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Plasma Cell Disorders

Introduction

Multiple myeloma (MM) remains largely incurable despite
high-dose chemotherapy with autologous stem cell trans-
plantation and novel treatments with different immunomod-
ulatory drugs and proteasome inhibitors. Patients eventually
become resistant to all novel agents and subsequently suc-
cumb to the disease. There is, therefore, an unmet medical
need to develop new treatment modalities for patients with
relapsed and refractory MM. 
Although effective in other lymphoid malignancies,

immunotherapy with monoclonal antibodies has been largely
unsuccessful in the treatment of MM. However, the situation
is now changing and various antibodies with proven activity
as single agents or in combination with other drugs are
emerging as therapies in MM. In the past 10 years, more than
ten therapeutic antibodies for the treatment of MM have
been evaluated in clinical trials and many more are currently
at different stages of preclinical development.1,2 At present,
novel candidates, including elotuzumab (anti-CS-1), daratu-
mumab (anti-CD38) and lucatumumab (anti-CD40), are
being explored in phase 1-3 trials, with promising results in
phase 1/2 trials, although their success remains to be estab-
lished.3-7

PAT-SM6, a fully human immunoglobulin type M (IgM)
antibody, targets a cancer-specific isoform of a normal cellular
protein, glucose regulated protein 78 (GRP78).8,9 In normal
cells, GRP78 is a major endoplasmic reticulum chaperone that
facilitates protein assembly and regulates endoplasmic reticu-
lum stress signaling. In malignant cells, it has been shown that
isoforms of GRP78 can exist outside the endoplasmic reticu-
lum, in the mitochondria, the cytosol and on the cell surface.
GRP78 is a potent anti-apoptotic protein that plays a crucial
role in tumor progression and angiogenesis, metastasis and
resistance to chemotherapeutics including proteasome and
BRAF inhibitors.10-14 Increased expression levels of GRP78 in
cancer cells have been correlated with an adverse prognosis
and drug resistance in various cancers including breast, ovari-
an, lung, gastric and prostate malignancies.12,15,16 The expres-
sion of GRP78 on the surface of cancer cells, but not normal
cells in vivo, presents a paradigm shift on how GRP78 controls
cell homeostasis and provides an opportunity for cancer-spe-
cific targeting.
We have previously demonstrated that PAT-SM6 targets a

novel isoform of GRP78 that is expressed on the surface of a
majority of primary MM specimens and cell lines tested with
no significant reaction to primary non-malignant hematopoi-
etic tissue including normal plasma cells.17 PAT-SM6 treat-

©2015 Ferrata Storti Foundation. This is an open-access paper. doi:10.3324/haematol.2014.117945
The online version of this article has a Supplementary Appendix.
Manuscript received on September 30, 2014. Manuscript accepted on January 23, 2015.
Correspondence: stephanie.braendlein@uni-wuerzburg.de

The primary objective of this phase 1 study was to evaluate the safety and tolerability of the anti-glucose regulated
protein 78 monoclonal immunoglobulin M antibody PAT-SM6 in subjects with relapsed or refractory multiple
myeloma. Twelve heavily pretreated patients received four intravenous infusions of PAT-SM6 at doses of 0.3, 1, 3,
and 6 mg/kg within 2 weeks. Efficacy, pharmacokinetics and immunogenicity were followed up until the end of
the trial (day 36). In addition, immune cell patterns in peripheral blood were assessed by flow cytometry and glu-
cose regulated protein 78 expression status was evaluated in bone marrow specimens by immunohistochemistry
and flow cytometry at screening. All doses administered were found to be safe and well tolerated; the maximum
tolerated dose was not reached. The most common treatment emergent adverse event was leukopenia (grades 1
and 2) in eight out of the 12 multiple myeloma patients. Pharmacokinetic analysis demonstrated dose-proportional
increases in drug serum concentration. The terminal half-life ranged from 5.86 to 8.41 h, the apparent volume of
distribution ranged from 101 to 150 mL/kg, and clearance ranged from 8.11 to 16.1 mL/h/kg. All patients showed
glucose regulated protein 78 surface expression on multiple myeloma cells. Four out of the 12 patients (33.3 %)
had stable disease, according to the International Myeloma Working Group criteria, after PAT-SM6 treatment
across the doses 1, 3 and 6 mg/kg. In summary, single-agent PAT-SM6 was well tolerated with modest clinical
activity in relapsed or refractory multiple myeloma. Further trials exploring the combination of PAT-SM6 with
existing myeloma therapies are planned. Trial registration: clinicaltrials.gov identifier: NCT01727778
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ABSTRACT



ment of MM cells leads to significant cytotoxic effects
through induction of apoptosis as the main mode of action
and activation of complement-dependent cytotoxicity as a
second killing mechanism. Furthermore, GRP78 is an
interesting target in MM due to its sensor function in the
unfolded protein response pathway.13,18
PAT-SM6 has been further investigated in various cancer

animal models and has been shown to induce significant
reductions in metastasis and/or tumor size and volume.19,20
In formal toxicology evaluations, PAT-SM6 showed no
adverse effects up to repeated doses of 50 mg/kg in
cynomolgus monkey studies. PAT-SM6 appears to be safe
and well tolerated and demonstrated encouraging prelim-
inary anti-tumor activity when used at low doses in
patients with recurrent ‘in-transit’ cutaneous melanoma.20
Based on these promising preclinical observations, the

clinical study of PAT-SM6 in MM was initiated. 

Methods

Patients
Adult patients with relapsed and/or refractory MM who had

received at least two previous lines of treatment including an
immunomodulatory agent (thalidomide or lenalidomide) and a
proteasome inhibitor and were showing progressive disease, as
defined by the International Myeloma Working Group (IMWG)
criteria21 were included.
Patients had Eastern Cooperative Oncology Group (ECOG) per-

formance status grade 0 - 2 at study entry, an absolute neutrophil
count ≥1000/mm3, a platelet count ≥30x109/L, hemoglobin level >8
g/dL and adequate renal function, with a calculated creatinine
clearance (using the Cockcroft-Gault formula) of >30 mL/min. 

Study design and treatment
This study was approved by the Paul-Ehrlich Institute and the

local ethics committee of the University of Würzburg and con-
ducted in accordance with the Declaration of Helsinki.
The primary study objective was to assess the safety and toler-

ability of escalating doses of the anti-GRP78 monoclonal antibody

PAT-SM6 in subjects with relapsed or refractory MM. The second-
ary objectives were to evaluate the efficacy and pharmacodynam-
ics, exploratory biomarkers and anti-PAT-SM6 antibodies. The
study also aimed to evaluate the duration of response and progres-
sion-free survival.
PAT-SM6 was administered intravenously over 90 min. Patients

in four dose cohorts (0.3, 1, 3 and 6 mg/kg) were treated on days
1, 3, 8 and 10 (Figure 1). Due to limited amount of antibody prod-
uct available, the study was designed as a small pilot trial of four
increasing doses rather than an open trial with ongoing dose esca-
lation and treatment of patients until progression. Patients
received pre-medication with antihistaminic  drugs. Prior to each
dose escalation, the DSMB met to review the tolerability and tox-
icity in the previous dose group.
A screening examination was performed within 14 days prior to

dosing and subjects returned for outpatient evaluations on days
15, 22, 29 and 36 for safety and response and for pharmacodynam-
ic assessments.

Criteria for evaluation
Safety parameters were evaluated using Common Terminology

Criteria for Adverse Events (CTCAE) criteria. Efficacy and myelo-
ma response were evaluated according to the IMWG uniform cri-
teria. 

Pharmacokinetics
PAT-SM6 concentration was measured pre-dose, 0.5 h after

starting the infusion, at the end of the infusion (1.5 h) and after 3
h, 6 h and 24 h on days 1 and 10 and pre-dose on days 3 and 8.
Pharmacokinetic parameters: maximum plasma concentration
(Cmax), time to reach maximum serum concentration (Tmax) and area
under the plasma concentration-time curve from time zero to the
last measurable concentration (AUClast) were calculated. Serum
concentrations of PAT-SM6 were assessed by an enzyme-linked
immunosorbent assay (assay range, 500-75000 ng/mL).

Immunogenicity
Human anti-human antibodies against PAT-SM6 were meas-

ured in patients’ serum using an electrochemiluminescent
immunoassay method with meso scale discovery technology. 
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Figure 1. Study design.  Len: lenalidomide; BTZ: bortezomib; anti-ID: anti-idiotype antibody specific for PAT-SM6. PK: pharmacokinetic.



Immunohistochemistry
Immunohistochemical studies on paraffin-fixed sections of

bone marrow biopsies from MM patients were performed as
reported previously.20,22 

Flow cytometry
Mononuclear cells from patients’ bone marrow samples were

separated using Ficoll gradient (Biochrom, Berlin, Germany).
CD138-positive MM cells were prepared for flow cytometry
analysis as previously described.17

Immunfluorescence microscopy
Peripheral blood was collected before and 120 min after PAT-

SM6 therapy. Mononuclear cells were separated using Ficoll gradi-
ent. CD138-positive MM cells, obtained using positive selection
with anti-CD138 microbeads (Miltenyi Biotech, Bergisch-
Gladbach, Germany), were used for the immunohistochemical
studies as described elsewhere.17 The primary antibodies were
PAT-SM6 anti-idiotype antibody (rabbit, Patrys GmbH,
Würzburg, Germany) and anti-CD138 antibody (Dako, Hamburg,
Germany). The secondary antibodies were anti-rabbit IgG
AlexaFlour®555 (Life Technologies/Invitrogen, Darmstadt,
Germany) and rabbit anti-mouse IgG-FITC (BD, Heidelberg,
Germany).

Results

Patients’ characteristics
The study was conducted between November 2012 and

March 2014 at the University Hospital Würzburg,
Germany. A total of 12 subjects were included in the
intention-to-treat population. Three subjects were allocat-
ed per cohort across four dosing cohorts (0.3, 1, 3 and 6
mg/kg): all 12 patients received the treatment and com-
pleted the study. This intention-to-treat population was
used for all summaries of baseline and demographic data
as well as for all summaries of safety and efficacy data.
The demographic and baseline characteristics of the
patients are summarized in Table 1. 
All subjects recruited into the study were Caucasian and

had a median age of 69.5 years with a long history of MM
(range, 3.25 to 15.75 years). They had been treated with
multiple lines of therapy (range, 2-7; median 3.9 prior
lines). Induction therapy, mobilization of autologous stem
cells and high-dose melphalan with stem cell transplanta-
tion as well as maintenance were considered as one line of
therapy.
As shown in Table 1 all patients had received lenalido-

mide and bortezomib and at least a single autologous stem
cell transplant. Seven out of 12 (58.3%) patients had
received thalidomide. In addition, carfilzomib was used in
one patient, and pomalidomide was used in two of the 12
patients. 
Relapse during or within 6 weeks after completion of a

bortezomib- or lenalidomide-containing therapy was seen
in three and four of the 12 patients, respectively (Online
Supplementary Table S1). These patients were, therefore,
refractory to novel agents. 

Safety
All 12 subjects received the complete dose of PAT-SM6

administered intravenously via a volumetrically controlled
infusion pump over a 90 min period, according to the pro-
tocol and are included in the safety analysis.

A total of 54 treatment-emergent adverse events (TEAE)
were reported by the 12 subjects across the four dose
cohorts, with all patients having at least one TEAE
(100%). No dose-limiting toxicities were observed during
the study and no deaths were reported. The maximum
tolerated dose had not been reached at 6 mg/kg, the max-
imum dose used in this study. 
Twenty-one TEAE out of the 54 reported were consid-

ered PAT-SM6-related by the investigators: seven out of 16
TEAE after the 0.3 mg/kg dose, five out of 11 after the 1
mg/kg dose, eight out of 20 TEAE after the 3 mg/kg dose
and one out of seven TEAE after the administration of the
6 mg/kg dose of PAT-SM6. 
As shown in Table 2, the most frequently reported

TEAE were leukopenia and neutropenia. All events were
of mild or moderate intensity and it was difficult to assess
with certainty whether they were due to PAT-SM6 treat-
ment or due to progression of the disease. Lymphopenia
was not observed in the study. 
Other related adverse events reported included hyper-

tension, infections, skin disorders and back pain. Increases
in C-reactive protein and triglyceride levels were observed
in some patients. The increases in C-reactive protein were
mild and experienced by four patients (33.3%) and only
one case was judged to be drug-related. Hyperuricemia,
amylase and lipase increases were not drug related.
More than 80% of the TEAE were of mild to moderate

intensity. Two patients (16.6%) experienced one serious
TEAE each. One patient in the 0.3 mg/kg cohort reported
acute back pain and one patient in the 3 mg/kg cohort
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Table 1. Patients’ demographics and baseline disease characteristics.
Demographic/characteristic Value

Age (years)
Median (range)                                                                            69.5 (65-74)
Race, n. (%)
Caucasian                                                                                           12 (100)
Sex, n. (%)
Male                                                                                                    10 (83.3)
Female                                                                                                2 (16.6)
Myeloma type, n. (%)
IgG                                                                                                       8 (66.6)
IgA                                                                                                        2 (16.6)
Light chain                                                                                         2 (16.6)
% Bone marrow infiltration
Median (range)                                                                              30 (10-70)
M protein (g/L of IgG, if assessable)
Median (range)                                                                        23.57 (10.2-43.6)
Years since first diagnosis 
Median (range)                                                                         6.9 (3.25-15.75)
History of myeloma treatment
Previous lines of therapy, median (range)                               3.9 (2-7)
Pre-exposed to:                                                                                        
Bortezomib, n. (%)                                                                          12 (100)
Lenalidomide, n. (%)                                                                      12 (100)
Thalidomide, n. (%)                                                                         7 (58.3)
Pomalidomide, n. (%)                                                                     2 (16.6)
Melphalan + ASCT, n. (%)                                                             12 (100)
Carfilzomib, n. (%)                                                                            1 (8.3)
PAT-SM6 binding to MM cells by IHC, n. (%)                            12 (100)

ASCT: autologous stem cell transplantation; IHC: immunohistochemistry.



reported a bile duct stone. Neither of the serious TEAE
was related to the study medication. The acute back pain
in the patient in the 0.3 mg/kg cohort was found to be due
to a pre-existing bone lesion and progression of myeloma
disease while the patient in the 3 mg/kg cohort was hos-
pitalized due to suspected choledocholithiasis and stone
extraction was performed.
Analysis and evaluation of clinical laboratory parame-

ters (hematology, coagulation, biochemistry and urinaly-
sis) as well as vital signs (heart and respiratory rate, blood
pressure, ECG, etc.) indicated that repeated administration

of 0.3, 1, 3 or 6 mg/kg PAT-SM6 did not result in signifi-
cant changes in health. No subjects withdrew consent to
participate in the study because of adverse events. 

Pharmacokinetics
All patients had measurable plasma PAT-SM6 concen-

trations. The mean pharmacokinetic variables are listed in
Table 3. There were three patients in each dose cohort and
all subjects received four doses of PAT-SM6 (on days 1, 3,
8 and 10). Samples for pharmacokinetic analyses were
taken pre-dose, 0.5 h after the start of the infusion, at the
end of the infusion (1.5 h) and at 3 h, 6 h and 24 h on days
1 and 10 and pre-dose on days 3 and 8.
As shown in Figure 2 and Table 3, the pharmacokinetic

pattern indicates linearly dose-dependent increases in
maximum serum concentrations (Cmax) of PAT-SM6, rang-
ing from 4341 ± 548 ng/mL for the 0.3 mg/kg dose to
74740 ± 28135 ng/mL for the 6 mg/kg dose. Systemic
exposure to the drug, demonstrated by the area under
curve (AUCt) was in line with the Cmax and showed a sim-
ilar linear behavior. The maximum serum concentration
was reached at the end of the infusion. The serum concen-
tration of PAT-SM6 then started to decrease at 3 h and 6 h
after administration. There was minimal accumulation
and no observable higher Cmax on continued dosing pre-
sumably due to the short half-life of about 7 h (Figure 2). 
The volume of distribution ranged from 101±56 to

150±43 mL/kg in the 1 mg/kg and 6 mg/kg dose cohorts,
respectively, while clearance ranged from 8.11±3.55 to
16.1±9.3mL/h/kg, suggesting little distribution outside the
systemic circulation and slow clearance. Of note, some of
these parameters were not calculable because of insuffi-
cient data after Tmax and large percentage AUC extrapola-
tions. The parameters of half-life, volume of distribution
and clearance were consistent across the dose levels (for
the 1, 3 and 6 mg/kg doses) and between cycles. 

Immunogenicity
All study subjects were screened for the development of

human anti-human antibodies against PAT-SM6 (day 15
and end of trial) and no immunogenicity was observed. 

Efficacy assessment
Efficacy was evaluated in terms of tumor response

(complete response, very good partial response, partial

Table 2. Treatment emergent adverse events (TEAE).
Total number of TEAE: 54 Total number of patients: 12
Type of TEAE All          Grade      Grade Drug 

Grade          1+2         3+4 related*

N. of patients with any TEAE 12 (100)                                
Hematologic laboratory abnormalities
Neutropenia 6 (50)        5 (41.6)     1 (8.3) 6 (50)
Leukopenia 8 (66.6)       8 (66.6)            8 (66.6)
Anemia 3 (25)          3 (25)             0
Thrombocytopenia 1 (8.3)         1 (8.3)             0
Infusion-related reactions
Thrombophlebitis, catheter related 1 (8.3)         1 (8.3)             1 (8.3)
Injection site erythema 1 (8.3)         1 (8.3)             1 (8.3)
Hypertension 3 (25)          3 (25)             2 (16.6)
Slight headache 1 (8.3)         1 (8.3)             1 (8.3)
Gastrointestinal
Diarrhea 1 (8.3)         1 (8.3)             0
Pain 1 (8.3)         1 (8.3)             0
Non-hematologic laboratory abnormalities
C-reactive protein increase 4 (33.3)       4 (33.3)            1 (8.3)
Hypertriglyceridemia 1 (8.3)         1 (8.3)             1 (8.3)
Hyperuricemia 2 (16.6)       2 (16.6)            0
Amylase increased 1 (8.3)         1 (8.3)             0
Lipase increased 1 (8.3)         1 (8.3)             0
Other TEAE
Lower leg edema 1 (8.3)         1 (8.3)             0
Left costal pressure pain 1 (8.3)         1 (8.3)             0
Back pain 1 (8.3)                            1 (8.3) 0
Bile duct stone 1 (8.3)                            1 (8.3) 0

*As judged by the investigator (including possible, likely and proven causality)

Table 3. Summary of pharmacokinetic parameters.
Dose Cmax Tmax t1/2 AUClast AUCinf Vz Cl
(mg/kg) (ng/mL) (h) (h) (h*ng/mL) (h*ng/mL) (mL/kg) (mL/h/kg) 

0.3 Cycle 1 4341 ± 548 1.51 ±0.01 NC 16045 ± 2455 NC NC NC
Cycle 2         4490 ± 381 2.05 ±0.85 17062 ±2509

1 Cycle 1 10004 ±921 1.53 ±0.05 7.71 ±0.47 69411 ±17241 78112 ±20032 150±43 13.5±3.9
Cycle 2         8219 ±1074 1.56 ±0.10 6.99 ±3.87 60661 ±28009 74259 ±32007 128±27 16.1±9.3

3 Cycle 1 29972 ±2589 1.53 ±0.02 7.44 ±2.32 262110 ±128267 304832 ±178464 116±28 11.9±5.2
Cycle 2         28381 ±1718 2.02 ±0.85 5.86 ± NC 219760 ±129061 225547 ± NC 112±NC 13.3±NC

6 Cycle 1 74740 ±28135 1.53 ±0.04 7.19 ±1.24 576780 ±180953 652013 ±209141 104±46 9.86±3.14
Cycle 2         68685 ±27500 2.02 ±0.79 8.41 ±1.11 673420 ±251073 818548 ±358312 101±56 8.11±3.55

Cmax: maximum serum concentration; Tmax: time to reach maximum serum concentration; t½: elimination half-life, AUClast: area under the curve; area under the serum concentration-time curve
from time 0 to the time of the last quantifiable concentration. This was not necessarily the 24-hour time point, especially for the early cohorts, in which levels of PAT-SM6 were undetectable
prior to 24 h), AUCinf (area under the serum concentration-time curve from time 0 to infinite time, calculated as the sum of AUClast and Clast/λz, in which Clast is the last observed quantifiable
concentration), Vz (volume of distribution) calculated as Cl/λz, Cl (total body clearance) calculated as dose/AUCinf, λz (first-order rate constant associated with the terminal portion of the
curve), determined as the negative slope of the terminal log-linear phase of the drug concentration-time curve. Data are mean ± SD; NC: not calculable.
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response, stable disease, progressive disease) using the
IMWG uniform response criteria for MM. The evaluations
were performed at baseline, at day 29 and day 36. A sum-
mary of the findings of the clinical assessment is presented
in Online Supplementary Table S1. 
All patients showed progressive disease (>25% increase

of M-protein) at study entry, in accordance with the inclu-
sion criteria. At the end of the trial one-third (4/12) of the
patients had stable disease (Figure 3) whereas the others
had progressed. Because stable disease is not necessarily
related to a clinical benefit, and can additionally be found
in patients with slow/smoldering myeloma progression,
the course of the four patients with stable disease was
analyzed in detail. 
Patient #4 (1 mg/kg cohort) entered the study with cyto-

genetically classified high-risk disease [del (13q), +1q21]
after having received five prior lines of therapy. The
patient was refractory to novel agents including pomalido-
mide and bortezomib. The therapy-free interval prior to
PAT-SM6 treatment was 1 month. During PAT-SM6 ther-
apy no symptoms of active myeloma occurred. Salvage
therapy was continued 1 week after the end of the study
at the request of the patient.
Patient #7 (3 mg/kg cohort) participated in the trial after

four lines of therapy over a 15-year history of myeloma.
The therapy-free interval prior to PAT-SM6 treatment was
30 months. After PAT-SM6 treatment the patient
remained therapy free for 4.6 months.
Patient #10 (6 mg/kg cohort) was heavily pretreated (6

lines of therapy), including tandem autologous stem cell

Targeting GRP78 in multiple myeloma
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Figure 2. Pharmakokinetics:
mean serum concentration
profiles of PAT-SM6 for dose
days 1 and 10 by dose level
(linear). There is a minimal
accumulation over the dosing
period, with similar serum
concentrations and pharma-
cokinetic parameters on day 1
and day 10. For the majority of
subjects, the maximal concen-
tration occurred at 1.5 h (end
of infusion). 

Figure 3. Changes in M-protein
from baseline to end of the trial.
Bars represent percentage
changes in M-protein from
baseline to day 36/end of the
trial. Four patients experienced
stable disease according to the
IMWG criteria.
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transplantation as well as several polychemotherapeutic
regimens. The therapy-free interval prior to PAT-SM6
treatment was 4 months. Salvage therapy was initiated 1
month after antibody treatment at the request of the
patient. 
Patient #11 (6 mg/kg cohort) received four lines of ther-

apy prior to entering the study and was refractory to
lenalidomide and thalidomide. The therapy-free interval
prior to PAT-SM6 treatment was 12 months. After PAT-
SM6 treatment the patient remained therapy free for 5.2
months.

PAT-SM6 target binding
Samples of bone marrow biopsies from all MM patients

were assessed for the pattern of expression of the PAT-

SM6 target structure by performing immunohistochemical
staining. PAT-SM6 showed specific and homogeneous
staining of MM cells in all patients, demonstrating that the
target GRP78 was expressed on the MM cells of all the
study patients. Representative samples of immunohisto-
chemical stainings of bone marrow specimens are present-
ed in Figure 4A. Flow cytometry analysis confirmed that
PAT-SM6 bound to the target on the cell surface of MM
cells obtained from bone marrow samples of the patients
(see examples in Figure 4A).
In vivo binding of PAT-SM6 to MM cells could be

demonstrated in two patients who had few detectable cir-
culating myeloma cells (<100 cells/mL) and gave informed
consent to additional blood sampling. CD138-isolated
MM cells were taken before and 120 min after PAT-SM6
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Figure 4. PAT-SM6 target binding (A) Immunohistochemical staining with PAT-SM6 on paraffin-fixed sections of MM patients and flow cytom-
etry analysis on MM cells from bone marrow. Tumor biopsies from patients with MM were collected, fixed in formalin and embedded in paraf-
fin. Positive control: anti-CD138; isotype control: unrelated human IgM. PAT-SM6 specifically stained multiple myeloma cells (magnification x
100). Images were captured using a Leica DM BL microscope, a Leica ICC HD digital camera and Leica LAS EZ V2.1.0 software. MM cells
obtained from bone marrow were analyzed by flow cytometry for PAT-SM6 cell surface binding. PAT-SM6 displayed binding to the cell surface
of MM cells. The isotype control (gray histogram) was unrelated human IgM antibody. (B) Detection of PAT-SM6 on circulating MM cells. Before
and after dosing, patients’ blood was collected and circulating MM cells were purified using CD138 magnetic beads. PAT-SM6 binding was
confirmed using an anti-idiotype antibody specific for PAT-SM6 (anti-ID) by confocal microscopy (Leica DMRE/ UV microscope). In the post-
treatment sample, red stained MM cells indicate the presence of PAT-SM6. Anti-CD138 was used as a positive control for MM cells (green). 
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treatment and stained with PAT-SM6 anti-idiotype anti-
body (anti-ID). MM cells from peripheral blood samples
taken after PAT-SM6 treatment but not in pre-treatment
blood samples showed antibody binding in an immuno-
fluorescent microscopy analysis. CD138-positive cells
were used as a positive control for MM cells (Figure 4B).
The results show that PAT-SM6 antibody was able to
detect and bind to the myeloma cells in patients’ blood.
Immune monitoring of all patients was conducted by

measuring levels of various immune cell populations
including T-cell subsets such as memory and activated
CD4 and CD8 cells, γ/δ T cells, NK/NKT and T regulatory
(Treg) cells (Online Supplementary Table S2). The levels of
these cells in patients’ blood at day 0 of the trial (before
PAT-SM6 treatment) were compared with levels measured
at day 10. Increases of CD8-positive T cells and NK cells
were observed in patients with stable disease. Results are
presented in the Online Supplementary Data (Online
Supplementary Figure S1). 

Discussion 

This single-center, dose-escalating study showed that
PAT-SM6 had a favorable safety profile in the cohort of 12
patients with relapsed and refractory MM.
Safety assessments showed that repeated administra-

tion of 0.3 mg/kg, 1 mg/kg, 3 mg/kg and 6 mg/kg doses of
PAT-SM6 were well tolerated. A maximum tolerated dose
was not reached. Limited availability of the antibody
product prevented inclusion of additional escalation dose
cohorts.
Overall, no trends were observed between dose cohorts

with regards to frequency, relationship, or severity of side
effects. The most frequently reported TEAE were neu-
tropenia and leukopenia which, at least in some patients,
could have been due to disease progression. Only one
injection site reaction was observed indicating that pre-
medication with antihistaminic drugs (H1-blocker clemas-
tine, H2-blocker ranitidine) was successful in preventing
allergic reactions. There was no need for steroid adminis-
tration throughout the study. 
Pharmacokinetic analysis of 12 MM patients demon-

strated apparent linear pharmacokinetics with a rapid dis-
tribution phase followed by a slower disposition phase
and a half-life of about 7 h.
In comparison, IgG antibodies have a half-life of approx-

imately 25 days depending on the IgG concentration in the
circulation and saturation of the FcRn receptor responsible
for preventing degradation of IgG antibodies.23 IgG, there-
fore, demonstrate concentration-dependent affinity
homeostatic binding to targets and receptors. Although a
similar Fc receptor binding mechanism may also be
involved in IgM pharmacokinetics,24 we may postulate
that, due to their pentameric structure, IgM demonstrate
high avidity and may bind to targets and receptors much
more strongly and be cleared more quickly from the circu-
lation than monomeric affinity defined IgG.
The short half-life of approximately 7 h of PAT-SM6

was comparable to the average half-life in the few other
IgM clinical studies available, ranging from approximately
1.76 h25 to 5 days.26
Although the parameters of half-life, volume of distri-

bution and clearance were consistent across the
increased doses used in this PAT-SM6 study, it remains to

be investigated whether administration at higher doses
would affect the general pharmacokinetic properties of
PAT-SM6. 
Using the IMWG response criteria, one third (33.3%)

of the patients had stable disease with a course of four
infusions of PAT-SM6 at various doses ranging from 1 to
6 mg/kg. These results are similar to those obtained with
other antibodies under clinical development for the treat-
ment of MM such as lucatumumab (anti-CD40) and elo-
tuzumab (anti-CS1). Forty-three percent (12/28) of
relapsed and refractory MM patients treated with lucatu-
mumab (doses 1-6 mg/kg) responded with stable disease
and one patient had a partial response.7 However, the
maximum tolerated dose for lucatumumab was reached
at 4.5 mg/kg, limiting the clinical benefit of this antibody
when used as a single agent. Nine out of 35 patients
(26.5%) treated with increasing doses of elotuzumab (0.5
– 20 mg/kg) responded with stable disease. Like PAT-
SM6 and lucatumumab, this antibody was used as a sin-
gle agent.6 Of note, response rates in patients with
relapsed or refractory MM improved significantly when
elotuzumab was combined with bortezomib (partial
response rates ranged from 48% to 92%)27 or lenalido-
mide and dexamethasone.28 Overall, compared with
chemotherapeutic agents, monoclonal antibody thera-
pies appear to be associated with fewer side effects and
have distinct mechanisms of action that make them
more suitable and effective when combined with other
anti-myeloma therapies, especially in patients with
chemotherapy-resistant disease.29
PAT-SM6 targets a surface isoform of GRP78 protein

that exists in a membrane-associated form in tumor cells
but has not been found on the surface of healthy cells.
Furthermore, Kern et al. demonstrated that a variety of
bortezomib-resistant solid tumor cell lines were able to
secrete high amounts of GRP78. Although the levels of
GRP78 expressed by myeloma cells were not as high as
those of cells of some solid tumors (prostate and colon),
the addition of recombinant GRP78 was still able to confer
bortezomib resistance to OPM-2 myeloma cells.
Knockdown of GRP78 gene expression in tumor cells and
immune-depletion of GRP78 protein from tumor cell
supernatants restored bortezomib sensitivity in vitro.12
Further studies elucidating the ability of PAT-SM6 to
deplete soluble GRP78 need to be performed.
In the course of the study interesting observations were

made regarding immune mechanisms of PAT-SM6.
Immunmonitoring indicated that PAT-SM6 might induce
an immune response by stimulating and increasing the
absolute number of CD8-positive and NK cells.
Interestingly, such changes were observed mainly in
patients who had experienced stable disease after treat-
ment with PAT-SM6 and may indicate specific crosstalk
between PAT-SM6 and T cells that warrants further inves-
tigation.
It has been postulated that IgM antibodies may be

responsible for linking the innate and adaptive immune
systems and that formation of antigen–IgM complexes
could lead to sustained humoral as well as cell-mediated
immune responses.30 The activation of T cells, and specif-
ically CD8-positive and NK cells, has been demonstrated
in vitro31-33 and in vivo34 to eliminate MM cells effectively.35
The ability of PAT-SM6 to increase NK cell numbers and
their activation may play an important role in stabilization
of relapsed-refractory MM disease and may be used as a
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surrogate marker for in vivo activity of PAT-SM6 in future
trials.
Treatment of relapsed-refractory MM continues to

present a therapeutic challenge, prompting a continued
search for additional therapeutic options. Although this
PAT-SM6 trial showed no objective responses according
to IMWG criteria, the results are encouraging because
they reflect in vivo activity in a difficult-to-treat popula-
tion. Targeting GRP78, which is responsible for resist-
ance in many cancers, highlights the prospective role of
PAT-SM6 in combination with existing therapies to over-
come tumor resistance. Furthermore, the favorable safety
profile of PAT-SM6 makes it a likely candidate for possi-
ble synergistic results while maintaining low toxicity.
Further studies with increased doses of PAT-SM6, longer
therapy intervals and possibly inclusion of more patients

with indolent/smoldering MM as well as studies combin-
ing PAT-SM6 with other MM drugs remain to be con-
ducted in the future. 
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