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Purpose: Drug-induced immune hemolytic anemia (DIIHA) is a rare but serious adverse
event associated with a number of drugs, including second- and third-generation cephalos-
porins. A positive direct antiglobulin test (DAT) is a reliable finding in DIIHA, but positive
results without evidence of hemolysis can occur, particularly in hospitalized patients. There
have been no reports of hemolytic anemia in four previous Phase 3 trials or from post-
marketing surveillance of the advanced-generation, broad-spectrum cephalosporin, ceftobi-
prole. The aim of this analysis was to review the incidence of positive DAT results and any
evidence of hemolytic anemia from three recent Phase 3 trials of ceftobiprole.

Patients and Methods: Patients were enrolled in three Phase 3 randomized controlled
trials: 94 pediatric patients with pneumonia received ceftobiprole in the BPR-PIP-002 trial;
335 adults with acute bacterial skin and skin structure infections received ceftobiprole in the
TARGET trial; and 201 adults with Staphylococcus aureus bacteremia have been randomized
1:1 to ceftobiprole or daptomycin + aztreonam in the ongoing ERADICATE trial. In all three
trials, DAT results were obtained at baseline, and follow-up tests were performed either at the
test of cure (TOC) visit (BPR-PIP-002), end-of-treatment (EOT) visit (TARGET), or both
EOT and post-treatment Day 70 visits (ERADICATE).

Results: In the BPR-PIP-002 trial, five patients (all ceftobiprole treated) had a documented
negative DAT result at baseline followed by a positive result at the TOC visit. One patient in
the ongoing, blinded ERADICATE trial had a positive DAT result at both baseline and EOT.
Results from other laboratory investigations showed no evidence of hemolytic anemia in
these patients. No positive DAT results were reported in the TARGET trial.

Conclusion: No evidence of hemolytic anemia associated with ceftobiprole was observed in
either adults or children across several indications in this analysis of three large Phase 3 trials.
DIIHA, direct antiglobulin test, ABSSSIs,

Staphylococcus aureus bacteremia
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Plain Language Summary

Drug-induced immune hemolytic anemia is an extremely rare form of anemia. It occurs when
red blood cells are destroyed by the immune system in response to treatment with certain
pharmacological therapies. Evidence obtained over many decades has demonstrated that
the second- and third-generation cephalosporin antibiotics are a leading cause of drug-induced
hemolytic anemia. However, a similar association has not been reported for the advanced-
generation cephalosporins. In cases of drug-induced immune hemolytic anemia, a laboratory
investigation known as the direct antiglobulin test (DAT; colloquially known as the direct
Coombs’ test) is usually positive. However, this test can be positive without evidence of
hemolytic anemia, particularly in hospitalized patients, and results must be evaluated in the
context of other laboratory or clinical findings.
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The objective of this analysis was to evaluate the frequency of
positive DAT results and hemolytic anemia in patients treated with
the advanced-generation cephalosporin, ceftobiprole. In three large
Phase 3 trials in both adults and children, we found no evidence of
hemolytic anemia in any patient treated with ceftobiprole. A small
number of positive DAT results were reported at baseline and/or
after treatment with ceftobiprole. However, in the absence of other
laboratory or clinical findings indicative of hemolytic anemia, these
results may simply reflect the fact that these patients had infections
severe enough to warrant hospitalization. These results are consis-
tent with earlier Phase 3 trials of ceftobiprole and other advanced-
generation cephalosporins. Our analysis provides further evidence
that hemolytic anemia may not be associated with advanced-
generation cephalosporin treatment.

Introduction

Drug-induced immune hemolytic anemia (DIIHA) is a rare
but serious complication of drug treatment, with an estimated
incidence of approximately 1 case per million individuals,
per year." The mechanism of DIIHA is complex and poorly
understood,” ™ and there is usually no relationship between
drug dose and reaction.” Most antibodies that cause DITHA are
categorized as drug-dependent, ie, they demonstrate reactivity
only in the presence of drug.® Less commonly, DIIHA is
caused by drug-independent antibodies, ie, antibodies that
are capable of in vitro reactivity in the absence of drug.’
Antibodies may be directed against the drug, a neoantigen
formed by the drug and red blood cell (RBC) membrane
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membrane components
(autoantibody)

Crossreactive
autoantibody
produced to
drug-modified
RBC membrane

components, or against membrane components (autoantibo-
dies) (Figure 1).**° Additionally, some drugs can cause serum
proteins, including immunoglobulins, to be adsorbed onto
RBC membranes, potentially mediating their destruction.® To
date, the best-understood mechanisms of DIIHA involve peni-
cillin and cefotetan, which covalently bind to RBC membranes
and induce binding of IgG antibodies to drug epitopes. These
coated RBCs then undergo extravascular destruction via Fc-
receptor recognition by splenic macrophages.”

A reliable laboratory finding in DITHA is a positive direct
antiglobulin test (DAT; colloquially referred to as a positive
direct Coombs’ test).” This is a method of detecting the pre-
sence of antibodies or complement directly bound to RBC
membranes.” However, up to 0.1% of healthy individuals and
up to 15% of hospitalized patient specimens can have
a positive DAT result without evidence of hemolysis
(reviewed by Zantek et al®). It is therefore important that the
significance of a positive result is interpreted in the context of
the clinical situation.®

As of 2014, 136 drugs had been reported to cause
DITHA.’ Historically, the most common drugs associated
with this condition were methyldopa and high-dose intra-
venous penicillin.'® However, over the past 50 years, the
spectrum of medications implicated in DIIHA has changed
considerably and the focus has shifted to the cephalospor-
ins and other B-lactam antibiotics, such as piperacillin.”'!
Evidence shows that first-generation cephalosporins (eg,
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Figure | A proposed unifying model of drug-induced immune hemolytic anemias based on the hapten theory of antibody production. Reproduced with permission from
Branch DR. Drug-induced immune haemolytic anaemias. ISBT Sci Ser. 2018;14(1):49-52.© 2018 International Society of Blood Transfusion.®
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cephalexin, cephalothin, and cefazolin) rarely caused

immune hemolytic anemia, with only five well-
documented cases since their first introduction in 1964.'
Second- and third-generation cephalosporins, especially
cefotetan and ceftriaxone, have been associated with
fatal 12

a reference laboratory in the USA, these agents accounted

severe, sometimes hemolytic anemia. In
for over 80% of reported cases of DITHA over the ten-year
period to 2005, with cefotetan being the most frequently
suspected cephalosporin.'” Similarly, in a case—control
study in Germany, second- and third-generation cephalos-
porins were a frequent cause of DIIHA.' However, in this
study, the proportion of cases caused by cephalosporins
was lower than that observed in the USA study. This may
reflect the fact that cefotetan was no longer available in
Germany during the study period." Of note, children may
be more vulnerable to ceftriaxone-induced hemolytic ane-
mia than adults, and reactions in children can be severe
and often fatal." However, the condition is rare, and
affected children commonly have underlying chronic
hematologic or immunologic disorders or chronic/recur-
rent infections (reviewed by Northrop and Agarwal'®).
Since 2008, piperacillin has superseded cefotetan and cef-
triaxone as the leading cause of DITHA.’

Although hemolytic anemia has not been observed in
clinical trials of the advanced-generation cephalosporin,
ceftaroline, DAT seroconversion has been reported.'>'® In
the Phase 3, multicenter, randomized, double-blind FOCUS
trials in community-acquired bacterial pneumonia, there
were more positive DAT results with ceftaroline versus
ceftriaxone (9.8% versus 4.5%), but no difference in the
rates of anemia (0.8% versus 0.4%), and no patients in
either treatment arm were identified with a clinical presen-
tation of hemolytic anemia.'®'” In the Phase 3, multicenter,
randomized, double-blind CANVAS trials in acute bacterial
skin and skin structure infections (ABSSSIs), 11.6% of
ceftaroline-treated patients had positive DAT results, com-
pared with 4.3% of patients treated with vancomycin plus
aztreonam, with no reports of hemolytic anemia in either
group.'”

Ceftobiprole, the active moiety of the prodrug ceftobiprole
medocaril, is an advanced-generation, broad-spectrum cepha-
losporin, which has a rapid bactericidal effect against both
methicillin-sensitive and methicillin-resistant Staphylococcus
aureus infections.'” It is currently approved in many
European and non-European countries for the treatment of
community- and hospital-acquired pneumonia (excluding ven-
tilator-associated pneumonia).”> DATs were not performed in

four previous Phase 3 trials of ceftobiprole; however, there were
no adverse events of hemolytic anemia reported in these
trials.”' * Also, to date, no cases of hemolytic anemia have
been reported in the post-marketing setting, where experience
of >70,000 patient-days has been recorded (unpublished data).

Here, we review safety data from three recent Phase 3
trials of ceftobiprole (one in pediatric patients with pneumo-
nia, one in adults with ABSSSIs, and one in adults with
S. aureus bacteremia), with regard to the incidence of posi-
tive DAT results and hemolytic anemia.

Patients and Methods

Design and Participants

This analysis includes patients enrolled in three recent or
ongoing clinical trials. BPR-PIP-002 (NCT03439124) was
a Phase 3, randomized, investigator-blinded, active-controlled,
multicenter trial of ceftobiprole (n=94) versus intravenous stan-
dard-of-care cephalosporin + vancomycin (n=44) in patients
aged 3 months to <18 years with hospital- or community-
acquired pneumonia requiring hospitalization and administra-
tion of intravenous antibiotics.”> TARGET (NCT03137173)
was a Phase 3, randomized, double-blind, active-controlled,
parallel-group, multicenter, non-inferiority trial of ceftobiprole
(n=335) compared with vancomycin plus aztreonam (n=344) in
hospitalized patients aged >18 years with a diagnosis of
ABSSSI, who required intravenous antibacterial treatment.*®
ERADICATE (NCT03138733) is an ongoing Phase 3, rando-
mized, double-blind, active-controlled, parallel-group, multi-
center, trial of ceftobiprole compared with daptomycin =+
aztreonam in hospitalized patients aged >18 years with compli-
cated forms of S. aureus bacteremia, including infective
endocarditis.”” As of August 2020, 201 patients have been
randomized 1:1 to ceftobiprole or daptomycin + aztreonam in
this trial. Safety assessments, including adverse event monitor-
ing, physical examination, vital signs, safety laboratory tests,
and other assessments, were performed regularly throughout all
three trials.

Laboratory Assessments and
Methodology

DATs were performed according to the following sche-
dules: in the BPR-PIP-002 trial, in all children aged
>6 years and in younger patients not treated with
vancomycin, a DAT was performed at screening and
at the test of cure (TOC) visit (7—14 days after the end
of treatment [EOT]); in TARGET, a DAT was per-
formed at baseline and EOT; and in ERADICATE,
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a DAT was performed at baseline, EOT, and at a post-
treatment Day 70 visit.

For the BPR-PIP-002 trial, DATs were performed at
Gdansk Laboratory, Gdansk, Poland (for samples from
patients in Bulgaria, Hungary, and Romania) or at IMD
Laboratory, Tbilisi, Georgia (for samples from patients in
Georgia). For the TARGET and ERADICATE trials, DATs
were performed at PPD Laboratories USA (Kentucky, USA)
or PPD Laboratories Europe (Zaventem, Belgium). For all
three trials, the DAT performed was an agglutination tube
assay using polyspecific antiglobulin sera (BioRad
Laboratories, California, USA). For the BPR-PIP-002 trial,
positive tests were further analyzed by a semi-quantitative
DG Gel card test (Grifols Diagnostics, Barcelona, Spain).

Results

Direct Antiglobulin Tests

BPR-PIP-002

A total of 102 patients (ceftobiprole n=72, ceftriaxone
n=28, and ceftazidime n=2) had a DAT at baseline and
113 patients had a test at the TOC visit (ceftobiprole n=74,
ceftriaxone n=37, and ceftazidime n=2) (Table 1). One
had a
treatment day 9 (ceftobiprole n=1).

patient test at an unscheduled visit on
Of the ceftobiprole patients, a total of 18 recorded
a positive DAT result. Nine had a positive result at base-
line, five reported seroconversion (negative at baseline and
positive at the TOC visit), and a further four had a positive
result at the TOC visit but were not tested at baseline
(Table 2). Only two patients had an increase in reaction
strength from baseline to follow-up visit (the first patient
had an increase from 1+ at baseline to 2+ at the TOC visit,
and the second had an increase from 0.5+ at baseline to 1+
at treatment day 9). Of the ceftriaxone patients, a total of
two patients recorded a positive DAT result. One had
a positive result at baseline, but a subsequent negative
result at the TOC visit. The other had a positive result at
the TOC visit but was not tested at baseline (Table 2).

TARGET

In the ceftobiprole group, 289 patients had a DAT at baseline
and 291 patients at the EOT visit. In the vancomycin +
aztreonam group, 280 patients had a test at baseline and
304 patients at the EOT visit. One patient in the vancomycin
+ aztreonam group had a DAT 12 days after EOT. All DATs
were negative in both treatment groups (Table 1).

Table | Outcome of Direct Antiglobulin Testing in Phase 3
Clinical Trials of Ceftobiprole

Number of Patients with Positive DAT
Results (n/N)

Clinical Trial

BPR-PIP-002 Ceftobiprole IV SOC cephalosporin® *
vancomycin
Baseline | TOC® | Baseline TOC
9172 14/75 | 1/30 1/39
TARGET Ceftobiprole Vancomycin * aztreonam
Baseline | EOT Baseline EOT®
0/289 0/291 | 0/280 0/305
ERADICATE Treatment (ceftobiprole or daptomycin *
aztreonam)®
Baseline | EOT Post-treatment Day
70
1/187 1/163 | 0/127

Notes: *Ceftriaxone (baseline: n=28, TOC: n=37) and ceftazidime (baseline: n=2,
TOC: n=2).°| patient had a DAT at an unscheduled visit at treatment day 9. | patient
had a DAT at an unscheduled visit 12 days after EOT. “Results cannot be allocated by
treatment, as the trial is ongoing and blinded.

Abbreviations: DAT, direct antiglobulin test; n, number of patients with positive
DAT results; N, number of DATs performed; IV, intravenous; SOC, standard of care;
TOC, test of cure; EOT, end of treatment.

ERADICATE

As the trial is currently ongoing and blinded, the results cannot
be reported by treatment group. One patient had a positive
DAT result at baseline and at EOT. This patient did not have
a test after EOT, including at the Day 70 visit. There was no
evidence of hemolysis or hemolytic anemia in this patient at
any time during the trial. All other DAT results were negative,
including 186 patients at baseline, 162 patients at EOT visit,
and 127 patients at the Day 70 visit. A total of 120 patients had
negative DAT results both at the EOT and the Day 70 visits,
and 114 patients had negative DAT results at all three visits.
The results are summarized in Table 1.

Other Laboratory Tests

For all three trials, results of other blood tests, ie, hemoglobin,
hematocrit, reticulocyte count and percent, haptoglobin, lactate
dehydrogenase, bilirubin, and hepatic transaminases (alanine
aminotransferase, aspartate aminotransferase) showed no evi-
dence of hemolysis or hemolytic anemia in any patient.

Adverse Events
The adverse event profile for all three trials was consistent
with that reported previously for ceftobiprole.’'* No
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Table 2 Breakdown of Positive Direct Antiglobulin Test Results in BPR-PIP-002 Trial by Visit

DAT Results at Baseline and TOC Ceftobiprole

Number of Patients with Tests Performed:
N=72 at Baseline; N=75 at TOC Visit*

IV SOC Cephalosporin £ Vancomycin
Number of Patients with Tests Performed:
Ceftriaxone: 28 at Baseline; 37 at TOC
Ceftazidime: 2 at Baseline; 2 at TOC

Baseline TOC? Number of Patients with Positive DAT Results
Negative Positive 5 0
Not performed Positive I®
Positive Positive 52 0
Positive Negative | I
Positive Not performed 3 0

Notes: *| patient had a DAT at an unscheduled visit at treatment day 9. Both patients with a positive DAT result in the SOC cephalosporin treatment group received

ceftriaxone.

Abbreviations: DAT, direct antiglobulin test; TOC, test of cure; N, number of tests performed; IV, intravenous; SOC, standard of care.

adverse events of hemolytic anemia were reported in any
of the three trials included in this analysis.

Discussion

In this analysis of three large Phase 3 trials (n=1018), no
evidence of hemolytic anemia associated with ceftobiprole
was observed in either adults or children across several indica-
tions. Furthermore, no patients discontinued ceftobiprole treat-
ment as a result of anemia. Evidence of DAT seroconversion
was reported in five children treated with ceftobiprole in the
BPR-PIP-002 trial. An additional four children had a positive
result at the TOC visit, but a DAT was not conducted at
baseline. For each of these cases, there were no other labora-
tory or clinical findings of hemolytic anemia. No evidence of
DIIHA was reported in either the TARGET or ERADICATE
trials, echoing results observed with another advanced-
generation cephalosporin, ceftaroline, which reported no
cases of DIIHA in several large Phase 3 trials.'> !

The differences in the frequency of positive DAT results
between the BPR-PIP-002 trial and the TARGET/
ERADICATE trials may reflect the use of different testing
laboratories. Alternatively, as the patients were randomized
2:1 (ceftobiprole to standard-of-care cephalosporin) in the
BPR-PIP-002 trial, these results may be due to the fact that
a larger proportion of ceftobiprole-treated patients were
included in this trial compared with TARGET and
ERADICATE. It should also be noted that in the BPR-PIP
-002 trial, after a minimum of 3 days’ treatment with intrave-
nous antibiotics, patients who met standardized criteria for
clinical improvement could be switched to an oral antibiotic
(penicillins, cephalosporins, macrolides, clindamycin, or line-
zolid) at the discretion of the blinded investigator, to complete
a minimum of 7 days’ antibiotic treatment. As such, there may

be an influence of the oral antibiotics on the DAT result at the
TOC visit. In the TARGET and ERADICATE trials, patients
received intravenous antibiotics throughout the treatment
course.

In a small number of hospitalized patients described in
this analysis (10 in the BPR-PIP-002 trial and 1 in the
ERADICATE trial), a positive DAT result was reported at
baseline, ie, prior to initiation of treatment. This accounts for
1.3% of all baseline tests and is consistent with previous
reports demonstrating that positive DAT results without evi-
dence of hemolysis can occur in hospitalized patients.® There
are a number of potential causes of such results, of varying
clinical significance.”® These can include older age, malig-
nancy, and some infectious diseases including human immu-
nodeficiency virus infection.”®

There are a number of limitations associated with our
analysis. Firstly, drug-dependent antibodies were not mea-
sured in patients with a positive DAT in the three trials
described here. This may be relevant, as drug-dependent
antibodies have previously been detected in patients without
clinical evidence of significant hemolytic anemia, eg, in
a single-center study, antibodies to piperacillin were detected
in two out of 43 (4.7%) patients with cystic fibrosis; of these,
one patient developed a mild immune hemolytic anemia.*’
Secondly, in the BPR-PIP-002 trial, the DAT was performed
7—-14 days after the end of treatment and therefore ceftobi-
prole would not be present in the sample. Of note, this should
not impact the results from the TARGET and ERADICATE
trials, where the DAT was performed at EOT.

Conclusions
Consistent with previous Phase 3 trials, the evidence pre-
sented here indicates that ceftobiprole administration may not
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be associated with DIIHA. A small number of positive DAT
results were reported without evidence of hemolysis; this is
consistent with previous reports from hospitalized patients.

Data Sharing Statement

All data relevant to the analysis are included in the article.
The deidentified datasets used and analyzed during the
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