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Introduction

Staphylococcus aureus causes severe hospital- and community-
associated infections and its resistance against multiple classes of 
antibiotics leads primarily to high therapeutic failure rates.1 Several 
resistant strains are now endemic in hospitals around the world 
causing, for example, an estimated 1.5 million cases of pneumonia 
per year.2,3 Therefore, various immunotherapeutic approaches 
have been mooted as potential solutions to inadequate treatment 
of invasive infections using antibiotics.4 During the last decade, 
various active and passive immunization strategies have been 
examined in clinical trials and in preclinical animal models. 
Despite promising experimental data, clinical trials in humans 
have not yielded positive results.5 This has prompted a general 
discussion about whether immunotherapeutic strategies have 
limited efficacy for treating or preventing S. aureus infections. The 
main defense against microbes is our dermal and mucosal barriers. 
In case that microbes cross these natural border, the importance 

of immune clearance is underscored by the fact that humans with 
intact immune systems either do not suffer from staphylococcal 
infections or combat them successfully. Furthermore, recent studies 
provide evidence supporting the role of protective antibodies; these 
studies show that patients with higher levels of antibodies against 
different S. aureus antigens including extracellular toxins have a 
lower risk of developing invasive infections.6,7 However, antibodies 
generated from carriage and not during disease, are often not 
functional or protective. There are 3 major issues regarding the 
successful development of immunotherapeutics against S. aureus 
that need to be consistently addressed. First, the selected target 
must be expressed by all relevant S. aureus strains that infect 
humans. Second, antibodies must have proven anti-staphylococcal 
activity and block important cellular functions or essential 
virulence mechanisms relevant to the pathogen (a combination 
of different functional antibodies).8 Third, the targeted patient 
population, including immunocompromised patients, must have 
the ability to benefit from immunotherapy.
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Multi-antigen immunotherapy approaches against Staphylococcus aureus are expected to have the best chance 
of clinical success when used in combinatorial therapy, potentially incorporating opsonic killing of bacteria and 
toxin neutralization. We recently reported the development of a murine monoclonal antibody specific for the 
immunodominant staphylococcal antigen A (IsaA), which showed highly efficient staphylococcal killing in experimental 
infection models of S. aureus. If IsaA-specific antibodies are to be used as a component of combination therapy in 
humans, the binding specificity and biological activity of the humanized variant must be preserved. Here, we describe 
the functional characterization of a humanized monoclonal IgG1 variant designated, hUK-66. The humanized antibody 
showed comparable binding kinetics to those of its murine parent, and recognized the target antigen IsaA on the 
surface of clinically relevant S. aureus lineages. Furthermore, hUK-66 enhances the killing of S. aureus in whole blood 
(a physiological environment) samples from healthy subjects and patients prone to staphylococcal infections such as 
diabetes and dialysis patients, and patients with generalized artery occlusive disease indicating no interference with 
already present natural antibodies. Taken together, these data indicate that hUK-66 mediates bacterial killing even in 
high risk patients and thus, could play a role for immunotherapy strategies to combat severe S. aureus infections.
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Most recently, we described the monoclonal IgG1 mouse 
antibody UK-66P which is specific for the immunodominant 
antigen A (IsaA) of S. aureus and demonstrated its therapeutic 
efficacy (opsonization and killing of bacteria) in 2 mouse 
models.9 We selected IsaA, a supposed lytic transglycosylase, 
as the target for antibody-based therapy, because all analyzed 
patients surviving staphylococcal sepsis produced significant 
levels of IsaA-specific antibodies.10 Moreover, IsaA is expressed 
on the surface of S. aureus, and is evolutionary highly conserved.11 
We, and others, believe that humans do not generate sufficient 
baseline levels of functional opsonophagocytic antibodies against 
S. aureus; however, infected individuals mount a rapid functional 
immune response if required.5 This concept is strongly supported 
by recent studies of the humoral immune response to IsaA in 
patients with bacteremia.12 Based on these observations, we 
choose the antibody UK-66P as the basis for a humanized 
variant, hUK-66, as a prerequisite to further clinical development 
for therapeutic application in humans.

Here, we report the successful humanization and subsequent 
functional characterization of hUK-66, which showed binding 
specificity and biological activity similar to that of the parent 
antibody. The antibody hUK-66 induced significant killing 
activity when tested alongside functional immune cells derived 
from healthy subjects and from potential at risk patients, such as 
those with diabetes, end-stage renal disease, or artery occlusive 
disease (AOD). The results clearly show that this humanized 
variant of a murine anti-IsaA antibody represents a promising 
component for an immunotherapeutic approach to the treatment 
of S. aureus infections.

Results

Humanization of the mouse UK-66 IgG1 antibody
Our previous study used an intravenous catheter-associated 

mouse model and a mouse bacteremia model to demonstrate the 
therapeutic efficacy of the monoclonal IgG1 mouse antibody 
UK-66P.9 These encouraging results prompted us to select 
UK-66P for humanization as a prerequisite for further clinical 
development as a component for passive immunotherapeutic 
approach to treating S. aureus infections. Based on the mouse 
VH and VL sequences, the UK-66 antigen binding site was 
humanized by grafting the CDRs onto human frameworks 
obtained from the closest human germline V segments.

To determine the binding characteristics of the humanized 
variant, the VH and VL domains were assembled into a scFv, 
which was produced in E. coli TG1 cells. Binding assays revealed 
that both the recombinant murine and both humanized scFv 
UK-66 fragments recognized recombinant IsaA (rIsaA) in a 
specific and concentration-dependent manner (Fig. 1). hUK-
66 variant 2 showed a higher binding affinity for rIsaA (K

D
 = 

8 nm) than variant 1 (K
D
 = 80 nm). This binding affinitiy was 

similar to that of the parent mouse scFv (Fig. 1B), confirming 
the conservation of binding activity after humanization. Based 
on these results, we chose hUK-66 variant 2 as starting point for 
generating full-length IgG (κ) antibodies.

hUK-66 IgG1 shows superior biological activity
To assess the effector functions of the humanized antibody, 

including antibody-dependent killing of S. aureus, we constructed 
different hUK-66 isotypes: IgG1, IgG2, and IgG4. First, the 
binding properties of purified hUK-66 IgGs to rIsaA were 
studied in a competitive ELISA (Fig. 2A and B). As result, hUK-
66 isotypes IgG1 and IgG4 showed stronger binding to rIsaA 
than hUK-66 IgG2 isotype (IgG1 = IgG4 > IgG2). Next, we 
examined the bactericidal activity of the full-length hUK-66 IgG 
isotypes. In our preliminary studies, human polymorphonuclear 
neutrophils (PMNs) of donors were purified and incubated with 
bacteria and antibody. Data of these studies clearly demonstrate 
that the presence of hUK-66 increases killing (data not shown). 
Based on this result, we assumed the same effect in whole blood 
assays. Furthermore, binding studies with FcγRIa, FcγRIIa (high 
responder), and FcγRIIa (low responder) revealed that hUK-66 
IgG1 is recognized by these receptors (see below). Human whole 
blood from healthy donors was incubated with S. aureus Newman 
in the presence of hUK-66 IgG1, IgG2, or IgG4 for 60 min at 
37°. After lysing eukaryotic cells, the amount of viable S. aureus 
was determined and the results presented as the mean percentages 
with standard deviation (SD) in parenthesis relative to that in the 
untreated bacterial samples (which were set at 100%). Figure 3 
shows that addition of hUK-66 IgG1 led to a significant reduction 
in the amount of viable of S. aureus when compared with that in the 
untreated controls (44% [10.8%]; P < 0.05, t test). The addition 
of hUK-66 IgG4 resulted in a moderate decrease of viable bacteria 
(15% [6.2%]) compared with that in the control samples, whereas 
addition of the IgG2 variant actually led to a slight increase in the 
proportion of viable bacteria (12.3% [4%]) compared with that 
in controls. Taken together, these results indicate that hUK-66 
IgG1 showed the highest bactericidal activity. This isotype was, 
therefore, used in all subsequent experiments.

Humanization of UK-66 IgG1 does not affect its binding 
characteristics

SPR was used to compare the affinities of mouse UK-66P (the 
parental antibody) and hUK-66 IgG1. Affinity constants were 
obtained by calculating the ratio of the respective association 
and dissociation constants (Fig. 4). The equilibrium dissociation 
constant (K

D
) for hUK-66 was 4.8 nM and that for murine 

UK-66P was 1.7 nM.9 The association (k
a
) and dissociation (k

d
) 

rate constants for the interaction between hUK-66 and rIsaA 
were 3.7 × 105 M-1s-1 and 1.8 × 10-3 s-1, respectively, whereas 
those for murine UK-66P were 1.8 × 105 M-1s-1 and 3.1 × 10-4 
s-1, respectively. These results show that hUK-66 IgG1 binds 
specifically to rIsaA with high affinity (rapid association and 
relatively slow dissociation), and confirming, that the hUK-66 
antibody retains its high affinity for IsaA after humanization.

hUK-66 IgG1 recognizes IsaA expressed by clinically 
relevant strains of S. aureus

Target expression in vivo is critical for effective anti-
staphylococcal immunotherapy. IsaA was originally identified 
as immunogenic component by screening patient sera suffering 
from sepsis for seroconversion confirming its in vivo expression.10 
The anti-IsaA antibody response of patients was significantly 
increased during sepsis compared with anti-IsaA IgG titer of the 
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same patients before onset of S. aureus disease.10 Comparison of 
genomic data of IsaA (SA2356) by using KEGG and UniProt 
databases demonstrate high homology between IsaA sequences 
of different S. aureus strains. There are 230 S. aureus strains in 
the database which have 100% identical IsaA sequences (www.
uniprot.org/uniprot/P99160). The most abundant point mutation 
is an amino acid exchange of D111 to N111 (Fig. 5A). However, 
immunoblot analysis demonstrates that hUK-66 recognizes this 
variation of IsaA (Fig. 5B). Even five point mutations in IsaA 
sequence compared with the reference IsaA sequence of strain 
N315 (SA2356) have no effect on antibody binding by hUK-66 
IgG1. Moreover, we confirmed binding of hUK-66 IgG1 to native 
IsaA expressed by S. aureus by immunoblot analysis using clinically 
relevant S. aureus strains, including both MRSA and MSSA.13 
hUK-66 recognized the 29 kDa IsaA antigen from all strains 
tested independently from multi-locus sequence type (ST) and 
resistance background (Fig. 5B). Immunofluorescence analysis was 
performed to examine binding of hUK-66 IgG1 to IsaA expressed 
on the cell surface of viable bacteria. For these experiments we 
used the strains MA12Δspa and MA12ΔspaΔisaA to exclude 
non-specific interaction between the monoclonal antibody with 
staphylococcal protein A. Viable MA12Δspa cells showed an 

IsaA-dependent fluorescence signal, but MA12ΔspaΔisaA cells did 
not (Fig. 5C). Thus, hUK-66 IgG1 is specific for IsaA expressed 
on the bacterial cell surface without protein A cross-reaction. 
Finally, in vitro expression of IsaA was analyzed by ELISA studies 
confirming the binding of hUK-66 to IsaA (Fig. S1).

hUK-66 IgG1 induces a respiratory burst by activated 
neutrophils

We previously showed that anti-IsaA antibodies induce the 
antibody-dependent killing of S. aureus by triggering an increase 
in the respiratory burst produced by activated neutrophils.9 
Therefore, we next tested the ability of hUK-66 IgG1 to induce a 
respiratory burst by activated neutrophils, the key immunological 
effector cells involved in staphylococcal phagocytosis. We 
examined neutrophils in blood samples from patients with end-
stage renal disease (ESRD), diabetes, or AOD, as such patients 
show increased susceptibility to staphylococcal infections due 
to an impairment of innate immunity.14-17 Blood samples were 
infected with S. aureus Newman for 20 min and the percentage 
of neutrophils that generated an oxidative burst in the presence 
or absence of hUK-66 IgG1 was measured by flow cytometry.

In healthy donors, the majority of neutrophils generated 
an oxidative burst upon contact with bacteria regardless of the 

Figure  1. Binding affinities of scFv hUK-66 fragments after humanization analyzed by comparative eLIsA studies. (A) Affinity of scFv hUK-66 frag-
ments against rIsaA were analyzed by eLIsA studies. The scFv fragment against Gal12 served as control. Binding of scFv fragments were detected by 
HRP-conjugated anti-Myc antibody. (B) specificity of scFv UK-66 fragments against rIsaA was determined by competitive eLIsA studies using HRP-
conjugated anti-Myc antibody. Presented data illustrate one representative experiment done in triplicate.

Figure 2. comparative binding studies of complete humanized UK-66 IgG isotypes against rIsaA. (A) eLIsA plates were coated with 10 µg/ ml rIsaA and 
incubated with the indicated full humanized UK-66 IgG isotypes. Binding of isotypes were determined by isotype specific, HRP-conjugated anti human 
IgG antibodies. (B) specificity of hUK-66 IgGs was analyzed by competitive eLIsA. Binding of UK-66 IgGs to coated rIsaA was analyzed by isotype specific, 
HRP-conjugated anti-human IgG antibodies. Presented data illustrate one representative experiment done in triplicate.
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presence of hUK-66 (mean percentage [SD] 81.8% [18.1%]), 
whereas 81.2% (18.4%) generated a respiratory burst in the 
presence of the isotype-matched control antibody, and 84.5% 
(15.6%) generated a burst in the presence of the hUK-66 IgG1 
antibody (Fig. 6). hUK-66 IgG1 (5.81 µM; 0.9 mg/ ml) induced 
a greater oxidative burst by neutrophils in the blood of dialysis 
patients, diabetes patients, and AOD patients (53.7% [21.6%], 
46% [34.7%], and 55.1% [25.1%], respectively) compared with 
those in the respective control blood/bacteria samples (33.1% 
[23.4%], 30.1% [22.8%], and 40.6% [20.1%]). Although the 
isotype-matched control antibody induced a respiratory burst 
at the same molar concentration, the percentages were much 
lower than those achieved by hUK-66 (34.7%% [22.4%], 32% 
[27.3%], and 37.4% [18.8%] for dialysis patients, diabetes 
patients, and AOD patients, respectively). The addition of hUK-
66 IgG1 generated a burst in the presence of the hUK-66 IgG1 
antibody at 0.483 µM (0.075 mg/ ml) had no measurable effect 
in any of the samples. These results illustrate that neutrophils 
from patients with diabetes, ESRD, and AOD show a reduced 
response to S. aureus compared with those from healthy donors; 
however, hUK-66 IgG1 increases the ability of these neutrophils 
to generate a respiratory burst.

hUK-66 IgG1 binds specifically to Fcγ receptors
The interaction of hUK-66 IgG1 to IgG-specific Fcγ-

receptors (FcγR) is as a prerequisite for phagocytosis and the 
production of reactive oxygen metabolites by immune effector 
cells. The FcγRI and FcγRIIa expressed by neutrophils, 
the primary cells of phagocytosis, trigger the phagocytosis 

of opsonized staphylococci.18-20 The reason for investigating 
primarily the interaction to these receptors is further justified 
due to the fact that the receptor FcγRIIIa is not expressed 
on human neutrophils,21 and the receptor FcγRIIIb has no 
detectable role in staphylococcal phagocytosis.22 To determine 
the interaction of hUK-66 IgG1 to FcγRs, HEK293 cells were 
transiently transfected with plasmids expressing recombinant 
FcγRIa, FcγRIIa (high responder), and FcγRIIa (low responder) 
on their surface and binding of different concentrations of hUK-
66 IgG between 6.61 pM (1.024 ng/ ml) and 20.65 µM (3.2 
mg/ ml) were analyzed by flow cytrometry. Here, hUK-66 IgG1 
interacted concentration dependent with FcγRIa, FcγRIIa (high 
responder), and FcγRIIa (low responder) with a maximum of 
86%, 41%, and 66% positive cells, respectively at a concentration 
of 0.516 µM (0.08 mg/ ml) hUK-66 IgG1 (Fig. 7).

hUK-66 IgG1 promotes the killing of S. aureus under 
physiological conditions

Next, we examined the functionality of hUK-66 IgG1 under 
the physiological conditions likely to be encountered during 
therapy. Antibody-mediated killing of S. aureus Newman was 
investigated using whole blood samples from patients with either 
ESRD, diabetes, or AOD in the presence or absence of hUK-66 
IgG1. The addition of hUK-66 (5.81 µM; 0.9 mg/ ml) resulted in a 
significant increase in bactericidal activity with a mean percentage 
(SD) reduction in viable bacteria of 41.3% (11.5%) relative to 
that in untreated control blood/bacteria samples (P < 0.05, t test; 
Fig. 8A). Adding the immunoglobulin preparation, Gammunex® 
(0.9 mg/ ml), to the samples resulted in a much smaller reduction 
in the percentage of viable bacteria (15.9% [12.1%]), whereas the 
isotype-matched control IgG1 antibody, Trastuzumab (0.9 mg/ 
ml), resulted in a reduction of only 8.9% (15.7%). A lower molar 
concentration of hUK-66 IgG1 (0.483 µM; 0.075 mg/ ml) had 
no significant effect (10.1% [19.2%]). hUK-66 (5.81 µM; 0.9 
mg/ ml) also showed bactericidal activity when added to blood 
samples from dialysis patients, diabetes patients, and patients 
suffering from AOD, with reductions in viable bacteria of 27% 
(20.3%), 32.7% (15%), and 31.3% (11.7%), respectively, relative 
to those in untreated control blood/bacteria samples (P < 0.05, t 
test; Fig. 8B–D). Furthermore, a lower concentration of hUK-66 
IgG1 (0.483 µM; 0.075 mg/ ml) was effective when added to 
samples from diabetes patients (a mean percentage reduction of 
13.6% [9.1%]). Neither Trastuzumab nor Gammunex® had any 
significant effect when added to samples from the three patient 
groups. Gammunex® was analyzed for anti-staphylococcal and 
anti-IsaA IgG antibodies by ELISA studies. The concentration 
of anti-IsaA IgG antibodies (<0.075 mg/ml) was not sufficient to 
promote anti-IsaA dependent killing. Furthermore, the presence 
of anti-staphylococcal antibodies did not reveal antibody 
dependent killing in this experimental setting (Fig. S2).

Discussion

Here, we generated a humanized anti-staphylococcal antibody 
and characterized its antigen binding properties and biological 
activity against the immunodominant staphylococcal antigen 

Figure  3. Impact of immunoglobulins isotype structure on hUK-
66-dependent staphylococcal killing. Heparinized blood samples from 
healthy donors were infected with S. aureus Newman and either human-
ized UK-66 IgG1, IgG2, or IgG4 for 60 min at 37°. The monoclonal anti-
body Trastuzumab served as matched IgG1 isotype control (Ic) and the 
intravenous immunoglobulin mixture Gammunex® (IVIg) as a second 
positive control. Viable bacteria were recovered after whole eukaryotic 
cell lysis and enumerated by plate counting. The values were expressed 
as mean percentage with standard deviation (sD) in parenthesis relative 
to the level of untreated blood/bacterial samples (set at 100%). Data 
represent three independent experiments from three different donors. 
The dashed line in the graphs demonstrates the 100% reference value of 
control bacteria samples. *P > 0.05, t test.
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IsaA. The results showed that hUK-66 bound specifically to 
its target antigen IsaA and effectively induced the killing of 
bacteria in blood samples taken from patients at high risk of S. 
aureus infections (patients with diabetes, patients on dialysis, 
and patients with AOD). Because microbes must be viable 
to cause a serious infection, reducing the percentage of viable 
bacteria in the blood is of paramount importance if therapeutic 
approaches are to be effective. Thus, the results presented herein 
suggest that hUK-66 is a strong candidate for inclusion in future 
immunotherapeutic strategies.

A critical step in the development of any immunotherapeutic 
strategy is the selection of a suitable target molecule. Generally, 
molecules expressed on the surface of bacteria, as well as factors 
that are essential for growth or virulence are the most promising 
targets for antibodies. Immunotherapeutic strategies based on 
virulence-associated determinants such as adhesins or toxins 
show varying efficacy, which is dependent on disease type and 
the causative strain. This is because the expression of S. aureus 
virulence-associated factors is controlled by complex regulatory 
pathways, resulting in different expression levels during 
infection in a particular strain.13 Therefore, we selected the lytic 
transglycosylase IsaA as target antigen for immunotherapy due to 
its outstanding immunodominance during infection.7,10,23 Here, 
we confirmed binding of the humanized hUK-66 IgG1 to IsaA 
expressed by major clinical and community-associated MRSA 
lineages including CC5, CC8, CC22, CC45, CC239, USA300, 
and USA400.24,25 Moreover, the target IsaA is present on the 
surface of S. aureus during different growth phases, and most 
importantly, during human infection indicated by the specific 
antibody response in patients.10,23 Notable, antibody responses 
to IsaA are associated with protection against invasive S. aureus 
infections.7

In addition to selecting the appropriate target, a therapeutic 
antibody must be functional in humans. It is thought that the 
baseline level of critical functional anti-staphylococcal antibodies 
are not always sufficient to protect from invasive infections.5 
Consequently, when designing anti-staphylococcal antibodies, 
it is important to select candidates that not only bind to the 
staphylococcal antigen on the bacterial surface but also have 
the capability to trigger the elimination of the bacteria, e.g., by 
inducing opsonophagocytosis or antibody dependent killing. 
Here, we showed that hUK-66 IgG1 was more effective at 
inducing the killing of S. aureus in whole blood samples than 
pooled human immunoglobulin formulations or other hUK-66 
isotype variants (IgG2 and IgG4). However, although hUK-
66 bound to FcγRIa and FcγRIIa receptors in vitro, it did not 
significantly increase the oxidative burst generated by phagocytic 
neutrophils in the blood of healthy donors compared with that 
in control antibodies. It is worth noting that a previous study 
examining the functional role of anti-IsdB monoclonal antibodies 
(a functional component of Merck`s V710 vaccine) introduced a 
mutation into the Fc fragment of the mAb (at aa 297), which 
completely abolished its Fc-mediated effector functions.26 
Although the mAb, called mutein, showed markedly reduced 
opsonophagocytic activity in vitro compared with the wild-type 
mAb, it did confer some level of protection in a murine sepsis 

model. This was due to mechanisms involving complement, 
phagocytes, and lymphocytes, rather than FcγR-mediated 
functions. Antibodies modulate several secondary immune 
mechanisms, including the induction of proinflammatory 
cytokines, T and B cell activation, FcγR expression, NK and 
dendritic cell activation, and neutrophil adhesion. However, 
effective staphylococcal killing triggered by antigen-specific 
antibodies is always critical to combat S. aureus infections.27 For 
this reason, we performed whole blood assays in an attempt to 
mimic the physiological milieu in which the hUK-66 antibody 
is to function.

One of the unresolved issues for clinicians wishing to use 
immunotherapy to treat S. aureus infections is the selection of 
patients who would most likely benefit. Clinical trials in patients 
with end-stage renal disease, infants, or patients undergoing 
cardiothoracic surgery have shown only limited efficacy.28-30 In 
general, patients with immunocompromised conditions are most 
vulnerable to S. aureus infections. However, underlying serious 
comorbidities or adjunctive treatments such as surgery limit 
the detection of the overall efficacy of an immunotherapeutic 
approach once chosen only these patient groups for clinical 
trials. The best way to differentiate between disease-associated 
morbidity and confounding variables assessing clinical efficacy 
should be possible in patients with pneumonia caused by S. 
aureus. In line, the consensus position paper of the Infectious 
Diseases Society of America, American Thoracic Society, 
American College of Chest Physicians, and Society of Critical 
Care Medicine makes clear that validated methods and/or tools 
are available to design, conduct, and analyze hospital-acquired or 
ventilator-associated bacterial pneumonia trials.31,32 Nevertheless, 
the target populations for clinical trials and those for clinical 
treatment are somewhat different. Next, the in vivo effect of 
hUK-66 IgG1 during S. aureus infection will be investigated in 
mouse infection models. The effective dose for these experiments 

Figure  4. Quantitative analysis of the interaction of hUK-66 IgG1 with 
rIsaA performed using surface plasmon resonance (sPR). Various con-
centrations of rIsaA (0.39 to 400 nM) were flushed over the antibody 
hUK-66 IgG1, immobilized on the sensor chip surface. sensorgrams were 
recorded at a flow rate of 30 µl/ min at 25 °c. From these sensorgrams, 
an equilibrium dissociation constant (KD) of 4.8 nM was determined. Rate 
constants for association (ka) and dissociation (kd) were determined to be 
3.7 × 105 M-1s-1 and 1.8x10-3 s-1, respectively.
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has to be defined by dose titration experiments. A probably 
effective dose range can now be calculated based on the in vitro 
killing results reported here.

We examined the killing capacity of S. aureus in blood samples 
taken from patients with diabetes, end-stage renal disease, and 
AOD; all conditions that are related to immune cell dysfunction. 
It has been described that patients with end stage renal ESRD 
show reduced killing of S. epidermidis but this could be corrected 
by continuous ambulatory peritoneal dialysis (CAPD).33 In 
contrast to CAPD patients and healthy controls, conservatively 
treated dialysis patients produced less intracellular hydrogen 
peroxide.34 These reports suggest that reduced intracellular 
hydrogen peroxide concentrations, which indicate oxidative burst 
activity, are the reason for a reduced killing capacity of PMNs 
in dialysis patients. In our study, we detected no significant 
difference in oxidative burst activity between dialysis patients 
and healthy donors but clearly observed a reduced killing of S. 
aureus in the patient group. Obviously, other mechanisms of 
killing e.g., due to antimicrobial peptides may be activated by 
hUK-66. In addition, the exact therapy status of the dialysis 

patients whose blood was used for phagotest experiments was 
unknown. It would be an interesting issue for future research to 
compare hUK-66-related killing of S. aureus in different dialysis 
patient groups.

In conclusion, the results of this study show that the hUK-
66 antibody was effective in antibody-dependent killing of S. 
aureus using whole blood samples of patients vulnerable to S. 
aureus infections. Most importantly, hUK-66 induced the killing 
of S. aureus in blood from both healthy controls and patients, 
suggesting that the antibody does not interfere with naturally 
occurring antibodies against S. aureus. This is the first example 
of an anti-S. aureus antibody that effectively induces the killing 
of S. aureus in the blood of vulnerable patient groups. One 
shortcoming of the study is related to the activity of therapeutic 
antibodies in tissues of infected patients. Phagocytosis may be 
influenced by extracellular products of S. aureus such as proteases 
and immunological active toxins or by inflammatory processes 
which interfere with antibacterial killing activity measured 
under in vitro conditions. Future studies are warranted to dissect 
the action of hUK-66 in vivo and in combination with other 

Figure 5. IsaA conservation and expression by different clinically relevant S. aureus strains. (A) Alignment of IsaA sequence of S. aureus strain N315, MW2, 
and MU 50 (B) Immunoblot analysis of IsaA in cell pellets of different clinically relevant strains. (C) specific binding of IsaA by hUK-66 IgG1 was performed 
with S. aureus MA12 spa- and its isogenic isa- mutant by indirect immunofluorescence studies.
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antibodies directed against S. aureus proteins. These results may 
aid the future development of immunotherapies for S. aureus 
infections.

Materials and Methods

Ethics statement
Blood samples of the subjects were drawn according to the 

guidelines of the University Hospital of Wuerzburg.
Bacterial strains
Bacterial strains were propagated in lysogenic broth (LB) at 

37 °C with shaking at 175 rpm. When required, antibiotics were 
added to the medium at the following concentrations: kanamycin, 
50 μg/ml; spectinomycin, 100 μg/ml; erythromycin, 5 μg/ml; 
and ampicillin, 100 μg/ml. The successful generation of isaA and 
spa mutants was achieved by allelic replacement and confirmed 
by PCR and immunoblot.

Humanization of the mouse UK-66 antibody
Total RNA was isolated from the hybridoma clone, UK-66, 

and double stranded cDNA was synthesized using reverse 
transcriptase (Invitrogen, Cat. No. 18080-093). PCR reactions 
were set up using the cDNA as a template. The PCR fragments 
encoding the VL and VH regions were then cloned into the 
pGEMT vector (Invitrogen, Cat. No. A1360) to determine 
the sequence of the variable region of mouse UK-66 IgG. 
Humanization of the UK-66 antibody was performed using the 
complementarity-determining region (CDR) grafting method.35 
Briefly, the framework region (FR) residues of potential 
importance for antigen binding were identified by computer-
assisted homology modeling. Two humanized versions of mouse 
UK-66, denoted hUK66–1 and hUK66–2, were generated 
by transferring the key murine CDR residues onto a human 
antibody framework (selected based on its homology to the 
mouse antibody framework). The light and heavy chain variable 
regions were then directly grafted into the human antibody light 

Figure 6. hUK-66 IgG1 augments the respiratory burst in neutrophils from clinical relevant patient groups. Heparinized human blood samples (n = 4–7) 
from healthy donors, patients undergoing dialysis, diabetes, and artery occlusive disease (AOD) were infected with S. aureus Newman in the presence of 
two different concentrations of hUK-66 as indicated for 20 min at 37°. The monoclonal antibody Trastuzumab served as matched IgG1 isotype control 
(Ic). The generation of reactive oxygen species (ROs) by neutrophils was analyzed by flow cytometry and the values were plotted relative to the burst 
of unstimulated samples (not shown). (A) ROs-positive neutrophils in blood from healthy donors (B–D) ROs-positive neutrophils in blood from patients 
with dialysis (B), diabetes, (C) and artery occlusive disease (D). Individual data points of one blood sample (triplicate) were superimposed with bar. Mean 
values   of each group are shown as percentage.
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and heavy chains. The CDR-grafted antibody light and heavy 
chain genes were commercially synthesized and were cloned into 
the expression vector, pEE12.4 (Lonza, Gene expression system 
Lot. No. L05048/48).

Expression of antibodies and antibody fragments
The Lonza® glutamine synthetase (GS) gene expression 

system was used to express the proteins in Chinese Hamster 
Ovary (CHO) cells (Lonza, Lot. No. 028-W4). GS activity is 
selectively inhibited by methionine sulphoximine (MSX); the 
selection pressure in CHO.K1 cells is provided by culture in 
glutamine-free medium containing 25 μM MSX (Sigma-Aldrich 
Alderich, Cat. No. M5379K). A double gene vector, pEE12.4, 
containing expression cassettes for the light and heavy chains of 
humanized UK-66 IgG1 was stably transfected into CHO.K1 
cells using Nanofectamine (Invitrogen, Cat. No. Q0002-006). 
Plasmid DNA (used for subsequent transfections) was isolated 
and purified according to the manufacturer’s protocol (Qiagen, 
QIAquick PCR Purification Kit, Cat. No. 28104). Cells were 
sub-cultured every 3–4 d. On the day before transfection, cells 
were trypsinized and seeded into six-well plates at a density 
of 1 × 106 cells/ well. On the day of transfection, 200 μl of 
transfection solution was prepared, which comprised 5 μg of GS 
vector DNA and 7 μl of Nanofectamine in OptiMEM medium 
(Invitrogen, Cat. No. 31985062). The transfection solution was 
added to the cells, which were then incubated overnight at 37 °C 

in a humidified CO
2
 incubator. The OptiMEM medium was 

replaced with 3 ml of glutamine-free selective RPMI containing 
10% dFCS and 25 μM MSX on the following day. MSX-resistant 
colonies appeared about two weeks after transfection. CHO cell 
transfectants that stably produced antibodies were obtained using 
a positive selection procedure. A binding ELISA was used to test 
cell culture supernatants for hUK-66 IgG1 production.

Antibody fragments comprising the antigen binding 
domain (mouse or humanized UK-66) and a human IgG1 Fc 
fragment (single-chain Fv (sc)Fv-Fc) were produced by transient 
transfection of HEK293 cells. The scFv-Fc fragments were 
constructed using the vector pSEC system (Life Technologies, 
Cat. No. 17839), which incorporates a Zeocin resistance gene 
(Invitrogen, Cat. No. ant-zn-1). HEK293 cells were then 
transfected as described above. The OptiMEM medium was 
replaced with 3 ml of glutamine-free selective RPMI containing 
10% FCS and Zeocin (300 μg/ ml) at the following day. After 
10 d, the cell culture supernatant was purified and tested for the 
presence of murine and humanized scFv-Fc UK-66 IgG1.

Overexpression and purification of IsaA
The isaA open reading frame was amplified and cloned into 

the overexpression vector pQE30 (Qiagen, Cat. No. 33203), 
to incorporate a C-terminal His

6
 fusion tag. The resulting 

plasmid was then transformed into E. coli strain TG1 and the 
recombinant protein expressed as previously described.9 For 

Figure 7. hUK-66 IgG1 binds to FcγRIa and FcγRIIa expressing HeK293 transiently transfected by caPO4. The expression of the FcγRs was analyzed by 
α-cD64 and α-cD32-Pe antibodies, respectively. Binding of different concentrations of hUK-66 IgG between 6.61 pM (1.024 ng/ ml) and 20.65 µM (3.2 
mg/ ml) on FcγRs was detected via a α-human Fab IgG1-Pe.
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purification of rIsaA, the supernatant of lysed bacteria was passed 
through a nickel-charged Hi-Trap column (GE Healthcare Cat. 
No. 17040801) and the bound proteins eluted using 350 mM 
imidazole. The resulting protein was dialyzed into phosphate-
buffered saline (PBS) containing 350 mM NaCl and the correct 
product was confirmed by analysis in SDS-PAGE gels.

Determination of binding affinity of antibodies using SPR
The affinity of hUK-66 IgG1 for rIsaA was measured by 

surface plasmon resonance (SPR) using a Biacore 2000 system. 
Briefly, hUK-66 was reversibly immobilized by binding to an 
anti-human Fab antibody covalently coupled at high density to 
a CM5 sensor chip according to the manufacturer’s instructions 
(GE Healthcare, antibody Fab capture kit, Cat. No. 28-9583-
25). The average concentration of hUK-66 on the anti-human 
Fab surface was between 0.39 and 400 nM. Sensor chips coated 
with the capture antibody alone served as controls for monitoring 

non-specific binding. Affinity measurements were performed 
in buffer containing 10 mM HEPES (pH 7.4, 150 mM NaCl, 
3.4 mM EDTA, 0.005% Tween 20). Sensorgrams were recorded 
at a flow rate of 30 μl/ min at 25 °C and the capture surface 
was regenerated after each cycle using 10 mM glycine (pH 2.1). 
The dissociation constants were calculated using BIAevaluation 
software 4.0.1 after fitting the sensorgrams to a 1: 1 Langmuir 
binding model.

Immunofluorescence analysis
Immunofluorescence analysis was performed to confirm the 

expression of IsaA on the surface of viable S. aureus. Bacteria 
were grown overnight and harvested by centrifugation at 11 000 
× g. The bacterial pellet was washed twice with PBS and the cell 
density was adjusted to 5 × 108 cfu/ ml. After blocking with 5% 
FCS in PBS for 1 h, the bacteria were incubated with humanized 
UK-66 IgG1 (diluted 1: 5000) for 30 min at 37 °C. The bacterial 

Figure 8. Killing capacity of S. aureus by whole blood from patients at risk for staphylococcal infections is enhanced by the humanized UK-66 IgG1. 
Heparinized human blood samples (n = 7) were infected with S. aureus Newman in the presence of two different concentrations of hUK-66 as indicated 
for 60 min at 37°. The monoclonal antibody Trastuzumab served as matched IgG1 isotype control (Ic) and the intravenous human immunoglobulin prep-
aration Gammunex® (IVIg) as a second positive control. Total viable bacteria were recovered after eukaryotic cell lysis and enumerated by plate counting. 
The values were plotted relative to the level of control bacteria samples (set at 100%). Results were expressed in mean percentage (sD) of viable S. aureus 
recovered in the blood from (A) healthy donors, (B) dialysis patients, (C) diabetes patients, and (D) patients with artery occlusive disease (AOD). Data are 
illustrated as box-and-whisker plot. The dashed line in the graphs demonstrates the 100% reference value of control bacteria samples. *P < 0.05, t test.
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pellet was washed three times with PBS/ 0.05% Tween 20 and 
then stained with fluorescein isothiocyanate (FITC)-conjugated 
anti-human IgG1 (diluted 1: 10 000) for 30 min at 37 °C (Sigma-
Aldrich, Cat. No. F4512). The fluorescently-labeled bacteria were 
re-suspended in 100 μl PBS, dried, and fixed on slides. Surface 
expression of IsaA was determined by examining the slides under 
a fluorescence microscope with the same exposure settings for 
each comparison group. Images were processed using the GIMP 
program 2.8.6.

Determination of binding affinity of antibodies using 
ELISA

An ELISA was performed to measure the affinity of murine 
and humanized UK-66 for rIsaA according to standard protocols 
(all stages were performed in a volume of 50 μl/well, apart 
from the blocking steps [200 μl/ well]). Briefly, 96-well plates 
(Nunc, MaxiSorp, Cat. No. 44240421) were coated with rIsaA 
diluted in PBS (pH 7) to a final concentration of 10 μg/ ml. 
The plates were then incubated overnight at 4 °C. After blocking 
non-specific sites with 5% bovine serum albumin (BSA) in PBS, 
the mouse and humanized UK-66 IgG1 antibodies were added 
at 1:10 dilutions. The optimal concentration of hUK-66 IgG1 
was 10 μM (1: 5 dilution). The plates were incubated for 1 h at 
37 °C, washed with PBS-0.05% Tween 20 (PBS-T), and then 
incubated with horseradish peroxidase-conjugated mouse anti-
human IgG1 antibodies (diluted 1: 5000) for a further 1 h at 
37 °C (ab-online, Cat. No. ABIN567704). After a final wash 
with PBS-T, 50 µl of 3,3′,5,5′-tetramethylbenzidine (TMB) was 
added to each well for 10 min at 37 °C (Invitrogen Cat.No. 
002023) and titers were measured at 450 nm on a Multiskan 
ELISA reader. All titers were measured in duplicate. The binding 
specificity of the mouse and humanized UK-66 antibodies was 
assessed in a competitive ELISA. Briefly, a 96-well plate (Nunc, 
MaxiSorp, Cat. No. 44240421) was coated with 10 μg/ ml rIsaA 
and incubated overnight at 4 °C. The plate was then washed with 
PBS-T and blocked with 5% BSA for 2 h at room temperature 
(RT). In parallel tubes, the mouse and humanized UK-66 
antibodies were pre-incubated with an equal volume of rIsaA 
(serially 1: 5 diluted from a starting concentration of 100 μg/ml). 
The antibody/antigen mixtures were then transferred to rIsaA 
pre-coated plates and incubated for 15 min at RT. The plates were 
washed six times and then incubated with HRP-conjugated anti-
human IgG1 (1: 5000). After incubation for 1 h at 37 °C, 50 µl 
of TMB substrate (Invitrogen, Cat.No. 002023) was added to 
each well and incubated 15 min at RT. The plates were then read 
in an ELISA reader at OD 450 nm.

Fcγ receptor binding assay
The Fcγ receptor (FcγR) binding assay were performed as 

previously described.9 Briefly, HEK293 cells were transiently 
transfected with the expression plasmid, pCMVXL-6, harboring 
full-length human FcγRIa or FcγRIIa (low responder), or with 
pEE12.4 harboring FcγRIIa (high responder) using calcium 
phosphate. After trypsinization, the transfected HEK293 cells 
were treated with concentration of hUK-66 IgG1 between 6.61 
pM (1.024 ng/ ml) and 20.65 µM (3.2 mg/ ml) for 1 h at 4 °C. 
After washing, the cells were incubated with a PE-conjugated 
α-human Fab antibody for 1 h (Biozol Cat. No. BS0364R). 

Receptor expression by viable cells was detected using a CD32/
CD64-specific PE-conjugated mouse monoclonal antibody 
(Biozol Cat. No. LSC21937100). Binding of hUK-66 IgG1 to 
cell surface FcγRs expressed by HEK293 cells was analyzed by 
flow cytometry and compared with that of secondary antibody-
treated cells.

Phagocytosis assay
Phagocytosis by neutrophils was analyzed using 

carboxyfluorescein succinimidyl ester (CFSE, BioLegend Cat. 
No. 422701)-stained strain S. aureus Newman. The intensity of 
CFSE fluorescence by human neutrophils is dependent on the 
number of ingested bacteria. Briefly, bacteria were stained at 
37 °C for 20 min with 20 μg CFSE in 500 μl PBS containing 
5% FCS. After washing, the bacteria were added to neutrophils 
(MOI 50) for 20 min at 37 °C. Same samples incubated at 
4 °C serve as negative controls. All samples were prepared for 
flow cytometry analysis using the phagotest kit according to the 
manufacturers’ protocol (Glycotope, Cat. No. 10-0100).

Whole blood bacterial killing assays
Human blood samples were incubated with S. aureus 

Newman strain to measure antibody-dependent killing and the 
loss of viable bacteria as determined by colony counting. In brief, 
bacteria were washed twice with PBS and the cell density was 
adjusted to 5 × 107 cfu in 30 μl PBS. Bacteria were then mixed 
with 100 μl human whole blood and incubated at 37 °C on a 
rotating shaker for 60 min. hUK-66 (0.075 and 0.9 mg/ ml) was 
then added. The isotype-matched control antibody, Trastuzumab, 
and the intravenous immunoglobulin, Gammunex®, were used 
as controls. Subsequently, all eukaryotic cells were lysed by 
exposure to 1% saponin solution for 20 min at 4 °C. The samples 
were then serially diluted 1: 10 in duplicates to 10-5. Duplicates 
of each serial dilution were then plated onto LB agar plates and 
incubated overnight at 37 °C. Colonies were counted and the 
percentage of surviving bacteria was calculated as follows: (blood 
+ bacteria + antibody)/ (blood + bacteria)*100% = survival [%].

Respiratory burst assay
The killing of ingested bacteria by human phagocytes occurs 

via both oxygen-dependent and oxygen-independent mechanisms. 
The production of reactive oxygen species by neutrophils was 
determined using the fluorogenic substrate dihydrorhodamine 
(DHR) 123 as previously described.9 The percentage of 
neutrophils showing a positive oxidative burst was determined 
by flow cytometry. To this end, the manufacturers’ protocol was 
adapted to evaluate the antibody-dependent oxidative burst by 
human neutrophils using the phagoburst kit (Glycototope, Cat. 
No. 10–0200). Briefly, 100 μl of heparinized human whole 
blood was infected with 5 × 107 cfu bacteria and the antibody 
was added at different concentrations. Human whole blood with 
bacteria serves as negative control. After incubation for 10 min at 
37 °C, DHR was added to the samples and the mixture incubated 
for a further 10 min. All samples were prepared for analysis by 
flow cytometry according to the manufacturers protocol.

Immunoblot analysis
Proteins were separated by one-dimensional sodium dodecyl 

sulfate-PAGE (SDS-PAGE) and transferred to a nitrocellulose 
membrane using a semi-dry transfer system. After blocking in 
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5% BSA in PBS, hUK-66 was added at a dilution of 1: 5000. 
HRP-conjugated mouse anti-human IgG1 (Biozol, Cat. No BSS-
BS-0297M-HRP) at a dilution of 1: 10 000 was used for detecting 
the immune complexes. The signal was developed using the ECL 
detection system (Amersham Biosciences, Cat. No. RPN3004).

Purification of IgG
IgG was purified from CHO.K1 culture supernatants by 

affinity chromatography on immobilized Protein G according 
to manufacturer̀ s instructions (UltraLink immobilized protein 
G Cat. No. 20397; Thermo Fisher). Briefly, samples of cell 
culture supernatant were incubated with the protein G resin 
and then loaded onto columns equilibrated with binding buffer 
(TBS, pH 5.0). The columns were washed with 10 volumes of 
binding buffer and the IgG was eluted in elution buffer (100 mM 
glycine HCl, pH 2.7). The collected fractions were immediately 
pH-neutralized with 1 M TRIS-HCl, pH 9.0, and the antibody 
concentration was measured at an OD of 280 nm. The antibodies 
were also examined by SDS-PAGE.

Statistical analysis
Statistical analysis was performed using the Student t test. 

Differences were considered significant at P < 0.05. All data were 
analyzed using GraphPad Prism software.
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