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An immuno-polymerase chain reaction (IPCR) assay is used to evaluate the kinetic behaviour of the novel anti-cancer drug Avis
plasma samples taken from 41 patients during a 3-year clinical trial.

The ultrasensitive IPCR assay employed the amplification of a detection-antibody linked marker-DNA and an internal compet
for standardization, thus enabling the detection of the antigen in concentrations far below the detection limit of conventional enzy
immuno-sorbent assay (ELISA). The quantification of Aviscumine was carried out using external calibration curves obtained from
patient plasma samples, collected previous to the administration of Aviscumine, which were spiked with known amounts of the
substance Aviscumine. Additional controls were measured containing standardized human serum spiked with Aviscumine to
continuous general reproducibility of the assay as well as to estimate differences between individual patients.

Average recovery was found to be 95± 19% and the average deviation in precision of the assay was determined to be 9± 5%. Data for the
quantification of Aviscumine were obtained from all patient samples investigated with the exception of a single patient. The colle
provided the basis for the valid routine quantification of patient samples for the calculation of the pharmacokinetic behaviour of Av
in patient plasma.
© 2005 Elsevier B.V. All rights reserved.
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Abbreviations: BPC, BPC13, BNC, control samples of spiked standard-
ized human plasma with PC = 40 ng/mL, PC13 = 13 pg/mL and NC = no
Aviscumine, respectively;Cmax, Aviscumine concentration found att = 1 h;
ELISA, enzyme-linked immuno-sorbent assay; ELOSA, enzyme-linked
oligonucleotide-sorbent assay; IPCR, immuno-PCR;IM, absolute fluores-
cence signal intensity obtained for the marker-DNA in IPCR;IN, normalized
signal intensity; P #ndm, patient numbern, dosem; Se, Si , SM, SC, ST, stan-
dard deviation calculated for ELOSA (e), IPCR (i ), signals obtained from
marker-DNA (M), competitor DNA (C) and total error (T), respectively; t0,
patient plasma sample negative control “zero plasma”, obtained previous to
application of Aviscumine;VH, VM, VL, t0-sample spiked with Aviscumine
of high (H), medium (M) or low (L) concentration, respectively
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1. Introduction

The development of conventional immuno-assays,
as enzyme-linked immuno-sorbent assay (ELISA), is o
hampered by various problems concerning the robust
accuracy and the sensitivity of the respective method[1]. The
clinical investigation of novel, highly potent drugs, wh
often are applied in only low dosages, requires the es
lishment of very sensitive and robust assays which allow
the detection and quantification of the respective drug,
in complex biological matrices, such as human plasma
sera-samples.

0731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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The immuno-PCR (IPCR) method, first described by
Sano et al. in 1992[2], combines the well-established ELISA
methodology with the signal amplification power of the PCR.
A number of research applications describe the advantages
of the method[3–5], that is, in particular, its high sensitivity
and good quantification capabilities due to the great lin-
earity and compatibility with established ELISA protocols
[6].

IPCR was recently adapted to the detection of Aviscumine
in samples of human plasma[7]. Aviscumine (rViscumin)
is a heterodimeric 57 kDa recombinant mistletoe lectin
(rML) [8,9], heterologously expressed inEscherichia
coli-based on the genetic information of plant-derived
lectin, which belongs to the type II ribosome inactivating
protein (RIP)-family. Aviscumine has proven its activity
as a cytostatic drug in several studies employing animal
models [10–12] and is currently manufactured under
GMP (good manufacturing practice) conditions. In animal
model studies low amounts of about 3–500 ng/kg body
weight were applied to mice in order to investigate the
anti-tumor activity of Aviscumine[10–12]. The resulting
plasma concentrations of these doses of Aviscumine were
significantly below the limit of detection of a conventional
ELISA of approx. 3.5 pmol/L (200 pg/mL)[7,13]. Hence,
a quantitative IPCR assay was established to circumvent
these problems, allowing the detection of concentrations as
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taken at different times subsequent to the application of
Aviscumine after 1, 1.25, 1.5, 2, 4, 8 and 24 h. Aviscumine
was given twice weekly (days 1 and 4) as a 1 h i.v. infusion
through a central line. The samples analysed were from “dose
1” (d1), the immediate start of the patient treatment cycle and
“dose 11” (d11), a late step of the treatment cycle (after 39
days). In the case of some patients, only the d1 samples of the
first infusion were available for analysis and/or some of the
samples were not included in the time series to be measured
by IPCR. The Aviscumine dose level was increasing during
the study. For the first 9 patients (P #1–9), each patient
received a separate dose level Aviscumine (P #1: 10 ng/kg, P
#2: 20 ng/kg, P #3: 40 ng/kg, P #4: 100 ng/kg, P #5: 200 ng/kg,
P #6: 400 ng/kg, P #7: 800 ng/kg, P #8: 1600 ng/kg, P #9:
2400 ng/kg). The following patients P #10–41 were sub-
grouped to five cohorts (4 patients P #10–13: 3200 ng/kg,
6 patients P #14–19: 4000 ng/kg, 10 patients P #20–29:
4800 ng/kg, 7 patients P #30–36: 5600 ng/kg, 5 patients
P #37–41: 6400 ng/kg) (for more details, see also[14]
andFigs. 5 and 6).

2.2. Test substance

Aviscumine (INN); 2�g/mL, reference substance batch-
no.: 970303 (VISCUM AG, Bergisch Gladbach, Ger-
many) was used to prepare external standard curves
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The present study describes modifications of the orig
PCR assay to allow for the quantification of a large num
f human plasma samples obtained during the clinical
ORTC 16002/VIS009V1.01 and to apply this method

he generation of pharmacokinetic data in this clinical
tudy [14]. The work presented here elucidates spe
etails of the robustness, recovery and precision of

PCR assay during the 3-year clinical trial. The res
learly emphasize the suitability of this method for rou
nalyses.

. Materials and methods

.1. Patient plasma samples

Object of the analysis were frozen citrate plasma sam
f the clinical trial EORTC 16002/VIS009V1.01, obtain

rom different patients (No. 1–41, in the following referr
o as P #1–41)[14]. The study was conducted in accorda
ith the Good Clinical Practice Guidelines as issued by

nternational Conference on Harmonisation and the Dec
ion of Helsinki. Subsequent to collection, the samples w
mmediately frozen below−20◦C on dry ice and maintaine
t this temperature until analysis by IPCR. The assay
esigned such that each set of samples from an indiv
atient contained a “zero-plasma”-sample collected 15
rior to Aviscumine administration (t0) and seven sam
or quantification purposes. Control calibration sam
ere prepared from standardized virus-inactivated hu
era BISEKO (Biotest, Langen, Germany) as the
ogical matrix. Polyclonal rabbit-anti-mistletoe-lectin an
ody (VISCUM AG) was used as capture antibody

or the synthesis of the custom-made antibody–DNA c
ugates as reagents for IPCR (CHIMERA, Dortmu

ermany).

.3. Preparation of calibration curves and spiking
ontrols

As a consequence of individual differences betw
atient samples and sample handling (see Section3.1) cal-

bration curves and spiked controls were prepared
he zero sample “t0” (see Section2.1) of each individua
atient/dose course and these standards were froze
tored at−20◦C. To simulate the possible standing time
amples during clinical sample preparation previous to fr
ng at−20◦C, a 25 min timeframe for sample handling a
ench-time on ice was maintained during the preparatio
alibration curves and spiked control samples. The conce
ions of Aviscumine within the calibration curves and spi
amples are listed inTable 1.

.4. Assay layout and sample preparation

Each individual IPCR assay contained a calibra
urve and three spiked controls termedVH, VM and VL,
ontaining a “high”, “medium” and “low” concentratio
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Table 1
Quantification parameters

Patient Regression model Concentration Aviscumine
for calibration curves

Average corellation
coefficientr2

Concentration Aviscumine (VH,
VM, VL) and average recovery

(a) #1–8 Harris 1000, 600, 300, 100, 60, 30,
10 pg/mL

0.99 800 pg/mL 90± 7%

200 pg/mL 95± 15%
20 pg/mL 52± 22%

(b) #9–11 Harris 10, 6, 3 ng/mL; 1000, 600,
300, 100, 60, 30, 10 pg/mL

0.99 800 pg/mL 86± 16%

200 pg/mL 108± 21%
20 pg/mL 107± 24%

(c) #12–41 Linear 6.1, 5.1, 4.1, 3.1, 2.1, 1.1,
0.1 ng/mL

0.97 4.8 ng/mL 91± 6%

2.4 ng/mL 91± 10%
0.8 ng/mL 112± 17%

Average recovery of high, medium and low concentrated samples spiked with Aviscumine in patient plasma (VH, VM, VL), standard deviations and correlation
coefficient were calculated for all patients using the respective regression model.

of Aviscumine (seeTable 1), obtained from zero dose (t0)
plasma. In addition, a positive control “BPC” of 40 ng/mL
Aviscumine in BISEKO and a negative control of BISEKO
containing no Aviscumine “BNC” were also included. In
some cases, a third positive control of 13 pg/mL Aviscumine
in BISEKO “B13PC” was measured as well. Similar to patient
samples, the BISEKO controls were frozen at−20◦C
as well.

For P #1–8, a calibration curve in “t0” plasma with a con-
centration range from 10 to 1000 pg/mL Aviscumine (see
Table 1a) was prepared, similar to a calibration curve in
BISEKO, prepared as previously reported[7]. During the
course of the clinical trial study, the calibration curve was
adapted to higher concentrations of Aviscumine in the case
of patients P #9–11 (see row b inTable 1andFig. 5) to adjust
the method to the increased amounts of Aviscumine adminis-
tered. To avoid further changes in the methodology and allow
for a standardized protocol, all subsequent quantifications (P
#12–41) were carried out using the same linear quantifica-
tion curve covering a concentration range of 100–6100 pg/mL
Aviscumine (Table 1c andFig. 4). Therefore, patient plasma
samples of P #12–41 fromt = 1 to 2 h were routinely diluted in
“t0” plasma previous to the IPCR to keep the signal intensities
within the calibration curve. In particular, these samples from
P #12–18 were diluted 1:3 and samples from P #19–41 were
diluted 1:8 with individual “t0” patient plasma. For control
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All patient samples and controls were thawed in a ther-
momixer, and subsequent to removing 22�L of the thawed
samples, the remaining samples were refrozen with liquid
nitrogen for long-term storage at−80◦C.

2.5. Immuno-PCR

IPCR reagents were custom made by CHIMERA. Taq
DNA polymerase from Biomaster (Cologne, Germany)
was used for DNA-amplification and IPCR was carried out
as a one-step assay according to the protocol previously
described[7]. A schematic drawing of the assay is shown in
Fig. 1. In brief, top yield modules were coated overnight at
4◦C using 30�L/well of the polyclonal rabbit-anti-lectine
antibody T2 (15�g/mL). The modules were washed and
blocked with 240�L/well CHIMERA blocking buffer
overnight. Following another washing step, the modules
were incubated for 25 min and orbital shaking at room tem-
perature with 30�L/well of the diluted samples containing
Aviscumine. Subsequently, the modules were incubated
for 25 min/RT and orbital shaking with 30�L/well of a
1:300 dilution of the Aviscumine-specific antibody–DNA
conjugate also synthesized from T2. The marker-DNA (I
in Fig. 1) of the IPCR reagent was amplified (primus 96
PCR cycler, MWG, Ebersberg, Germany) in the presence
o NA
( A
d ent
o e
a by
i nt to
P cts,
i as
d bent
a ons
a und
c h an
a on of
urposes, each individual sample was also measured
uted. If the undiluted sample yielded a signal within
ange of the calibration curve, this signal was used for q
ification. Otherwise, the signal from the diluted sample
sed.

All calibration samples, spiked controls, BISEKO contr
nd patient plasma samples were additionally diluted 1
detergent-containing sample dilution buffer (CHIMER

mmediately prior to analysis by IPCR. The IPCR assays
arried out in duplicate. For the total amount of 2× 30�L
PCR assay volume, 44�L sample dilution buffer were adde
o 22�L sera/plasma-sample.
f a constant concentration of an internal competitor D
II in Fig. 1) which is co-amplified with the marker-DN
uring PCR. The competitor-DNA is an integral compon
f CHIMERA’s IPCR quantification mix for the Aviscumin
ssay. Both DNA products were labeled during PCR

ncorporation of a hapten-labeled nucleotide. Subseque
CR amplification, the amount of the two PCR-produ

.e. the marker-DNA (I) and the competitor-DNA (II), w
etermined using an enzyme-linked oligonucleotide-sor
ssay (ELOSA). In this assay, labeled PCR amplic
re quantified by hybridisation with solid-phase bo
apture oligonucleotides and subsequent labeling wit
ntibody–enzyme conjugate und fluorescence detecti
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Fig. 1. Schematic drawing of the IPCR detection of Aviscumine on microtiter plates coated with an anti-Aviscumine capture-antibody. The immobilized
antigen is tagged with a tailor-made IPCR conjugate, containing an Aviscumine-specific antibody and the marker-DNA (I). Following to PCR amplification of
marker-DNA (I) and competitor-DNA (II), the PCR-products, labeled with digoxigenin are allowed to hybridize to microplate-bound capture oligonucleotides,
specific for either marker-(I) or competitor-DNA (II). For quantification, anti-digoxigenin alkaline-phosphatase conjugate and a fluorogenic substrate were used
[4].

the fluorogenic substrate AttoPhos (Roche), using a VICTOR
microplate multilabelcounter (Perkin-Elmer, Boston, US)
[7]. This detection of PCR-amplificate was also carried out in
duplicate.

2.6. Data analysis

The raw data of the eight ELOSA signals obtained for
each sample was processed as previously described[7]. In
brief, the average fluorescence signal intensities of the four
ELOSA samples obtained from the duplicate IPCR samples
were calculated separately for the marker (IM) and the com-
petitor DNA (IC):

IM = Ie1i1
M + Ie2i1

M + Ie2i2
M + Ie2i2

M

4

IC = Ie1i1
C + Ie2i1

C + Ie1i2
C + Ie2i2

C

4

Wherein, for instance, “Ie1i1
M ” is the ELOSA fluorescence

signal intensity no. “1” of the IPCR sample no. “1” of the
marker-DNA, and e.g. “Ie2i1

C ” is the ELOSA fluorescence sig-
nal intensity no. 2 of the IPCR sample no. 1 of the competitor-
DNA, and so on.

a
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F

The calculated signals, given in arbitrary units [a.u.], were
plotted against the spiking concentration. In addition to linear
regression, a Harris regression model was used to obtain the
calibration curve of the first samples (P #1–11):

Y = 1

a + bXc

WhereinX is the calculated concentration (Cc) andY are the
IN values obtained by IPCR/PCR–ELOSA.

For P #1–4 a method, error was calculated as the standard
deviation between at least two independent IPCR assays car-
ried out during initial method adaptation. Starting with P #5,
the experimental layout was standardized and the following
parameters were used for monitoring of the precision of the
assay.

The standard deviation of the double determination for
PCR–ELOSA (Se) was calculated fromIe1i1 andIe2i1 as well
as fromIe1i2 andIe2i2, respectively.

In addition, the average standard deviation of the IPCR
double determinations (Si ) was calculated by the comparison
of the two average values of the ELOSA double determination
Ii1 = ((Ie1i1 + Ie2i1)/2) and Ii2 = ((Ie1i2 + Ie2i2)/2) obtained for
each sample.

While the errors of PCR–ELOSA and IPCR double deter-
minations were calculated separately to monitor potential
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B
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a ents
Subsequently, the normalized ratio “IN” was calculated
ccording to:

N = IM/IC

IM−NC/IC−NC

herein IM−NC and IC−NC are the averageIM values
alculated for a triplicate analysis of the negative c
rol “t0”. Additionally, a normalization of the signa
btained only by marker-DNA without internal compe

or, calculated by dividingIM by IM−NC was carried ou
or evaluating the effect of the internal competitor.
omparison ofIM, IM/IM−NC and IN-values is given in
ig. 4B.
rror sources and/or outliers, the total error of the q
ification of the marker (STM) resp. competitor (STC) DNA
as calculated usingIe1i1

M , Ie2i1
M , Ie1i2

M , Ie2i2
M for SM and

e1i1
C , Ie2i1

C , Ie1i2
C , Ie2i2

C for SC.
The total error of the marker (SM) and the competitor (SC)

uantification were combined according to:

T =
√

S2
TM + S2

TC

n addition to the BISEKO control samples (BPC, B13PC,
NC), three individual spiked samplesVH, VM andVL were
repared for each patient dose (seeTable 1) using the indi
idual “t0” negative control plasma. These samples w
nalyzed using the individual calibration curve of the pati
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and the percent recovery rateR of the spiked concentration
was calculated according to:

R(%) = CC × 100

CS

whereinCC is the calculated concentration of the spiked sam-
ple (pg/mL) andCS is the spiked concentration of the spiked
sample (pg/mL).

3. Results and discussion

The IPCR method was used during the complete clini-
cal trial EORTC 16002/VIS009V1.01 for the quantification
of Aviscumine in samples of altogether 41 patients in 64
experiments (498 samples). Aviscumine was administered
intravenously over a period of 1 h at various concentrations
in the dose–escalation phase 1 trial.

3.1. Initial adaptations of the IPCR method

In the initial phase of the study, the original IPCR
assay[7], developed for the detection of Aviscumine in
standardized human serum (BISEKO), required further
optimization to generate valid data from patient plasma
samples. This experimental adaptation of the assay was
c The
g
A to
A quent
t les
a as
a
a of an
i
I in
l n of
b d by

an enzyme-linked oligonucleotide-sorbent assay (ELOSA).
Therein, the hybridisation of the digoxigenin-labeled PCR-
amplicons with solid-phase bound capture oligonucleotides
was quantified using an anti-digoxigenin antibody–alkaline
phosphatase conjugate and fluorescence detection[7].

During the comparison of calibration curves derived
from freshly prepared Aviscumine-spiking samples of either
BISEKO or frozen patient plasma, it was evident that the
sample handling and the freezing/thawing process signifi-
cantly decreased the signal-to-noise ratio for Aviscumine.
Thorough investigation of individual sample-handling
steps indicated that freezing/thawing procedures needed
to be carried out in a highly standardized manner (Fig. 2)
Moreover, it was found that exposure of the plasma samples
to room temperature should be minimized (seeFig. 2), while
short incubation times (t < 30min) on ice had no influence
on assay’s performance. For estimation of assay robustness
during sample handling, control samples from two individ-
uals were compared with 30, 10 and 0 min standing time in
combination with freezing at−20◦C and liquid nitrogen,
each as a negative control without Aviscumine and spiked
with a uniform concentration of the antigen, respectively.
Following normalization to negative controls, an average
standard deviation of 9.1± 4.6% was observed between the
two individuals compared to an average 5.1± 0.8% between
different standing times on ice. Average spike recovery for
w on
i e
o
a

res
w tions
c libra-
t ictly
r sam-
p n of
t ifica-
t ent’s

F IPCR ll as pati
c uantifi sma sam
w e store
arried out using sample materials from P #1–4.
eneral principle of the IPCR assay is outlined inFig. 1.
nti-mistletoe–lectin antibody, which specifically binds
viscumine, was used as the capture antibody. Subse

o the incubation of the Aviscumine-containing samp
n Aviscumine-specific antibody–DNA conjugate w
dded. The marker-DNA of this conjugate (I inFig. 1) was
mplified in the presence of a constant concentration

nternal competitor-DNA (II inFig. 1). During PCR DNA
I is co-amplified with the marker-DNA I and digoxigen
abels are incorporated. After PCR, the concentratio
oth products of the templates I and II was determine

ig. 2. Comparison of different sample handling protocols previous to
itrate plasma were spiked with Aviscumine and either immediately q
ere taken from an individual single patient. The frozen samples wer
as found at 95± 3% for plasma with 30 min bench-time
ce and subsequently frozen at−20◦C. With a standing tim
f 30 min/ice, the difference between freezing at−20◦C
nd liquid nitrogen was found at 3.7± 1.8%.

Eventually, the simulation of various freezing procedu
ith spiked model samples indicated that these varia
an be compensated for by using a frozen set of ca
ion samples as well as by the establishment of a str
eproducible freezing/thawing procedure for the plasma
les and control samples. The most important conclusio

hese investigation was that control samples for quant
ion curve/spiking need to be treated identical to the pati

quantification. Samples of BISEKO standardized human serum as weent
cated or frozen/thawed and subsequently analyzed. The patient plaples
d overnight at the given temperature.
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Fig. 3. Overview of theIM values obtained for control samples containing
40 ng/ml (positive control), 13 pg/ml or no Aviscumine (negative control).
Dots indicate the fluorescence signals obtained in the separate experiments
and bars show the average signal.Left: Two positive and one negative con-
trol of spiked standardized human serum samples (BISEKO). Note the high
homogeneity of the values with a total average standard deviation of 9.8% for
all values of BNC. Right: In contrast to the BISEKO samples, the samples
taken from the patient’s negative plasma previous to application of Avis-
cumine (zero plasma, t0) show a larger diversity. Here, an average standard
deviation of 18.5% and two outliers (P #11D1 and 15D1) were observed.
For one patient (P10D11, triangular dots), high values for both, BISEKO
and patient plasma were observed, indicating a systematic deviation in this
case.

plasma samples. These precautions effectively minimized
temperature-related deviations in between different experi-
ments.

Compared to a stable signal obtained for BISEKO pos-
itive and negative controls (BPC, BNC) these initial studies
also revealed significant fluctuations between the various
“t0” individual human plasma samples (Fig. 3). As discussed
below under “assay specificity” and robustness”, these vari-
ations, likely, reflect changes in the plasma composition of
individual patients leading to a low degree of non-specific
binding of the anti-mistletoe lectin antibodies, which are
usually not detectable by conventional ELISA but are now
becoming visible due to the high sensitivity of IPCR. Hence,
it was necessary to prepare individual calibration curves for
each patient under investigation from the respective “t0”
plasma sample.

The individual differences between the patients are obvi-
ous from the various calibration curves obtained from the
individual patients, shown inFig. 4. Employment of these
individual calibration curves and normalization against the
“t0” samples permitted us to compensate for the observed
fluctuations of background signal intensities of the patient
samples. Moreover, normalization using the internal competi-
tor for the calculation ofIN values further increased the qual-
ity of the signals (Fig. 4B), and therefore, enabled us to carry
out a valid quantification of the Aviscumine concentration.

While an overall good similarity of the calibration curves
was observed, the presence of individual differences between
the patients (for instance, see P #18 or P #26 inFig. 4A)
underline the necessity of individual calibration curves for
an optimized quantification in this system. Patient P #15 is
omitted in the figure due to the very high signal intensities
(see alsoFig. 3).

3.2. Quantification parameters

According to the method established for spiked BISEKO
samples[7], a linear regression of the log concentration
against the log of normalized signal intensity (logIN) was
carried out for Aviscumine quantification. Using this method,
the average correlation coefficient of the regression for P #1–8
was only 0.959± 0.02. Data evaluation with different regres-
sion methods revealed that uniformly an even better aver-
age correlation coefficient of 0.985± 0.01 could be obtained
using a Harris model instead of several simple non-linear
regression methods.

Following the observation that the concentration range of
the first calibration curve (Table 1(a)) was not sufficient for
the highest Aviscumine concentrations of 2400 ng/kg in P #9
and 3200 ng/kg in P #10, respectively, the calibration curve
was modified by (i) expanding the concentration range to up
t
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o 10.000 pg/mL for P #9–11 (Table 1(b)) and (ii) by placing a
ovel set of calibration samples into the observed linear r
f the expanded calibration curve (Table 1(c) andFig. 4), thus
liminating the need for non-linear regression models fo
emaining patients P #12–41.

This standardized calibration curve with a linear c
entration range between 100–6100 pg/mL Aviscumin
egular intervals of 1000 pg between the samples was
en according to the lower detection limit of 100 pg/mL
evealed by assay recovery in spiked plasma samples (VL, see
lso “assay sensitivity”, below). A very good linear cor

ation between spiked Aviscumine concentration and si
ntensity was found in this interval for all patients with
verage correlation coefficient of 0.97± 0.02.

.3. Assay precision

During the course of the clinical study, it was establis
hat the average standard deviation of the double determ
ion of the ELOSA (Se) was: 2.9± 1.2%, while the averag
alue of the standard deviation for the IPCR double dete
ation (Si ) was: 4.7± 2%.

The combined total errorST of marker- and competito
NA signals for an IPCR double determination did
xceeded a limit of 50%, as determined as threshold
alid assay. A singular exception observed for patient
ose 1,t = 1.5 h was identified as an outlier in the dou
etermination of the IPCR by Henning-test[15]. For quan

ification, this outlier was ignored and the concentration
alculated from the remaining six ELOSA values.
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Fig. 4. (A) Overview of the absolute fluorescence intensities (IM) obtained from the calibration curves for the marker-DNA for patients P #12–24 (seeTable 1(c))
and linear regression of the average signal intensity (thick black line,r2 = 0.99). Note that while the majority of the curves are similar in slope, larger differences
occur between individual patients. Some patients show uniformly lower (e.g. P #18D1 and D11: black diamonds and squares; P #26D1: black triangles) or
higher (e.g. P #14D1: white triangles, P #17D1: white squares) signals. For all patients, a good linear correlation between spiked Aviscumine concentration and
signal intensity with an average correlation coefficient for linear regression at 0.97 was found. (B) Effect of the normalization using the“t0” plasma from the
individual patients, exemplified by the signals obtained for 6100 pg/mL Aviscumine. Dots are indicating individual patient signals and bars indicate average
values. While the absolute fluorescence signals (IM, note the difference in scale) are largely scattering, the normalization with the t0-signals (IM/IM−NC, middle)
leads to more homogenous distribution, however, with low intensity values. The signal strength is increased if one calculates the ratio of these values and the
values measured for the internal competitor DNA, thus leading to the normalized ratio valuesIN (right).

The average value ofST was found at to be 9± 5%. TheST
values obtained for the individual samples are shown inFig. 5.
Uniformly, the signals are well separated and display only a
small and very homogenous error. No exceptional accumula-
tion of high errors and/or increase/decrease in total errorST
was observed.

3.4. Assay specificity and robustness

A comparison of the average absolute signal intensitiesIM
obtained for patient negative control samples “t0” with the
standardized BNC revealed that the patient plasma negative
controls yield a much higher average standard deviation of
18.5% than that observed for standardized human serum
BISEKO (9.8% forBNC, see alsoFig. 3). Moreover, the con-
trol assays with BISEKO revealed a very homogenous per-
formance during the complete time of the 3-year study. Only

for three measurements (accompanying patients P #3d1, P
#4d1, P #10d11 and P #11d1), higher values forBNC of larger
than 20% above the averageBNC were observed, whereby the
value for P #10d11 was identified as a true outlier according
to the Henning-test[15]. This particular sample also revealed
unusual high signal intensities significantly above the aver-
age signal intensities of all the other samples. Except of this
single outlier, the other values revealed a high homogeneity.
This, again, underlines the robustness of the IPCR assay for
quantifying the standardized control serum samples.

The inter-subject variability, i.e. variations occurring
through the use of t0 samples as the matrix for the standard
curve was determined as insignificant for quantification.
In the entire study, samples from dose 1 and 11 were
available from 22 individual patients. For the calculation of
intra-patient variations, the signal intensities were measured
for the zero plasma sample (t0, taken previous to the
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Fig. 5. Results of the quantification of Aviscumine in patient plasma samples, obtained by IPCR-quantification. (A) Patients P #1–10: Each patient received
an increasing dose of Aviscumine (P #1: 10 ng/kg, P #2: 20 ng/kg, P #3: 40 ng/kg, P #4: 100 ng/kg, P #5: 200 ng/kg, P #6: 400 ng/kg, P #7: 800 ng/kg, P #8:
1600 ng/kg, P #9: 2400 ng/kg, P #10: 3200 ng/kg); (B) patients P #12–13: 3200 ng/kg, P #14–19: 4000 ng/kg, P20–29: 4800 ng/kg; (C) patients P #30–36:
5600 ng/kg, P #37–41: 6400 ng/kg). For several patients, two dose groups (dose 1: first treatment, “D1” and dose 11: eleventh treatment after day 39, “D11”)
were studied. The error bar represents the total errorST, calculated as described in the text.

administration of Aviscumine) of both, dose 1 or 11. The
data revealed an average error of about 3.3%, including the
single outlier of patient #10.

Using the patient-specific individual calibration curves
(Fig. 4), the initial differences between patient plasma sam-
ples were compensated during quantification. The high
robustness of the Aviscumine IPCR of the patient plasma
samples was also evident from the overall very good recov-
ery rates observed in the spiked samples (seeTable 1). In
some patient samples, however, absoluteIM values 20%
above (P #7, d1 and 11, P #10 d11, P #12, d1 and 11, P

#14, d1) or below (P #7, d1 and 11, P #12, d1 and 11,
P #14, d1) the average absolute signal intensitiesIM were
observed. Nonetheless, the corresponding calibration curves
(seeFig. 4) permitted a quantification using the normalized
IN values without any aberration from the standard operat-
ing procedure. Notably, the hemolysis during citrate plasma
preparation, which occurred in a few plasma samples, was
also without any negative effects for IPCR quantification.

Exceptional high “t0” background signals were observed
for P #11, dose 1 and, to a lesser extent, also for P #15, dose 1.
There, the absolute fluorescence intensityIM was higher than
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10,000 a.u., as compared to an average signal of ca. 1,500 a.u.
for all other “t0” negative control samples. These two data
points were clearly identified as outliers. In both cases, the
corresponding BISEKO controlsBPC andBNC did not give
untypical results, and therefore, we concluded that the results
were due to an interfering patient plasma component. While
quantification could be carried out for P #15 dose 1 with an
increased averageST error of 21± 8%, no quantification was
possible for P #11. However, in retrospective comparison of
the patients following the study, P #11 also revealed atypical
fatigue grade 3 and died 17 days after this event[14], so that
the anomalous plasma background of this patient in IPCR
could possibly be linked to these conditions.

In conclusion, an overall high robustness and a good tol-
erance of the method against patient-specific variations was
observed, with only a single exception out of 41 patients
analyzed. Even in the case of exceptionally high or low back-
ground signals, the normalization to individual “t0” samples
enabled us to carry out the valid quantification of Aviscumine
concentration in the plasma.

3.5. Recovery and detection limit

With an average recoveryR of 95± 19% for all spiked
patient plasma samples (VH, VM, VL) in the investigation
(excluding P #11), the spike recovery values of the quan-
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Table 2
Recovery rates of Aviscumine concentrations higher than the concentration range covered by the calibration curve

Aviscumine samplet = 1 h P #12–19 (dose: 3200–4000 ng/kg
Aviscumine)

P #20–29 (dose: 4800 ng/kg Aviscumine) P #30–41 (dose: 5600–6400 ng/kg
Aviscumine

(a) Average concentration as
calculated by diluted sam-
ple (ng/mL)

12.6 23.3 35.9

(b) Average concentration
as calculated by undiluted
sample (ng/mL)

14.8 23.8 26.7

Comparison of “a” and “b” (in
percent “b”)

117 102 74

The values were calculated from average values oft = 1 h (Cmax) for selected patients by either (a) dilution of the sample in “t0” (1:3 f or P #12–18, 1:8 for P
#19–41) or (b) by using the calibration curve and undiluted control samples.

1000–10,000-fold less sensitive for Aviscumine[7], and
hence, did not permit the valid quantification of Aviscumine
concentrations in this range.

3.7. Quantification results

Based on the results of the recovery measurements,
the Aviscumine concentrations within the patient plasma
samples were calculated using the recorded calibration
curves (seeTable 1andFig. 4) and the measuredIN values.
An overview of the Aviscumine concentrations is shown in
Fig. 5. Individual data suitable for kinetic calculation from
the decrease in Aviscumine concentration during time was
recorded for each patient (except P #11), no exceptional
outlier were observed. The overall increase of the Avis-
cumine concentration during the study is clearly visible
from the increase of theCmax (concentration measured after
t = 1 h subsequent to administration) for different patient

dose levels, shown inFig. 6. In addition, the IPCR assay
provided quantitative data which indicated the fast decrease
of Aviscumine concentration in the plasma during the
timeframe monitored (t = 1–24 h). Notably, only 13 out of
490 valid data points were below the quantification limit.
The lower concentrations measured for late time points of
the treatment cycle were also well accessible by the IPCR
assay.

Based on these results, pharmacokinetic data were cal-
culated and very recently reported by Schöffski et al. [14].
Briefly, the data revealed a uniformly short half-life of Avis-
cumine of 13 min as well as a linear kinetics on dose levels
≥1600 ng/kg.Fig. 6 shows the linear correlation between
averageCmax values found in two different dose groups (D1
and D11) and plasma concentration of Aviscumine measured
by IPCR. Starting with P #9 (2400 ng/kg), a linear regression
of the average concentrations revealed a correlation coeffi-
cient of 0.98.

F ions in stration. For
1 s stud n 4 and 10
i /kg: P ated with the
s nts as later treatm
c nificati betwe
a rves4].
ig. 6. Correlation between Aviscumine dose levels and concentrat
0–2400 ng/kg Aviscumine, only 1 patient (P #1–9, respectively) wa

ndividuals (3200 ng/kg: P #10–P #13, 4000 ng/kg: P #14–19, 4800 ng
ame dose. The figure shows average concentrations for these patie
ycle (dose 11 after day 39, white squares). The inset shows the mag
dministered dose and concentration measured in plasma for both cu[1
plasma as quantified by IPCR in the sample taken 1h after admini
ied for each dose. Starting with 3200 ng/kg, cohorts ranging betwee
#20–29, 5600 ng #/kg; P #30–36 and 6400 ng/kg: P #37–41) were tre
calculated from samples of the first (dose 1, black diamonds) and aent
on of the 10–2400 ng/kg concentration range. Note the linear relationen the
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4. Conclusions

This work describes the development and application of
an IPCR assay for the routine analysis of a large number of
plasma samples in the context of a clinical trial study for the
development of the cytostatic drug Aviscumine. To adjust a
previously reported IPCR assay[7], some minor alterations
were carried out which included the adaptation of the
calibration curves and the handling of the plasma samples.
The optimized IPCR assay allowed the quantification of the
Aviscumine directly from plasma samples without any cum-
bersome and time-intensive work-up and purification steps.
The IPCR assay proved to be very sensitive, highly robust
and well suited for quantification of Aviscumine concentra-
tions in the studied range of 100 to approx. 40,000 pg/mL
within the patient plasma samples. The assay revealed a
very good recovery and precision, thus providing valuable
data for the generation of pharmacokinetic parameters.
For instance, the IPCR assay revealed a linear relationship
between the administered dose and the maximum Avis-
cumine concentrationCmax found in the blood plasma taken
1 h after application of the drug (Fig. 6). Moreover, the
Aviscumine half-life in plasma could be calculated[14],
which is significant for further evaluation of this novel drug.

To the best of our knowledge, this is the first appli-
cation of the IPCR method in a routine clinical study.
T this
w s an
E on-
s rform
a n be
d logy
a ases
t
a the
p d on

the basis of ELISA, but will also open up entirely new fields
in diagnostics and quality control.
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