient with pancreatic
neuroendocrine tumor in the USA trial. In Japanese trial, PRs were
obtained in 1 patient with esophageal cancer and 1 patient with lung
carcinoid (Fig. 7). A phase Il study in patients with colorectal cancers is
now underway in Japan. In the USA, 2 phase Ii studies were underway
in patients with triple negative breast cancer and patients with SCLC.

5. Conclusion

NKO12 is categorized in DDS and the data from several preclinical
studies shows that the formulation appears to accumulate selectively and
remain for a long time in solid tumor tissues by utilizing the EPR effect.

Our preclinical study showed that the CPT-11-induced mucosal
change in mouse intestine was mainly fibrosis considered to be a form
of recovery change from erosion. On the other hand, the small
intestinal mucosa of the mice in the NK012 treatment group showed
only mild shortening and decreased number of villi or mild
inflammatory cell invasion. It is too early to conclude that NKO12
may cause weaker diarrhea than CPT-11, but the present results
within a Phase | setting may encourage further clinical evaluation
regarding intestinal toxicity of NK012,

Regarding higher response rate within phase 1 setting, in tumor
tissue, we speculate that NK012 accumulates to a greater extent and
stays longer in tumor tissue since it is stable in circulation and exhibits
markedly higher plasma AUC than CPT-11. Moreover, NKO12 appears
to induce sustained release of SN-38 inside the tumor following the
accumulation of NK012 in the tumor tissue. It is speculated that this
pharmacokinetic characteristics of NKO12 can produce a higher
antitumor activity in clinics.

The favorable safety profile and promising clinical antitumor
activity of NKO12 warrant further clinical evaluation.
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Abstract

Purpose: We conducted a first-in-human phase I study to determine the dose-limiting toxicity (DLT),
evaluate the pharmacokinetic profile, and document any antitumor activity of NK012, a novel SN-38—
incorporating micellar nanoparticle.

Experimental Design: Patients with solid tumors refractory to standard therapy, or for which no stan-
dard therapy is available, were enrolled. NK012 was administered as a 30-minute infusion every 3 weeks.
The starting dose was 2 mg/m? as SN-38 equivalent, and an accelerated titration schedule was used. Phar-
macokinetic analysis was conducted in cycles 1 and 2.

Results: Twenty-four patients were enrolled in the study. No UGT1A1*28 homozygous patients were
enrolled. Predominant toxicity was neutropenia. Nonhematologic toxicity, especially diarthea, was most-
ly grade 1 or 2 during study treatments. Two of nine patients had DLT during cycle 1 at the 28 mg/m?
dose level. DLTs were mostly neutropenia or a related event. Polymer-bound SN-38 (NK012) and SN-38
released from NK012 were slowly eliminated from the plasma, with a terminal-phase half-life of approx-
imately 140 and 210 hours, respectively. Systemic exposure to both polymer-bound SN-38 and SN-38
increased in proportion to the dose. A refractory esophageal cancer patient and a lung carcinoid tumor
patient had an objective response and continued the study treatment for 5 and 12 months, respectively.

Condlusions: NK012 was well tolerated and showed antitumor activity including partial responses and
several occurrences of prolonged stable disease across a variety of advanced refractory cancers. Phase 11

studies are ongoing. Clin Cancer Res; 16(20); 5058-66. ©2010 AACR.

Irinotecan hydrochloride (CPT-11) has proven to be ac-
tive against colorectal, lung, and ovarian cancers (1-5).
CPT-11 is a prodrug that is converted to a biologically ac-
tive metabolite, 7-ethyl-10-hydroxy-CPT (SN-38), by car-
boxylesterase (CE) enzymes. SN-38 is an analogue of the
plant alkaloid camptothecin, which targets DNA topoi-
somerase I. Compared with CPT-11, SN-38 exhibits up
to 1,000-fold more potent cytotoxic activity against vari-
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ous cancer cells in vitro (6). Although CPT-11 is converted
to SN-38 in the liver and tumor, the metabolic conversion
rate is <10% of the original volume of CPT-11 (7, 8).
Moreover, the conversion of CPT-11 to SN-38 depends
on the genetic interindividual variability of CE activity
(9). Thus, more efficient use of SN-38 might be highly
advantageous and quite attractive for cancer treatment.
Drugs categorized under the drug delivery system (DDS)
are made primarily by using nanotechnology (10). In the
field of oncology, DDS drugs have been produced and
evaluated in preclinical or dlinical trials, with some already
approved for clinical use (11, 12). NKO12 categorized in
DDS is a micelle-forming macromolecular prodrug pre-
pared by binding SN-38 to the polyglutamate of a block
copolymer via an ester bond (Fig. 1). The amphiphilic
block copolymers consist of polyethylene glycol and par-
tially SN-38-bound polyglutamate. Polyethylene glycol is
hydrophilic and would form the outer shell of the micelle,
producing a “stealth” effect that allows NKO12 to avoid
uptake by the reticuloendothelial system, and SN-38-
bound polyglutamate is hydrophobic and would form
the inner core of the micelle. The ester bond between glu-
tamic acid and SN-38 is gradually cleaved by hydrolysis
under physiologic conditions. In other words, SN-38 can
gradually be released from NKO012 in a nonenzymatic
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Translational Relevance

- NKO12 is an SN-38-loaded polymeric micelle con-
structed in an aqueous milieu via self-assembly of an
amphlphlhc block copolymer NKO012, which com-
3 i i i ith prolonged sustamed
relmse of SN 8 ‘within tumors, may be ideal for treat-
ing solxd tumors because the antitumor activity of SN~
is phase [ study was conducted
et m tolerated dose, dose-| hm.mng
and pharmacokinetics of NK012 admuustered
‘nﬁxs:on every 3 weeks. Two patients achieved
panlal response, indicating prehmmary evidence of anti-
tumor activity. Hematologic toxicities were mamageable,
and notably, none of the patients experienced grade 3
diarrhea during any cycle. In the pharmacokinetic
study, polymer-bound SN-38 (NK012) clearance was
significantly lower and released SN-38 concentration
in the plasma was maintained for a long time compared
with those of conventional CPT-11 at a dose of 250 mg/m?.
Moreover, systemic exposure to bot.h
SN-38 and SN-38 increased in proportion to the dose.

NKO012 warrants further evaluation 10 assess its efficacy,
alone orin ‘combination with othez agems, in mmors‘
showmg sensmv:ty to CPT-11. :

manner. Therefore, unlike CPT-11, NK012 is expected to
exhibit stable drug efficacy regardless of differences in
CE activity among patients. NK012 has a diameter of
~20 nm. In preclinical experimental tumor models such
as lung cancer (13, 14), pancreatic cancer (15), renal cancer
(16), glioma (17), gastric cancer (18), and colorectal cancer
(19), NKO12 exerted significantly superior antitumor activ-
ity and induced longer survival compared with CPT-11. In
preclinical pharmacokinetic (PK) studies (13-18), CPT-11
and SN-38 converted from CPT-11 rapidly disappeared
from the plasma. On:the other hand, polymer-bound SN-
38 (NK012) exhibited a lower clearance rate. In the tumor
tissues, polymer-bound SN-38 and released SN-38 concen-
tration were also maintained for a long time following
injection. Thus, NK012, which combines enhanced distri-
bution with sustained release of SN-38 within tumors,
may be ideal for the treatment of solid tumors because
the antitumor activity of SN-38 is time dependent (15).

The primary endpoints of this study were to determine
the maximum tolerated dose (MTD) and recommended
phase II dose of NK0O12 administered as an i.v. infusion
every 3 weeks, evaluate the toxicity profile and PK, and
identify any dose-limiting toxicity (DLT). Evidence of anti-
tumor activity was also evaluated.

Materials and Methods

This trial was a two-center (National Cancer Center
Hospital, Tokyo and National Cancer Center Hospital

East, Chiba), first-in-human, open-label, phase I, dose-
escalation study of NKO12 in patients with advanced tumors,
sponsored by Nippon Kayaku Co. Ltd. (Tokyo, Japan). This
study was conducted in accordance with the International
Conference on Harmonization Guidelines for Good Clinical
Practice and the Dedaration of Helsinki.

Patients

Eligible patients had histologically or cytologically con-
firmed malignant tumors for which standard curative or
palliative measures did not exist. Further requirements
were as follows: age 220 and <75 years; Eastern Coopera-
tive Oncology Group (ECOG) performance status <2; life
expectancy >2 months; and adequate bone marrow, hepatic,
renal, and pulmonary function within 1 week before com-
mencing treatment [absolute neutrophil count >2,000/pL,
platelet count 2100,000/uL, hemoglobin 29 g/dL, total bili-
rubin <1.5 mg/dL, aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) <2.5 times the upper limit
of normal, creatinine <1.5 mg/dL, PaO, 260 mmHg]. Treat-
ment with radiotherapy, endocrine therapy, or chemother-
apy must have ceased at least 4 weeks before commencing
treatment. Patients with severe, clinically significant, and/or
uncontrolled medical conditions were excluded. Patients
who had previously been treated with CPT-11 were ac-
cepted for enrollment. Our institutional review board
granted approval for the study, and written informed con-
sent from each patient was obtained.

Treatment plan

NKO012 was supplied by Nippon Kayaku Co. Ltd. The
drug was a sterile lyophilized powder and was diluted
with 5% glucose for a total volume of 250 mL. This solu-
tion was administered by i.v. infusion for 30 minutes ev-
ery 21 days. This schedule was set based on the nadir point
and the period for recovery after the dosing of NK012 ac-
cording to data from the preclinical study.

No prophylactic agents for emesis or cholinergic reac-
tion were administered. Patients received up to four cycles
of NKO012, except in the case of unacceptable toxicity,
withdrawal of consent, or disease progression. Patients
could continue treatment beyond four cycles if the inves-
tigator determined that additional treatment would be of
further benefit to the patient, as long as toxicity remained
acceptable.

Patients were screened for UGT1A1 polymorphism
(UGT1A1*28 and UGT1A1*6) before enrollment. Based
on the screening results, patients were separated into two
groups: (group 1) patients with wild-type (wt/wt), those
with UGT1A1*28 heterozygous genotype (wt/*28), or
those with UGT1A1 *6 genotype (wt/*6, *6/*6, or *28/*6),
and (group 2) those with UGT1A1*28 homozygous
genotype (*28/*28). Patients of group 1 received a start-
ing dosage of NK012 of 2 mg/m?, which is one third the
toxic dose low in dogs. As a safety measure, patients of
group 2 were treated at a lower dose (confirmed tolerable
dose in group 1) to avoid any anticipated severe toxicity
in this trial.

www.aacrjournals.org
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A foll

p, and monitoring

Toxic events were observed until resolution to baseline
or less than grade 1. Before entry into the study, patients
underwent a clinical history and physical examination,
performance status assessment, complete blood count,
chemistries, urinalysis, pregnancy test (if applicable), chest
X-ray, electrocardiogram including assessment of QTc in-
terval, and disease assessment by computed tomography
(CT) scan. During therapy, patients were assessed at least
weekly for adverse events (AE). CT scanning of disease
sites was repeated every two cycles. AEs were classified/
graded according to the National Cancer Institute Com-
mon Terminology Criteria of Adverse Events (version 3).

Response was evaluated in accordance with the Response
Evaluation Criteria in Solid Tumors.

DLT was defined as any drug-related grade 4 hematol-
ogic toxicity (grade 4 neutropenia 25 days, grade 4 throm-
bocytopenia) and other toxicity grade >3 with the exception
of nausea, vomiting, loss of appetite, or hypersensitivity. We
conducted this dose finding study according to the accel-
erated titration method described by Simon et al. (20).
Namely, because many patients in phase I clinical trials
are treated at doses of chemotherapeutic agents that are
below the biologically active doses, they have a reduced
chance of receiving therapeutic benefit. Therefore, we
decided to adopt an accelerated titration followed by a
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modified Fibonacd method to reduce the number of such
patients as described previously (21). In this two-stage de-
sign, the first stage allows for a single patient to be enrolled
at each dose level. The dose of NK012 is doubled in each
successive patient until grade 2 toxicity is observed. If grade
2 toxidity occurs in one patient, that dose level is given to
another two patients. This marks the start of the second
stage of the design, which is a modified Fibonacci method.

The recommended phase II dose was defined by the
Efficacy and Safety Assessment Committee based on the re-
sults of this trial. Determination of the MTD/recommended
dose was based on the patients of group 1.

PK analysis

Blood samples for PK analysis were obtained on days 1,
2, 3, 4, 8, 15, and 22 of cycde 1 and on days 1 and 2 of
cycle 2. Urine samples were collected and pooled over be-
fore dosing and 0 to 24 and 24 to 48 hours after the start
of infusion in cycle 1. Blood samples were immediately
centrifuged, and then a portion of the obtained plasma
sample was mixed with an equivalent volume of ice-cold
0.1 mol/L HCI to prevent hydrolysis of NK012. Plasma
and urine samples were stored at -80°C until analysis.

The concentration of total SN-38 (the sum of polymer-
bound SN-38 and released SN-38), SN-38, and its glucu-
ronide (SN-38G) in the plasma and that of total SN-38
and SN-38G in the urine were assayed by modified
reversed-phase high-performance liquid chromatography
(HPLC) using fluorescence detection (13). Polymer-bound
SN-38 was not quantitated in the urine, as NK012 is unsta-
ble in urine. For the respective analytes, proteins were pre-
cipitated with an ice-cold mixture of methanol/H,0/
HClO4 (10:9:1, v/v/v). The sample was vortexed for 10 sec-
onds, filtered through a MultiScreen Solvinert (Millipore
Corp.), and analyzed. We had previously confirmed
that the filtered solution did not contain polymer-bound
SN-38. Total SN-38 was determined after alkali hydrolysis.
For the plasma matrix, the values for the lower limit of
quantitation for total SN-38, SN-38, and SN-38G were
1.0, 0.1, and 0.5 ng/mL, respectively. For the urine, the value
for the lower limit of quantitation for both total SN-38 and
SN-38G was 10 ng/mL. Polymer-bound SN-38 was deter-
mined by subtracting the SN-38 from the total SN-38.

The PK parameters [observed peak plasma concentra-
tion (Cmax), time to peak plasma concentration (Tmax),
half-life of the terminal phase (t;/2,), area under the
concentration-time curve (AUC;y¢ ), total clearance (ClLyoy),
volume of distribution at steady state (V;;), and the mean
residence time (MRTiy¢ )] were calculated for each patient
using the noncompartmental analysis module of the soft-
ware program WinNonlin Professional (Pharsight Corp.).

Results

Patient characteristics

Between February 2006 and February 2008, 24 patients
with advanced solid tumors were enrolled in the study
(Table 1). All the patients except one lung carcinoid pa-

Table 1. Patient characteristics

No. patients 24
Sex
Male 18
Female 6
Age (y)
Median 61.5
Range 41-74
ECOG performance status
0 15
1 9
Primary tumor site
Colorectal 12
Pancreas 4
Small cell lung cancer 3
Esophageal 3
Lung carcinoid 1
Non-small cell lung cancer 1

Prior treatment
Chemotherapy regimens

Median 2
Range 0-11
UGT1A1 genotype

wt/wt 10
wt/*28 3
wt/'6 10
*6/°28 1
*6/*6 or *28/°28 0

tient had received chemotherapy before enrollment. Prior
therapies ranged from 1 to 11 regimens of chemotherapy.
Fifteen patients, especially all colorectal patients, had pre-
viously received CPT-11-based chemotherapy. All the pa-
tients were included in the safety analyses. A total of 108
cycles of the study drug was delivered (median, 3.5 cycles;
range, 1-12 cycles). Twenty-two patients received more
than two administrations. The maximum number of treat-
ments was 12 cycles at 28 mg/m?. No patients were
UGT1A1*28 homozygous.

Dose-escalation process

Dosage escalation started at 2 mg/m? and was gradually
increased up to 28 mg/m? (Table 2). Clinically meaningful
grade 2 NK012-related toxicity was not observed up until
8 mg/m? during cycle 1. However, the Efficacy and Safety
Assessment Committee recommended raising the dosage
by 50% instead of 100% at 12 mg/m? and that a modified
Fibonacci escalation method should be implemented be-
cause the neutrophil count had decreased by 50% com-
pared with the baseline. Therefore, we restarted the dose
identification study using a modified Fibonacci method.
At a dose level of 20 mg/m?, one patient experienced grade
4 neutropenia lasting for <5 days. As a safety measure, it
was decided that the dose of later cohorts would be in-
creased in increments of 4 mg/m?, although this AE was
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not considered DLT. Although 9 of 15 patients at a dose
level of 20 to 28 mg/m? had either a delay or a reduction
in treatment as a result of toxicity (especially neutropenia),
only 3 of these patients required dose reduction after DLT;
even in the 28 mg/m? cohort, 6 of 8 patients successfully
continued treatment with NK012 without dose reduction.

Toxicity

NKO12 was generally well tolerated. All patients re-
ported AEs considered to be related to NK012, most of
which were asymptomatic and grade 1 to 2 in severity: nau-
sea, anorexia, vomiting, fatigue, elevated AST/ALT, elevated
y-glutamyl transpeptidase (y-GTP), and thrombocytope-
nia. Three infusion-related reactions were observed at a
dose level of 2, 12, and 24 mg/m?. No cholinergic reactions
were observed; such reactions sometimes occur during
CPT-11 administration. Fifteen patients reported 36 grade
3 to 4 drug-related AEs (Table 3). The most common grade
3 to 4 events were leukopenia and neutropenia. The median
time to the neutrophil nadir at a dose level of 28 mg/m? was
12 days (range, 9-21 days), with recovery to grade 1 within 4
to 16 days in cycle 1. No grade 3 or 4 diarrhea was observed.

Four patients reported five serious AEs, three of which were
deemed possibly related to NK012: grade 3 infection with
neutropenia, grade 4 neutropenia, and grade 3 atrial flutter.

Two of the nine patients treated at a dose level of 28 mg/m”
experienced DLT during cycle 1. In another independent
phase I study of NK012 in the United States, only one of
six patients experienced DLT at 28 mg/m? during cycle 1,
but two of five patients experienced DLT at 37 mg/m? during
cycle 1 (22). Although the protocol definition of MTD had
not been reached, the Efficacy and Safety Assessment
Committee recommended discontinuing dose escalation
according to the hematologic toxicity profile of our study
and another independent phase I study (22). The recom-
mended phase IT dose was determined to be 28 mg/m? with
at least a 3-week interval between treatment cycles.

Table 2. Dose-escalation schema and DLT

NKO012 dose Total DLT
(mg/m?) Cycle 1 Cycle2 Cycle 3 Cycle 4

0
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*y-GTP increased.

*Neutropenia or a related event.
*Recommended dose for phase Il studies.
SAtrial flutter.

Efficacy

Twenty-three patients were assessable for response.
Two patients had confirmed partial response at a dose
of 28 mg/m?. The first patient, who received CDDP +
5-fluorouracil combination chemotherapy followed by
docetaxel monotherapy and had a previously progressing
esophageal cancer, achieved a partial response confirmed
by CT and continued this therapy for 5 months (serial CT
scans can be seen in Supplementary Data). The second
patient had a recurrence of lung carcinoid tumor. He de-
veloped multiple liver and bone metastases and enrolled
in this phase I study because there is no standard system-
ic chemotherapy for his disease. After four cycles, a par-
tial response was documented. He continued to receive
this chemotherapy for 12 months until disease progres-
sion. Nine patients had stable disease. In 12 colorectal
cancer patients, who were refractory to CPT-11 and oxa-
liplatin, 5 patients had stable diseases, 4 of whom suc-
cessfully received six cycles of treatment or more.

Pharmacokinetics

The mean plasma concentration-time profile of polymer-
bound SN-38, SN-38, and SN-38G at a dose of 28 mg/m®
(recommended phase II dose) is shown in Fig. 2A. The con-
centrations of these analytes in the plasma were maintained
over an extended period of time, indicating that NK012
achieved prolonged exposure. There was a proportional in-
crease in Cpnax and AUC;¢ values with dose (Fig. 2B and C).
The PK parameters are summarized in Table 4. The t,/,,
of bound SN-38 was 36.0 to 168 hours, CL,,, was 98.8 to
150 mL/h/m?, Vi, was 2,020 to 4,050 mL/m? and MRTjs¢
was 15.9 to 28.6 hours. No significant differences in these
parameters were seen in the dose range from 2 to 28 mg/m”.
The ty/2, of SN-38 ranged from 70.7 to 266 hours, and
MRT}y¢. ranged from 47.3 to 109 hours. These parameters
were dose independent. Therefore, PK of NK012 proved
to be linear in the dose range of 2 to 28 mg/m?. There
was no obvious difference between the plasma concentra-
tion of the respective analytes in cycles 1 and 2 (data not
shown), although the study design could not fully evaluate
the cycle dependency of NK012 PK. The cumulative urinary
excretion rate (0-48 hours) of total SN-38 and SN-38G ata
dose level of 28 mg/m? was 7.0% and 6.8%, respectively.
These rates were independent of the dose escalation.

Discussion

In this phase I study, NK012 was well tolerated at doses
<28 mg/m” every 3 weeks.

Observed toxicity was consistent with CPT-11, a pro-
drug of SN-38. DLT associated with NK012 was mainly
neutropenia. Therefore, it is necessary to pay attention to
neutrophil count changes after treatment with NK012; pa-
tients with a decreased count should be carefully moni-
tored to prevent infection. Infusion-related reactions
characterized by flushing, chest discomfort, or itching oc-
cur sometimes during the administration of liposomal
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Table 3. Highest hematologic and nonhematologic toxicity per patient
A} ic toxicity
Dose (mg/m?) n L Neutropenia Thrombocytopenia
Grade Grade Grade

1 2 3 4 1 2 3 4 1 2 3 4
2 1 0 0 0 0 0 0 0 0 0 0 0 0
4 1 0 0 0 0 0 0 0 0 0 0 0 0
8 1 0 0 0 0 0 0 0 0 0 0 0 0
12 3 0 1 1 0 1 0 1 0 1 0 1 0
16 3 1 2 0 0 2 0 1 0 1 0 0 0
20 3 1 0 2 0 1 0 0 2 0 1 0 0
24 3 0 2 1 0 0 0 2 1 3 0 0 0
28 9 0 1 5 3 0 0 4 5 3 3 0 0
Total 24 2 6 9 3 - 0 8 8 8 4 1 0
B. ic toxicity

2-20 mg/m? (n = 12) 24 mg/m? (n = 3) 28 mg/m? (n = 9)
Grade Grade Grade

1 2 3 4 1 2 3 4 1 2 3 4
Nausea 8 2 0 0 3 0 0 0 3 3 1 0
Anorexia 6 3 0 0 3 0 0 0 3 2 2 0
Diarrhea 3 0 0 0 0 1 0 0 4 4 0 0
Vomiting 3 1 0 0 0 0 0 0 2 3 0 0
Fatigue 7 0 0 0 2 1 0 0 4 2 0 0
Febrile neutropenia 0 0 0 0 0 0 0 0 0 0 1 0
Infection 0 1 0 0 0 0 0 0 0 0 1 0
Atrial flutter 0 0 0 0 0 0 0 0 0 0 1 0
Alopecia 7 1 -— — 1 2 . = 5 3 = —
y-GTP 0 1 1 0 1 0 0 0 2 1 0 0
Rash 2 1 0 0 1 1 0 0 1 2 0 0

and antibody drugs. In this study, only three infusion-
related reactions were observed at dose levels of 2, 12, and
24 mg/m?. However, these infusion reactions were grade 1
and deemed non-dose dependent. The factors associated
with the infusion-related reactions remain to be explained.
Diarrhea, which is known as a DLT of CPT-11, was mild
and transient in this study. Fatigue, nausea, and anorexia
were also commonly experienced AEs but were mild and
transient. Our preclinical study showed that the CPT-11-
induced intestinal mucosal change in mice was active in-
flammation with cellular invasion, deformed glandular
alignment, and glandular duct disappearance. On the other
hand, the intestinal mucosa in mice in the NK012 treatment
group was almost the same as that in the saline treatment
group (14). CPT-11, SN-38, and SN-38G are excreted into
the bile and eventually reach the small intestinal lumen
(23, 24). $N-38G is deconjugated in the cecum and colon
to regenerate SN-38 through bacterial B-glucuronidase
(25). Because the CPT-11 dose in the preclinical study
was 3-fold higher than that of NK012 at the SN-38 equiva-
lent dose, a higher amount of CPT-11 was found in the

intestinal lumen. It is speculated that the highly excreted
CPT-11 was reabsorbed in the small intestinal epithelium
and converted to SN-38, causing damage to the intestinal
mucosa (14). It is too early to conclude that NK012 may
cause weaker diarrhea than CPT-11, but the present results
within a phase I setting may encourage further clinical eval-
uation about intestinal toxicity of NK012.

The PK analysis of NK012 suggested that the tissue dis-
tribution of SN-38-incorporating micelles is limited. This
is consistent with the data obtained in our preclinical
study (13). In a phase I study of CPT-11 at doses of 100
to 750 mg/m?, it was reported that the CLyo, and V,, of
CPT-11 were 15,000 mL/h/m? and 157,000 mL/m?, re-
spectively (26). Therefore, the present study revealed that
the CL, and Vi, of polymer-bound SN-38 were, respec-
tively, approximately 150- and 80-fold lower than those
of CPT-11. This suggests that NK012 may have a low
distribution in normal tissue after administration. On
the other hand, in tumor tissue, we speculate that NK012
accumulates to a greater extent and stays longer in tumor tis-
sue due to the enhanced permeability and retention effect
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(27) because it is stable in circulation and exhibits a marked-
ly higher plasma AUC than CPT-11. Moreover, NK012 seems
to induce sustained release of SN-38 inside the tumor follow-
ing the accumulation of NK012 in the tumor tissue (13-18).

Sustained exposure to SN-38 is required for successful
CPT-11-based chemotherapy because SN-38 induced
single-strand DNA breaks in the presence of topoisome-

rase I and is only effective during the relatively short S
phase of the cell cycle (28). When compared with SN-38
converted from conventional CPT-11 at a dose of 250 mg/m?
(29), SN-38 released from NK012 at 28 mg/m? exhib-
ited 2.4-fold greater systemic exposure (0.876 versus
2.12 pg-h/mL) and 15-fold slower elimination from plas-
ma (13.9 versus 209 hours). This result was compatible
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Table 4. Plasma PK parameters of (A) polymer-bound SN-38, (B) SN-38, and (C) SN-38G in cycle 1
Dose No. Mean (SD)
(mg/m?)  patients Crree T tum AUC.  MRT,  ClL. V.,
(ug/mL) () (h) (ug-h/ml) ) (mLi/m?)  (mL/m?)
A. Polymer-bound SN-38
2 1 0.91 1. 128 141 28.6 142 4,050
4 1 2.60 0.6 36.0 27.0 15.9 148 2,370
8 1 416 0.5 102 578 19.1 138 2,640
12 3 5.32 (0.38) 0.7(0.3) 135(8) 92.4 (5.5) 25.3 (4.0 130 (7) 3,270 (330)
16 3 8.32 (0.11) 0.8(0.3) 168 (41) 120 (15) 282(40) 134(15) 3,830 (940)
20 3 11.6 (5.3) 0.8 (0.3) 128 (28) 189 (104) 24.3 (2.0) 150 (121) 3,730 (3,190)
24 3 18.1 (5.6) 0.7 (0.3) 128 (13) 246 (55) 24.5 (0.9) 101 (26) 2,480 (600)
28 9 19.1 (3.9) 0.7 (0.3) 137 (19) 294 (62) 22.2 (2.3) 98.8 (20.6) 2,020 (530)
B. SN-38
2 1 0.01 1 70.7 0.16 47.3 N/A N/A
4 1 0.03 0.6 179 0.32 99.9 N/A N/A
8 1 0.02 1 107 0.430 54.5 N/A N/A
12 3 0.0377 (0.0073) 0.8 (0.3) 193" 0.683" 70.6* N/A N/A
16 3 0.0841 (0.0285) 0.8 (0.3) 250 (60) 1.38 (0.23) 91.4 (23.7) N/A N/A
20 3 0.110 (0.072) 0.7 (0.3) 266 (40) 1.55 (0.30) 104 (19) N/A N/A
24 3 0.102 (0.036) 0.7(0.3) 216 (24) 1.81 (0.64) 109 (20) N/A N/A
28 9 0.114 (0.031) 0.8 (0.3) 209 (25) 2.12 (0.83) 95.7 (16.7) N/A N/A
C. SN-38G
2 1 0 6 42.7 0.15 50.9 N/A N/A
4 1 0.01 6 30.8 0.27 38.3 N/A N/A
8 1 0.01 6 72.9 0.68 75.1 N/A N/A
12 3 0.02 (0.0071) 6(0) 171 (102) 0.97 (0.471) 148 (92) N/A N/A
16 3 0.05 (0.0272) 6 (0) 294 (61) 2.62 (1.39) 221 (80) N/A N/A
20 3 0.05 (0.0266) 6(0) 264 (70) 2.36 (0.63) 212 (49) N/A N/A
24 3 0.0420 (0.0143) 6(0) 222 (18) 2.00 (0.68) 193 (11) N/A N/A
28 9 0.04 (0.0132) 6 (0) 205 (20) 2.28 (0.57) 186 (27) N/A N/A
NOTE: Values are represented as the mean (SD).
Abbreviation: N/A, not available.
*n = 2. One patient at 12 mg/m? was excluded from the analysis due to the presence of an interference peak on the HPLC
chromatogram.

with those obtained in preclinical studies (13, 14, 17).
Therefore, the longer systemic exposure time of SN-38
achieved with NK012 therapy is also expected to improve
therapeutic efficacy.

Overall, our data suggest that polymer-bound SN-38
and released SN-38 exhibit a linear PK in the dose range
of 2 to 28 mg/m”. In several phase I studies of CPT-11,
it was reported that the Cp,x and/or the AUC of CPT-11
increased linearly with the dosage, but the AUC of SN-38
was not as dose dependent as that of CPT-11 or it has
no correlation with the dose due to considerable interpa-
tient variability (29-32). Several metabolizing enzymes
(e.g., CEs, UGT1A, and CYP3A4) are involved in the dis-
position of CPT-11 (8, 9, 33). NK012, unlike CPT-11, is
hydrolyzed nonenzymatically to release SN-38, resulting

in a dose-proportional increase in systemic exposure.
Thus, NK012 proved to function steadily as a drug car-
rier in a dose-independent manner and to release SN-38
in a dose-dependent manner in this phase I trial. In the
independent phase I trial conducted in the United States,
the PK profile and toxic profile including diarrhea were

_similar to those of our study. The DLT of the U.S. study

was neutropenia and pneumonia with neutropenia.
The MTD in the U.S. trial was also determined to be
28 mg/m? (22).

In conclusion, the recommended phase 11 dose of
NKO12 is 28 mg/m? with at least a 3-week interval be-
tween treatment cycles. The favorable safety profile and
promising clinical antitumor activity warrant further clin-
ical evaluation.
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Summary: Neonatal Fc receptor (FcRn) plays an important role in regulating IgG homeostasis in the body.
Changes in FcRn expression levels or activity caused by genetic polymorphisms of FCGRT, which encodes
FcRn, may lead to interindividual differences in pharmacokinetics of therapeutic antibodies. In this study, we
sequenced the 5”-flanking region, all exons and their flanking regions of FCGRT from 126 Japanese subjects.
Thirty-three genetic variations, including 17 novel ones, were found. Of these, two novel non-synonymous
variations, 629G > A (R210Q) and 889T > A (S297T), were found as heterozygous variations. We next as-
sessed the functional significance of the two novel non-synonymous variations by expressing wild-type and
variant proteins in HeLa cells. Both variant proteins showed similar intracellular localization as well as an-
tibody recycling efficiencies. These results suggested that at least no common functional polymorphic site with
amino acid change was present in the FCGRT of our Japanese population.

Keywords: FCGRT; neonatal Fc receptor (FcRn); genetic polymorphism; novel non-synonymous varia-
tion
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" Introduction

Neonatal Fc receptor (FcRn) is an immunoglobulin G
(IgG) receptor related to major histocompatibility (MHC)
class I molecules."? Like MHC class I, FcRn consists of a
heavy chain with extracellular a1, 2, and o3 domains
followed by a transmembrane segment and a short
cytoplasmic  tail and non-covalently bound p2-
microglobulin (82m). FcRn binds the Fc region of mono-
meric IgG. The FcRn heavy chain is encoded by FCGRT,
which is located in chromosome 19q13.3 and comprises
6 exons.

In humans, FcRn expression has been observed in a
wide variety of tissues including placenta, liver, kidney
and vascular endothelium.” FcRn has multiple roles in
the body such as absorption or secretion of IgG across
the intestinal mucosa, and IgG recycling from endothelial
cells. With regard to antibody recycling, FcRn binds to
the Fc domain of IgG at acidic pH in endosomes after en-
docytosis, and recycles it back to the extracellular space
via the exocytic pathway, thereby protecting IgG from in-
tracellular degradation in lysosomes.z) This mechanism
contributes to the long serum half-life of IgG, and thus,
IgG recycling activity is an important function of FcRn
and could contribute to the efficacy of antibody ther-
apeutics. Indeed, we previously reported that affinities of
antibody therapeutics to FcRn were closely correlated
with the serum half-lives reported in clinical studies.”
The relatively short serum half-life of Fc-fusion proteins
such as etanercept, a fusion protein consisting of the ex-
tracellular ligand-binding portion of the human tumor
necrosis factor receptor linked to the Fc portion of hu-
man IgG1, is thought to arise from low affinity to FcRn.”

Genetic polymorphisms of genes related to drug
metabolism and transport are one of the crucial factors
for low-molecular-weight drugs. Pharmacokinetics or
pharmacodynamics -of biologicals including antibody
therapeutics may also be influenced by genetic polymor-
phisms of transport or target proteins. In this context,
changes in FcRn expression levels or activity caused by
genetic polymorphisms of FCGRT may lead to interin-
dividual differences in pharmacokinetics of antibody
therapeutics. However, reports on FCGRT genetic poly-
morphisms in Japanese populations are lacking.

Here we sequenced the 5’flanking region, all exons
and their flanking regions of FCGRT from 126 Japanese
subjects. We then examined the functional properties of
two detected non-synonymous variations using mam-
malian expression systems focusing on intracellular
localization and antibody recycling activities.

Materials and Methods

Human genomic DNA samples: One hundred
twenty-six Japanese cancer patients participated in this
study. The ethical review boards of the National Cancer

Center, Aichi Cancer Center and the National Institute
of Health Sciences approved this study. Written in-
formed consent was obtained from all subjects. Genomic
DNA for DNA sequencing was extracted from blood leu-
kocytes.

PCR conditions for DNA sequencing: The fol-
lowing sequences obtained from GenBank were used for
primer design and reference sequences: NW_927240.1
(genome) and NM_004107.3 (mRNA). For sequencing,
two sets of long-range PCR were performed to amplify all
6 exons from 50 ng of genomic DNA with two sets of
primers (0.5 4M) designed in the promoter or intronic
regions as listed in “Ist PCR” of Table 1. We used LA-
Taq with GC buffer I (0.05 W/ul, Takara Bio Inc., Shiga,
Japan) to amplify from the 5’-flanking region to exon 3
and Z-Taq (0.025 U/ul, Takara Bio. Inc.) from exons 4 to
6, as described in Table 1. The 1st PCR conditions were
94°C for 5 min, followed by 30 cycles of 94°C for 30
sec, 60°C for 1 min, and 72°C for 2 min, and then a fi-
nal extension at 72°C for 7 min for LA-Tagq, and 30 cy-
cles of 98°C for 5 sec, 55°C for 5 sec, and 72°C for 190
sec for Z-Taq. Next, each region was separately amplified
in the 2nd PCR using the 1st PCR product as the tem-
plate. We used LA-Taq with GC buffer I or II (0.05 W/ul)
for amplifying regions from the 5’flanking region to
exon 3 and Ex-Taq (0.02 U/ul, Takara Bio. Inc.) from ex-
ons 4 to 6 as described in Table 1. The 2nd PCR condi-
tions were 94°C for 5 min, followed by 30 cycles of 94°
C for 30 sec, 60°C for 1 min, and 72°C for 2 min, and
then a final extension at 72°C for 7 min for all regions.
The PCR products were then treated with a PCR Product
Pre-Sequencing Kit (USB Co., Cleveland, OH, USA) and
directly sequenced on both strands using an ABI BigDye
Terminator Cycle Sequencing Kit ver. 3.1 (Applied
Biosystems, Foster City, CA, USA) and the sequencing
primers listed in Table 1 (Sequencing). Excess dye was
removed by a DyeEx96 kit (Qiagen, Hilden, Germany)
and the eluates were applied to an ABI Prism 3730xl
DNA Analyzer (Applied Biosystems). All relatively low
frequent variations (n<5) were confirmed by repeated
sequencing analyses of PCR products generated from
original (not amplified) genomic DNA. The nucleotide
positions based on the cDNA sequence were numbered
from the adenine of the translational initiation site or the
nearest exons.

Hardy-Weinberg equilibrium and linkage dise-
quilibrium (LD) analyses: Hardy-Weinberg equilibri-
um and LD analyses were performed by SNPAlyze
software ver. 7 (Dynacom Co., Yokohama, Japan). Hardy-
Weinberg equilibrium was assessed by the x2 test and
pairwise LDs between variations were obtained for the
frequently used coefficients |D’| and rho square (r%).
|D’| is used to assess the probability for past recombina-
tions, and r* is used as a parameter for the linkage be-
tween a pair of variations.
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Table 1. Primers used for sequencing FCGRT

Enzyme® . qﬂﬂfﬁ‘;ﬁn Forward primer (5' to 3') Reverse primer (5” to 3') 1:;‘;5“‘%;)
1st PCR LAG 5 flanking to Exon 3 CTCAGGCTGGTCCTTGAACTCA  ATTAGCCAGTTATGGTGGTATG 5,244
z Exons 4 t0 6 CAAGTGTGGTGGTGGGCACCTA  GGGAGTTCGAGACCAGCCTGAT 3,788
2nd PCR LAGL 5" flanking CTGAACCAGCTGAACGTCCACT ~ CTGAGCGTGGTGGTGGGCCTGT 1,058
LAGI ATAGAGGTGACAGTTGCACAGC ~ GGTCCAGACTGACAACAATGCC 1,477
LAGI  Exonl GAGCAGCAGCCTCCCACAGGAT ~ ACACAAGAGGCGACAGGTGGTT 1,017
LAGI Exons 2 to 3 ATTGTTGTCAGTCTGGACCG GCTGCAGTGGGAGGCTGATGGA 1332
Ex Exons 4 to 5 CCAAGGAGGTGACATCTTGAGG CATCTCTGGGTTTCTGTCTCCA 1,383
Ex Exon 6 CCGCCTTGCCGCTGCTGATCCA GAGCTGAGATCACGCAATTGTA 1,632
Sequencing 5" flanking CTGAACCAGCTGAACGTCCACT — CAGGGTCTGGCTCTGTCACTCA
GTGCAGAATAGGCAAATCTATC  AACCACATCCTTCTGCTAGGAC
CGGGTTCAAGCAATTCTCCTGT ~ TTGAGGGTGTCTGCCGCTCAGG
GAGCAGCAGCCTCCCACAGGAT ~ CCTCCTCTCTCAGACCCAGGAA
CCTGGGTCTGAGGGAGGAGT CCTCCTCGTACCTGAAGAACTT
Exon 1 GGACTCTCAGCCTATCAAGT ACACAAGAGGCGACAGGTGGTT
CCGCGGTGTCCCGGGAGGAA
Exons 2 to 3 GTATCTGTCCCACTGCAGTCTA  AACTGAGGCAGGTGGGCATGAC
Exon 4 TGAGTCTCTGTCACCTAGGAAG ~ AGTTAACAGCTCTTCAGACTCA
Exon 5 CCGCCTTGCCGCTGCTGATCCA  GTCTCTGTCCTCCCAGGTCTGT
Exon 6 TCAGAGAGAGGTGGAGACAGAA  GATGTATAAAACTGGCAGGTTC
CCTTGGATCTCCCTTCGTGGAG TGGCTCACACTTGTAATCCCAC
GACGGAGTCTTGCTCTGTTGCT

*LA-GL: LA-Taq with GC buffer I, LA-GII: LA-Taq with GC buffer II, Z: Z-Taq, Ex: Ex-Taq.

Construction of FcRn expression plasmid:
Wild-type human FcRn cDNA was originally obtained
from pME18SFL3 (AK075532) (Toyobo, Osaka, Japan).
The coding region of FcRn cDNA subcloned into
pcDNA3 was amplified by PCR, and then inserted into
the EcoRI/Sall site of pEGFP(C) plasmid. The resulting
plasmid encodes hFcRn with C-terminally fused en-
hanced green fluorescent protein (EGFP) containing the
eight amino acid-linker peptide VDSRGSRV between the
two proteins. Mutations were introduced by an inverse
PCR method. Primers consisted of 5'-AAG GCC CAA
CCC AGC AGC CCT GGC TTT-3’ (forward) and
5’-CAG GCG CAT GGA GGG GGG CC CTT CCA-3’
(reverse) for R210Q, 5’-TCC ACC GTC CTC GTG GTG
GGA ATC GTC-3" (forward) and 5’-CTT GGC TGG
AGA TTC CAG CTC CAC CCT-3’ (reverse) for S297T.
The underlines indicate the mutated nucleotides. The
variant plasmids were sequenced on both strands for the
entire cDNA region to confirm the introduction of the
mutation only at the target sites. Human 2 microglobu-
lin (f2m) cDNA was obtained from pMEI8SFL3
(FCC106E07) (Toyobo). f2m cDNA was subcloned into
pcDNA3.1/

Hygro. The f2m construct was used because FcRn
becomes a heterodimer with f2m, which is necessary for
the proper intracellular localization of FcRn.*?

Cell culture and plasmid transfection: Hela
cells were cultured in DMEM (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% fetal calf serum
(Nichirei, Tokyo, Japan). The plasmids encoding the wild-

type or variant FcRn fused with EGFP along with the plas-
mid encoding f2m were transfected into HeLa cells us-
ing Lipofectamine 2000 reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Plas-
mids encoding wild-type or variant FcRn fused with
EGFP were used for all experiments, including the in-
tracellular localization and antibody recycling activity of
FcRn.

Western blot analysis: Wild-type and variant
FcRn-EGFP transfected into Hela cells in 35-mm-
diameter dishes were lysed with 500 4L of RIPA buffer
[50 mM Tris HCI (pH 7.6), 150 mM NaCl, 1% Nonidet
P-40 and 0.25% sodium deoxycholate] supplemented
with protease inhibitors (Nacalai Tesque, Kyoto, Japan).
After incubation on ice for 30 min, the lysates were cen-
trifuged at 15,000 rpm at 4°C for 20 min. An aliquot (3
UL) of the supernatant was diluted in SDS-sample buffer
and applied to 10% SDS-polyacrylamide gel. After elec-
trophoresis, separated proteins were transferred onto
polyvinylidene fluoride membrane. Immunochemical de-
tection of FcRn-EGFP proteins was performed using rab-
bit anti-human FcRn antibody raised against a peptide an-
tigen (residues 135-148, LNGEEFMNFDLKQG). Visuali-
zation of the proteins was achieved with horseradish
peroxidase-conjugated anti-rabbit IgG antibody (Cell Sig-
naling Technology, Danvers, MA, USA) and the ECL Plus
Western blotting detection reagent (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden). Protein band densities
measured by LAS-3000 (Fuji Film, Kanagawa, Japan)
were quantified with Multi Gauge software (Fuji Film).
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The relative expression levels are shown as means +SD
of three separate transfection experiments. To verify that
the sampfes were evenly loaded, the blot was reprobed
with  anti-glyceraldehyde-3-phosphate ~ dehydrogenase
(G3PDH) antibody (R&D Systems, Minneapolis, MN,
USA).

Fluorescent labeling of antibodies: As a model
antibody, we used infliximab, a clinically used chimeric
anti-human TNFa antibody which has the Fc domain of
human IgG1. The binding of infliximab to human FcRn
was shown by surface plasmon resonance analysis in our
previous study.s’ Infliximab, kindly provided by Tanabe
Pharmaceutical Co. Ltd. (Osaka Japan), was labeled with
CypHer5 (GE Healthcare Bio-Sciences, Uppsala, Sweden)
by incubating with CypHer5E mono NHS ester in PBS
containing 0.5 M Na;COs (pH 8.3) for 1 hr at room tem-
perature. After the reaction, unbound dye was removed
by dialysis in PBS. The protein concentration and degree
of labeling were determined by spectrophotometry. IgY
(Jackson Immuno Research Laboratories, West Grove,
PA, USA) was also labeled with CypHer5 and used in
control experiments.

Imaging with fluorescence microscopy: Hela
cells transfected with wild-type or variant FcRn-EGFP
cDNA and the f2m cDNA were cultured on 35-mm
poly-L-lysine-coated glass-bottom dishes (0.08-0.12 mm
thickness) (Matsunami, Osaka, Japan) for 2-4 days. The
intracellular localization analyses of wild-type and variant
FcRn-EGFP were carried out by confocal laser scanning
fluorescence microscopy using a Carl Zeiss LSM510 sys-
tem (Carl Zeiss, Jena, Germany). For co-localization ex-
periments, wild-type or variant FcRn-EGFP-transfected
Hela cells were incubated with CypHer5-labeled inflix-
imab diluted in cell culture medium containing 200 mM
sodium phosphate buffer (pH 6.0) for 2-3 hr at 37°C.
Note that throughout this study, the cell culture media
used for incubation with the labeled antibody was acidi-
fied (pH 6.0) to obtain enhanced incorporation of antibo-
dies into the cells, as reported previously.*” The fluores-
cent signal was observed in neutral pH medium after
washing the cells twice. The 488- and 633-nm laser lines
were used to image FcRn-EGFP and CypHer5 labeled-in-
fliximab, respectively.

Biotin labeling of antibodies: Infliximab and IgY
were labeled with biotin using EZ-link sulfo-NHS-biotin
(Pierce, Rockford, IL, USA). Antibodies and sulfo-NHS-
biotin were mixed at the molar ratio of 1:20 and incubat-
ed for 60 min at room temperature. Biotinylated antibo-
dies were purified using Zeba desalt spin column (Pierce).
Protein concentration was determined by BCA protein
assay (Pierce) using bovine serum albumin as a standard.

Recycling assay: Hela cells were transfected with
the wild-type or variant FcRn-EGFP construct along with
the $2m construct. The day after transfection, cells were
seeded on 96-well plates at 4 X 10* cells/well. After fur-

ther culturing for one day, recycling assays were per-
formed. Hanks’ balanced salt solutions (HBSS) (pH 6.0
and 7.4) were prepared supplemented with 10 mM MES
(pH 6.0) and 10 mM Hepes (pH 7.4). The cells were
washed with HBSS (pH 7.4) and pre-incubated with
HBSS (pH 7.4) for 30 min at 37°C. After washing with
HBSS, 10 ug/ml of biotinylated infliximab diluted in
HBSS (pH 6.0) containing 0.5% fish gelatin was added to
each well. The cells were incubated at 37°C for 1 hr to
allow the antibody to be incorporated into the cells. Cells
were then washed five times with HBSS (pH 7.4). Then,
HBSS (pH 7.4) supplemented with 2% ultra-low IgG FCS
(Invitrogen) was added to each well and incubated at
37°C for the indicated periods of time. The supernatant
was collected and subjected to ELISA for quantitating the
recycled antibody. In order to determine the amount of
biotinylated infliximab incorporated into the cells during
the 1-hr incubation at 37 °C, cells were lysed using RIPA
buffer supplemented with protease inhibitors (Nacalai
Tesque, Kyoto, Japan) after washing five times with
HBSS, and the lysate was subjected to ELISA. Biotinylated
IgY was also used as a negative control in some experi-
ments.

Enzyme linked immunosorbent assay (ELISA) for
biotinylated antibody: NeutrAvidin (Pierce, Rock-
ford, IL) was bound on Maxisorp 96-well black plates
(Thermo Fisher Scientific, Roskilde, Denmark) using
IMMUNO-TEK ELISA construction system (Zep-
toMetrix, Buffalo, NY, USA). Supernatants or lysates ob-
tained from the recycling assay were applied on the wells
and incubated for 16 hr at 4°C. The plates were washed
three times with Tris-buffered saline (pH 7.6) containing
0.1% Tween-20 (TBST). Peroxidase-conjugated goat anti-
human IgG (Pierce) diluted with TBST was added to the
plate and incubated for 1 hr at room temperature. After
washing three times with TBST, chemiluminescent rea-
gent (SuperSignal ELISA Femto, Pierce) was added and in-
cubated for 1min at room temperature. The
chemiluminescent signal was detected using an ARVO
1420 multilabel counter (Perkin Elmer, Waltham MA,
USA). When the amount of biotinylated IgY was meas-
ured, peroxidase-conjugated rabbit anti-chicken IgY
(Promega, Madison, WI, USA) was used. For generation
of a standard curve, 0.1 to 10 ng/ml of biotinylated cor-
responding protein was used.

Results

FCGRT variations found in a Japanese popula-
tion: Thirty-three genetic variations were found, in-
cluding 17 novel ones, in 126 Japanese subjects (Table
2). Of these variations, 14 were located in the 5”-flanking
region, 4 (2 synonymous and 2 non-synonymous) in the
coding exons, 13 in the introns, 1 in the 3’-untranslated
region (UTR), and 1 in the 3’flanking region. All detect-
ed variations were in Hardy-Weinberg equilibrium
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