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Abstract.
Background: Immunotherapies targeting �-synuclein aim to limit its extracellular spread in the brain and prevent progression
of pathology in Parkinson’s disease (PD). PD03A is a specific active immunotherapy (SAIT) involving immunization with
a short peptide formulation.
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Objective: This phase 1 study characterized the safety and tolerability of PD03A in patients with early PD. A key secondary
objective was to evaluate immunological activity following immunization.
Methods: This was a phase 1 study of two different doses of PD03A versus placebo in PD patients. Patients were randomized
(1:1:1) to receive four priming plus one booster vaccination of PD03A 15 �g, PD03A 75 �g or placebo and were followed
for 52 weeks.
Results: Overall, 36 patients were randomized, of which 35 received five immunizations and completed the study. All patients
experienced at least one adverse event. Transient local injection site reactions affected all but two patients; otherwise most
AEs were considered unrelated to study treatment. A substantial IgG antibody response against PD03 was observed with
a maximum titer achieved at Week-12. Differences in titers between both active groups versus placebo were statistically
significant from the second immunization at Week-8 until Week-52.
Conclusion: The safety profile and positive antibody response of PD03A supports the further development of active
immunotherapeutic approaches for the treatment of PD.
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INTRODUCTION

Parkinson’s disease (PD), together with dementia
with Lewy bodies (DLB) and multiple system atro-
phy (MSA), is classified as a synucleinopathy based
on the shared pathogenic features of �-synuclein mis-
folding, oligomerization and formation of insoluble
intracellular aggregates [1]. �-synuclein constitutes
the major protein component of Lewy bodies [2],
and the progressive loss of dopaminergic terminals
(and subsequent motor impairment) is thought to
be triggered by the aggregation and build-up of
�-synuclein species that interfere with critical cell
processes [3]. There is also strong experimental evi-
dence for transsynaptic dissemination of aggregated
�-synuclein through the extracellular space and a
‘prion-like’ spread of �-synuclein oligomers [4–6].
Studies in transgenic animal models have suggested
that reducing oligomeric or aggregated forms of �-
synuclein and their spread across the brain may have
disease-modifying effects [7–10], providing a ratio-
nale to target pathological species of �-synuclein via
immunotherapy [9, 11, 12].

To date, several monoclonal antibodies directed
against �-synuclein have entered clinical develop-
ment including two large double-blind phase 2 trials
of passive immunotherapy in early PD [13–15]. One
of them has recently reported preliminary signals of
clinical efficacy after 52 weeks treatment [16]. These
passive approaches currently require monthly intra-
venous infusions – a practical disadvantage that could
be overcome through vaccination with specific active
immunotherapy (SAIT), which aims to elicit a sus-
tained, self-produced immune response against the
target protein. The first results for an active immu-
nization approach with the SAIT candidate, PD01A

in PD patients have recently been published show-
ing good safety and tolerability as well as substantial
target engagement and a boostable immune response
[17].

PD03A is a second SAIT candidate identified
within the same preclinical screening program that
identified PD01A. Like PD01A, it was selected for
early clinical development based on a set of fea-
tures including the specificity of the immune response
and promising results from proof-of-concept studies
in various models [18, 19]. The antigenic peptide
(PD03) consists of a short ten amino acid long
synthetic peptide that mimics an epitope in the
C-terminal region of �-synuclein. This peptide is
conjugated to the carrier protein keyhole limpet
hemocyanin (KLH) and adjuvanted with aluminum
hydroxide. The carrier protein provides the required
T cell helper epitopes for the generation of a long-
lasting, persistent, and boostable antigen-specific
antibody response while the PD03 peptide antigen
operates solely as a B cell epitope and is responsible
for the specificity of the humoral immune response.

The primary objective of this phase 1, 52-week
study was to characterize the safety, tolerability of
two different doses of PD03A (given as five injec-
tions) in patients with early PD. A key secondary
objective was to evaluate immunological activ-
ity following immunization, and we also included
exploratory clinical assessments.

METHODS

Study design and participants

This was a phase 1, randomized, double-blind,
placebo-controlled, 52-week study of two dosages of
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Fig. 1. PD03A phase 1 study scheme.

PD03A (15 �g and 75 �g) conducted in two Austrian
centers between 18 November 2014 and 23 August
2016. The study was performed in accordance with
Good Clinical Practice, the Declaration of Helsinki
with amendments (2013), Austrian Drug Law and
applicable international regulations. The protocol and
associated documents were reviewed and approved
by the institutional review boards of both centers, and
all patients provided written informed consent. The
study was registered at EudraCT (2014-000568-16).

Patients aged 45–68 years, with early stage PD [20]
(Hoehn and Yahr stages 1 to 2), and a time from PD
diagnosis of up to 4 years were eligible for inclusion.
Patients had to be on stable symptomatic therapy with
levodopa, dopamine agonists, MAO-B inhibitors or
combinations; all antiparkinsonian drug classes were
allowed if kept at a stable dose for ≥ 3 months
before study entry. During the study, adjustments
to PD medications were made according to inves-
tigator judgement of clinical need. Baseline imaging
results (dopamine transporter-SPECT and MRI) had
to be consistent with a diagnosis of idiopathic PD.
Patients were excluded if they had dementia, a his-
tory of relevant autoimmune disease, recent history
of cancer, active infectious disease, relevant systemic
illness, and history of relevant psychiatric illness.
Patients who had previously received experimental
immunotherapeutic treatment or immunosuppressive
drugs were also excluded.

Eligible patients were randomized (1:1:1) to re-
ceive subcutaneous injections of either PD03A 15 �g,
PD03A 75 �g or matching placebo (i.e., aluminum
hydroxide in PBS). Doses refer to the net peptide
amount of the applied drug product. The random-
ization sequence was computer-generated using the

permuted blocks method with fixed block size. Prim-
ing immunizations were given at Weeks 0, 4, 8, 12,
and a single booster immunization was given at Week
36 (Fig. 1). Following each immunization, patients
were closely monitored for 1 hour and potential late-
phase allergic reactions were assessed via telephone
interview on the following day. Patients were fol-
lowed for 52 weeks after the first vaccination (16
weeks after the last vaccination). Serum samples were
collected at screening, baseline and Weeks 4, 8, 12,
24, 36, 40, and 52. A lumbar puncture with CSF sam-
pling was performed during the screening period and
at Week 40 or early discontinuation.

Safety and tolerability assessments

Safety and tolerability were assessed as primary
endpoints through the recording of local or sys-
temic treatment emergent adverse events (TEAEs)
including serious and/or non-serious TEAEs possi-
bly related to the study drug as well as TEAE-related
study discontinuations. Patients completed diaries to
record any injection site reaction and/or systemic
reactions, on a daily basis, over a period of 7 consec-
utive days following each vaccination, starting about
eight hours after the first vaccination. Injection site
reactions (erythema, edema, induration) were clas-
sified as ‘severe’ if they were > 10 cm in diameter
and pain was classified as severe if preventing daily
activity or requiring use of narcotic pain reliever. In
addition, patients had a complete physical examina-
tion, including vital signs, standard hematology and
clinical chemistry assessments, urinalysis and serol-
ogy at each study visit. Cranial magnetic resonance
imaging (MRI) was performed at baseline, visit 8
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(Week 24) and end of study and assessed for volu-
metric changes as well as any changes suggestive of
encephalitic reactions (e.g., vasogenic edema, menin-
goencephalitis, meningioma, and microhemorrhage).

Key secondary outcomes

The key secondary objective of the study was to
assess immunological activity following the immu-
nizations. Serum samples were serially diluted (1:3
dilution steps) and evaluated by an external provider
(eBioscience, Vienna, Austria) using an ELISA val-
idated to specifically detect IgG antibodies. IgG
reactivity was tested against the immunizing pep-
tide PD03 and against the PD03 related naturally
occurring �-synuclein target epitope, which repre-
sents a surrogate for the target protein structure. Titers
were immune characterized for reactivity with PD03
and the native epitope on the target �-synuclein pro-
tein. A serial dilution of a human IgG pool coated
to the ELISA plate was used as a calibration curve
and results are presented as geometric mean end-
titers (defined as last serum dilution which gave a
signal that was higher than the signal of the calibra-
tion curve at penultimate dilution). Titers were also
determined to the carrier protein KLH (to confirm
patients’ immune competence); these were reported
as half max titers. In addition, the presence of
treatment-induced �-synuclein specific antibodies in
the cerebrospinal fluid (CSF) was also evaluated.

Exploratory outcomes

Clinical parameters including the Movement Dis-
order Society-Unified Parkinson´s Disease Rating
Scale (MDS-UPDRS) [21], Non-Motor Symptoms
Scale (NMSS) [22], PD Quality of life questionnaire
(PDQ39) [23], Investigator’s global evaluation [24],
and a cognitive test battery (Wisconsin Card Sorting
Test, Hopkins Verbal Learning Test, Benton Judge-
ment of line orientation, Letter Number Sequencing
Test, Symbol Digit Modalities Test, Paced Audi-
tory Serial Addition Test and Montreal Cognitive
Assessment) were assessed by blinded-raters during
screening and at week 24 and 52. DaT-SPECT scans
(DaTscan [GE Healthcare, Chicago, IL, USA] with
Siemens, Dual Head Nuclear Camera, Erlangen, Ger-
many) were performed at baseline and Week 52 or
early discontinuation visit (EDV). Changes in stri-
atal DAT binding ratios were calculated using the
occipital cortex as the reference, and analyses were
performed in the native acquisition space.

Statistics

Due to the explorative nature of this first-in-human
study, no formal statistical sample size calculation
was performed. The study was designed to pro-
vide a precision of estimation for frequent AEs and
side effects (35% occurrence) of ± 30% for n = 10
and ± 10% for n = 30 (two-sided 95% confidence
intervals). The safety set included all patients who
entered the study and received at least one dose of
study medication. Immunological and clinical analy-
ses were performed on the ITT population. Immune
responders (i.e., patients with seroconversion) were
defined as PD03A immunized patients with PD03
peptide titer ratio ≥ 4 fold relative to baseline. Lon-
gitudinal MRI volumetric analysis was performed
using a mixed models procedure including age and
sex as covariates; all volumetric measures were
adjusted for total intracranial volume.

Patients were analyzed according to the treatment
received. Data are primarily descriptive, with no
imputation for missing data. Between group differ-
ences were assessed by t-test (normally distributed
data) or non-parametric Wilcoxon rank sum test (if
non-normal distribution). The baseline value was
defined as value of the last assessment before the
first vaccination. If the baseline assessment was not
available, a value from assessment at Screening was
used as a baseline. All analyses were performed using
SAS® software (Version 9.4).

RESULTS

The study was conducted between November
2014 and August 2016, 36 patients with early stage
idiopathic PD were randomized and 35 completed
the study and received all injections of study drug
(Fig. 2). One patient in the placebo group discon-
tinued after two injections due to a new diagnosis
of polymyalgia rheumatica which was an exclusion
criterion for the trial. Baseline characteristics were
similar between study groups (Table 1).

Safety and tolerability

All patients of all study groups experienced
treatment-emergent adverse events (TEAEs, total of
805 events) (Table 2). Systemic AEs were infrequent
and transient, while local injection site reactions (ery-
thema, swelling, induration, warmth, pain, pruritus,
granuloma) affected all but two male patients. In
general, local injection site reactions were reported
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Fig. 2. Patient disposition.

Table 1
Baseline characteristics

Parameter 15 �g PD03A 75 �g PD03A Placebo
(N = 12) (N = 12) (N = 12)

Age (y); mean (SD) 58.7 (7.4) 54.9 (6.5) 61.4 (4.6)
Sex (Female/Male); n (%) 7 (58.3)/5 (41.7) 2 (16.7)/10 (83.3) 5 (41.7)/7 (58.3)
Mean duration of PD (y); (SD) 1.7 (1.2) 2.3 (1.3) 2.0 (1.2)
Anti-Parkinson drugs; n (%) 11 (91.7) 12 (100) 12 (100)

Dopamine agonists 9 (75.0) 11 (91.7) 8 (66.7)
MAO-B inhibitors 6 (50.0) 6 (50.0) 8 (66.7)
Levodopa 4 (33.3) 8 (66.7) 5 (41.7)

Table 2
Treatment-emergent adverse events

15 �g PD03A 75 �g PD03A Placebo
(N = 12) (N = 12) (N = 12)

Patients with ≥ 1 TEAE; n (%) 12 (100) 12 (100) 12 (100)
Patients with ≥ 1 serious TEAE; n (%) 2 (16.7) 0 3 (25.0)
Patients with any TEAE leading to treatment discontinuation; n 0 0 0
Patients with ≥ 1 local site reaction; n (%) 12 (100) 10 (83.3) 12 (100)

Treatment emergent, treatment-related∗ systemic AEs occurring in ≥1 patient in any group∗
Headache; n (%) 0 1 (8.3) 0
Fatigue; n (%) 0 0 1 (8.3)
Myalgia; n (%) 1 (8.3) 1 (8.3) 0

∗considered probably or certainly related to study treatment.

within 7 days post-vaccination, and most of them
were of mild or moderate intensity and all of them
transient. Twelve injection site reactions were rated
as severe and were recorded for 4 patients receiv-
ing active treatment: injection site erythema (n = 1
receiving PD03A 15� g and n = 2 patients receiv-
ing PD03A 75 �g) and injection site swelling (n = 1
patient receiving PD03A 15 �g and n = 1 patient
receiving PD03A 75 �g). All of these resolved within
a week and none led to study withdrawal. There was
no trend for increased severity of skin reactions with
successive injections.

Eight serious TEAEs were reported in five patients
(n = 3 in the placebo group, n = 2 in the 15 �g group,

and none in the 75 �g group); all were considered
unlikely or unrelated to study treatment (placebo:
unstable angina, n = 1; mitral valve incompetence
n = 1; syncope & lumbar fracture n = 1; PD03A
15 �g: inguinal hernia n = 1, traumatic brain injury
with subdural hematoma following a fall n = 1). There
was no consistent trend for a dose-effect relationship
with respect to TEAEs and no TEAE led to study
treatment discontinuation.

On MRI, the active-treatment arms showed stable
whole brain, ventricular and hippocampal volumes;
trends to decreasing putaminal and pallidal volumes
were observed in all three groups (Supplementary
Figure 1). No new MRI abnormalities occurred after
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Fig. 3. Geometric mean antibody titers over time for (A) PD03A peptide and (B) native target sequence on �-synuclein.

the baseline scan, with the exception of one patient in
the 15 �g group who developed a subdural hematoma
related to a fall. No significant changes were reported
for laboratory parameters or vital signs and there were
no clinically significant abnormalities in any param-
eter reflecting activation of the immune system.

Immunogenicity results

Both the low dose and the high dose immuniza-
tion with PD03A induced a sustained IgG antibody
response against the immunizing peptide PD03

(Fig. 3A). Titers peaked at week 12 (4 weeks after
the third immunization) and subsequently declined
with a half-life of approximately 12-14 weeks. The
geometric group mean titer of antibodies against the
immunizing peptide PD03 increased from 1:73 at
baseline to 1:2653 at week 12 in the 15 �g dose group,
and from 1:94 to 1:3240 in the 75 �g dose group.
Booster immunization at week 36 reactivated the spe-
cific antibody response with peak titers achieved 4
weeks after the injection resulting in geometric group
mean titers of 1:2401 in the 15 �g group and 1:2247
in the 75 �g dose group. Twenty one out of 24 patients
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(88%) from the active groups showed immunologi-
cal responses towards the PD03 peptide indicating
that most of the patients met the predefined cutoff
for serum conversion against PD03 at a factor level
of at least or higher than 4 times baseline. Differ-
ences in titers between both active groups compared
to placebo were statistically significant (p > 0.050)
from the second immunization at Week 8 until Week
52. No statistically significant difference was seen
between immune responses to the 15 �g and 75 �g
dosages.

Antibody titers against the �-synuclein target epi-
tope were lower than those detected against PD03, but
the profile of antibody development was very simi-
lar (Fig. 3B). Geometric mean titers increased from
1:90 at baseline to 1:148 after three immunizations
in the 15 �g dose group and from 1:71 to 1:270 in
the 75 �g dose group, respectively. In both groups
the booster injection induced higher geometric mean
titers than those overserved with the priming injec-
tions reaching titers of 1:244 in the 15 �g dose group
and 1:305 in the 75 �g dose group. Thus, the pri-
mary immunization produced a substantial memory
effect that was reactivated and augmented during the
booster immunization. Statistically significant differ-
ences compared to placebo were detected for the
15 �g PD03A group after the second immuniza-
tion at week 8 (p = 0.0189) and at after the booster
immunization at week 40 (p = 0.0258). For the 75 �g
PD03A group, significant differences were detected
after the second immunization at week 8 (p = 0.0175)
until week 24 and after the booster immunization
at week 40 (p = 0.0175). There were no significant
differences between the two dose levels.

All patients (both active groups) demonstrated an
immune response towards KLH with a titer profile
very similar to that observed with the immunizing
PD03 peptide and the �-synuclein target epitope,
thus demonstrating a general responsiveness of the
patients’ immune system (Supplementary Figure 2).
As expected, antibody reactivity to the immunizing
peptide PD03, to the �-synuclein target epitope and
to the carrier protein did not change over time in
the placebo group. No �-synuclein-specific antibody
titers could be measured in the CSF-derived samples
from the active immunization groups.

Exploratory outcomes

MDS-UPDRS scores (subscales 1 to 3) showed lit-
tle change from baseline to end of study and there
were no significant differences between treatment

groups (Supplementary Table 1). At the last visit,
mean ± SD MDS-UPDRS Part 3 (motor) scores
change from baseline was 1.2 ± 7.1 points in the
placebo group versus 3.0 ± 6.5 in the 15 �g group
and 0.2 ± 7.0 in the 75 �g group. At the same time
there was a small to moderate increase in the mean
Levodopa Equivalent Dose (LED) over the course
of the study (Supplementary Table 2). Across all
groups, there were little or no changes from baseline
in non-motor symptoms (MDS-UPDRS Part 1, non-
motor experiences of daily living scores and NMSS
scores), cognitive assessments and PDQ-39 scores.
There were no differences in change of DAT-SPECT
striatal binding ratios from baseline to end-of-study
in any study group (Supplementary Figure 3).

DISCUSSION

The results of this phase 1, first-in-human study
indicate that immunization with PD03A is safe and
well-tolerated in patients with early PD. PD03A
immunotherapy triggered the induction of a specific
IgG response to the injected PD03 peptide as well
as to the �-synuclein target epitope, which could be
rapidly reactivated upon a booster injection. Overall,
88% of patients from the active groups showed an
immunological response towards the PD03 peptide
and differences in immune response were statisti-
cally significant between active groups and placebo.
The specific immune response could also be rapidly
reactivated after a booster application.

Overall, PD03A demonstrated a good safety and
tolerability profile, with transient local injection site
reactions being the main treatment-emergent adverse
events. The most common TEAEs with PD03A
were injection site erythema, swelling, induration,
pruritus, or injection-site pain. These were tran-
sient, mild to moderate in severity and consistent
with known vaccine-associated hypersensitivity [25].
Four patients receiving active immunization expe-
rienced severe local reactions, but all resolved in
less than a week and none led to study withdrawal.
Most systemic TEAEs were unspecific and consid-
ered unlikely to be related to study drug, while
headache, fatigue and myalgia reported by four
patients following an injection would appear as plau-
sible vaccination-related AEs. There was no evidence
for CNS inflammatory responses on MRI, and there
was also no indication of accelerated brain atrophy
with active treatment as has been described in a
recent passive immunotherapy trial targeting A� in
Alzheimer’s disease [26].
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We have recently reported the results for the
SAIT candidate, PD01A which also targets the �-
synuclein protein [17]. Neither SAIT has shown signs
of dose-dependent safety patterns and there has been
no suggestion of cumulative toxicity over time or
with booster injections. Also, similar to the findings
with PD01A [17], active immunization with PD03A
resulted in a significant increase in titers against
the immunizing peptide and the specific immune
response could also be rapidly reactivated after
booster application. Neither of the two SAIT can-
didates showed significant dose-dependent immune
responses after the priming injections. However,
whereas PD01A clearly induced higher titers after
the 75�g booster application compared to the 15�g
booster dose, this ‘boost’ effect was not observed with
PD03A, suggesting that the two SAIT candidates dif-
fer in their potential to reactivate antibody responses.
In parallel to this study, PD01A and PD03A have also
been tested in patients with MSA [27]. In that study,
PD03A was also shown to induce a specific antibody
response and to be generally well tolerated, but the
detected antibody response triggered by PD01A was
higher than that of PD03A.

The finding that the immune response to the �-
synuclein target epitope was approximately one order
of magnitude lower than that seen to the immuniz-
ing peptide can partly be explained by the binding
of product-induced antibodies to the target structure.
Since PD03-induced antibodies bind to oligomeric
forms of �-synuclein it is likely that both arms of
the antibodies are bound to the target structure and
thus become ‘masked’ for ELISA readouts using
�-synuclein target epitope as substrate. It is also
possible that the surrogate substrate for oligo-�-
synuclein used in the ELISA assay does not fully
reproduce the target structure and the antibody titers
measured in this assay underestimate the level of
antibodies generated against the oligomeric forms of
�-synuclein. It is interesting to note that the base-
line titers for PD03 (1:73 and 1:94 in the 15 �g and
75 �g dose groups, respectively) and the related �-
synuclein target epitope (1:90 and 1:71, in the 15 �g
and 75 �g dose groups, respectively) were already
somewhat elevated at baseline, potentially indicating
that there might be an IgG antibody fraction present in
plasma samples of PD patients that reacted with PD03
and �-synuclein. Naturally occurring autoantibodies
(NAbs) towards �-synuclein have been detected in
human plasma and are assumed to be involved in
the maintenance of physiological and immune home-
ostasis (e.g., by removing aging cells, cellular debris

and even aggregated �-synuclein) [28]. However, it
has been reported that the repertoire of IgG autoan-
tibodies against �-synuclein is significantly reduced
in patients with PD [29], and the biological meaning
and relevance of anti-�-synuclein antibodies in PD
requires further study.

The antigenic peptides PD01 and PD03 were
designed to mimic the amino acid sequence of a
critical epitope in the C-terminal region of the �-
synuclein protein, with the introduction of targeted
amino acid substitutions in the original sequence.
This is done with the aim of breaking immune tol-
erance to this self-protein and generating high titer
antibody responses to the immunizing peptide which
cross react with the native protein, without induc-
tion of harmful off-target auto immune responses
[19]. This aim was realized with the PD01 candidate
product [17], and the approach has been confirmed
in this study with PD03 with respect to safety and
immunogenicity. We did not detect vaccine-induced
antibodies against monomeric or filamentous �-
synuclein in the CSF at week 40. Little is known about
the level of �-synuclein-specific antibodies in the
brain required to achieve a therapeutic clinical effect,
although prior studies with passive immunotherapy
approaches have shown that antibody levels in CSF
are dependent on the antibody concentration in the
circulation [13, 14], and that plasma antibody concen-
trations should be between 40–400 �g/ml [13]. While
the exact plasma antibody concentration induced by
PD03 in this study has not been evaluated, it is consid-
ered likely that the immunogenicity of SAIT products
has to be increased. With this in mind, the formu-
lation of the SAIT product being developed for the
planned phase 2 clinical trial has been optimized with
the aim of inducing antibody levels in humans that are
one order of magnitude higher compared to the levels
achieved in this study.

Limitations of this small phase 1 study include
the fact that it was not powered to detect signals
of clinical efficacy and, indeed, there were no sta-
tistically significant differences observed in striatal
DAT-SPECT binding ratios nor the clinical scales
used in this study. In addition, investigators were
allowed to adapt symptomatic medications when
clinically needed during the trial and the group which
demonstrated the least worsening in motor symp-
toms (the 75 �g dose group) also received the highest
mean increase in levodopa dose equivalents from
baseline to week 52. We performed an exploratory
analysis of correlations between changes in clinical
parameters and antibody response and observed sig-
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nals of possible benefit some clinical outcomes at
last visit in individual patients with high values of
�-synuclein specific antibody. However, there was
no consistent trend or correlation. This is perhaps
not surprising given the small sample size and short
duration of the study. Larger studies with a longer
observation period will be required to evaluate such
correlations.

In summary, the safety profile and positive anti-
body response of PD03A as evidenced in this
study further supports the development of the SAIT
approach for the treatment of PD in a phase 2 clinical
trial. The lead SAIT candidate PD01A, has shown
higher immunogenicity compared to the current
results with PD03A in a similar patient population
[17] and also in a recent study in MSA patients [27],
arguing for its preferential use in future clinical trials.
Based on the data from these studies, a larger 18-
month, phase 2 clinical trial is planned to investigate
the clinical efficacy of PD01. Further studies will also
be needed to determine the persistence of the immune
response and the best interval for booster immuniza-
tions, but available data from the PD01A trial [17]
indicate that a yearly booster immunization could
be sufficient to maintain high titers of therapeutic
antibodies.
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