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ABSTRACT

BACKGROUND

A surge of cases of Corynebacterium diphtheriae infection was observed in reception
centers for migrants in Europe beginning in the summer of 2022. Most of the cases
were cutaneous, although some respiratory cases as well as one death were reported.
A pan-European consortium was created to assess the clinical, epidemiologic, and
microbiologic features of this outbreak.

METHODS

We assessed cases of toxigenic C. diphtheriae infection that were reported in 10
European countries from January through November 2022. Data regarding coun-
tries of origin and transit routes were obtained from interviews with the patients.
Whole-genome sequencing and antimicrobial-susceptibility testing were performed
on bacterial isolates that were obtained from the patients. The phylogenetic rela-
tionships of the isolates and their antimicrobial-resistance genes were evaluated.

RESULTS
A total of 363 toxigenic C. diphtheriae isolates were identified among 362 patients
during the study period. Clinical data were available for 346 patients (95.6%): 268
(77.5%) had cutaneous diphtheria, 53 (15.3%) had respiratory diphtheria (11 [3.2%]
had a pseudomembrane), and 9 (2.6%) had both respiratory and cutaneous symp-
toms. Four major genetic clusters were identified, which indicated the multiclonal
nature of the outbreak. The ermX gene (which codes for erythromycin resistance)
and the pbp2m and blaOXA-2 genes (which code for beta-lactam resistance) were
detected in a subgroup of isolates. Isolates that carried ermX were resistant to
erythromycin, and isolates that carried pbp2m were resistant to penicillin but were
susceptible to amoxicillin. On the basis of the genomic variation within the four
genetic clusters, their most recent common ancestors were estimated to have ex-
isted between 2017 and 2020.

CONCLUSIONS
The distribution of each genetic cluster of C. diphtheriae isolates across multiple
countries in Europe showed repeated cross-border spread. The large number of
C. diphtheriae infections among migrants is a cause for concern, particularly given that
antimicrobial-resistance phenotypes threaten the efficacy of first-line treatments.
(Funded by the Bavarian State Ministry of Health, Care, and Prevention and others.)
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C. DIPHTHERIAE IN MIGRANT POPULATIONS IN EUROPE

IPHTHERIA IS A POTENTIALLY LIFE-

threatening and highly transmissible dis-

ease that typically causes respiratory ill-
ness but can also cause cutaneous lesions.! The
main causative agents are toxigenic strains of the
bacterium Corynebacterium diphtheriae, which ex-
press diphtheria toxin, a potent exotoxin that
inhibits protein synthesis in eukaryotic cells.??
Respiratory diphtheria is historically the most
frequently detected form; patients with respiratory
diphtheria present with symptoms such as sore
throat with pseudomembranes and low-grade fe-
ver. Cutaneous diphtheria, characterized by skin
ulcers sometimes surrounded by a greyish mem-
brane, typically does not lead to severe complica-
tions but can play an important role in transmis-
sion. The production of diphtheria toxin can result
in complications such as myocarditis, polyneu-
ropathy, and acute kidney disease. Unvaccinated
children younger than 5 years of age are particu-
larly susceptible to diphtheria. The estimated case
fatality rate among unvaccinated persons with
untreated respiratory diphtheria is 29%.*

Between 2016 and 2021, an annual mean of
27 cases of C. diphtheriae infection in the Euro-
pean Union (EU) and the European Economic Area
(EEA) were reported to the European Center for
Disease Prevention and Control (ECDC). How-
ever, diphtheria remains endemic or can become
epidemic in regions of the world where vaccine
coverage is suboptimal.>® Diagnosed cases in the
EU and EEA are often observed among travelers
and migrants from such regions.’
An unusual surge in the number of toxigenic

C. diphtheriae infections was noted in several Eu-
ropean countries in the summer of 2022.8% The
ECDC published a rapid risk-assessment docu-
ment in October 2022.> We investigated the tem-
poral and geographic dynamics and potential
sources of the outbreak, as well as the clinical,
phenotypic, and genomic characteristics of the
cases and the associated C. diphtheriae isolates that
carried the tox gene.

METHODS

INCLUSION CRITERIA AND CASE DEFINITION

This study assessed C. diphtheriae isolates that
carried the tox gene, in accordance with the World
Health Organization (WHO) recommendation for
the management of diphtheria outbreaks.’*** Poly-

merase-chain-reaction testing was used to deter-
mine whether isolates carried the tox gene, and
the findings were confirmed by means of whole-
genome sequencing. Cases of diphtheria were
retrospectively included on the basis of isolates
obtained and cultured from January 1 to Novem-
ber 30, 2022. Elek’s test (an immunodiffusion test)
was performed on a majority of the isolates to
confirm toxin production. Additional details are
provided in the Supplementary Appendix, avail-
able with the full text of this article at NEJM.org.

STUDY POPULATION AND EPIDEMIOLOGIC AND
CLINICAL DATA

Information was collected from interviews that
had been conducted with the patients during the
outbreak investigation. Data included country of
origin, transit countries, and date of arrival in the
reporting country. Clinical data (administration of
specific antibiotic agents and diphtheria antitoxin,
coinfections, clinical presentation, and inpatient
admission) were obtained from patient records.

PHYLOGENETICS AND GENOMICS

Whole-genome sequencing was performed on all
bacterial isolates. Multilocus sequence typing was
performed, and the association of clinical symp-
toms with specific sequence types was assessed.
The nucleotide sequences of 1305 shared core
genes were used to generate a phylogenetic tree.
Sublineages were defined as groups of core-
genome multilocus sequencing typing (cgMLST)
profiles with a threshold of 500 allelic mismatches.
Genetic clusters were defined as groups of cgMLST
profiles with a threshold of 25 allelic mismatches.
To place the study isolates into a wider context,
sequences belonging to sublineage (SL) 377, SL384,
and SL574 were retrieved from public sequence
databases and compared on the basis of cgMLST.
We also performed genomewide single-nucleotide
polymorphism (SNP) analysis within the four
main genetic clusters, including previously pub-
lished genomes from the 2022 outbreak at a refu-
gee center in Switzerland® and genome data from
isolates obtained in 2023. The population size
history of these clusters was analyzed with the use
of skygrowth."

ANTIMICROBIAL RESISTANCE
Antimicrobial-susceptibility testing for penicillin
and erythromycin was performed. Susceptibility
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testing for other antibiotics was conducted in
subsets of isolates according to country-specific
guidelines. Interpretation was based on European
Committee on Antimicrobial Susceptibility Test-
ing, version 13.0, clinical breakpoints.'® Antimi-
crobial-resistance genes and integrons were ana-
lyzed on the basis of whole-genome sequences.

ETHICS

Owing to the public health emergency associat-
ed with the outbreak in most of the countries,
no ethical approval was required. Nationwide
ethical approval is available in Switzerland for
outbreak investigation through the Swiss Patho-
gen Surveillance Platform.

RESULTS

EPIDEMIOLOGIC CHARACTERISTICS AND
CHARACTERISTICS OF THE PATIENTS
From January 1 to July 31, 2022, a total of 20 cases
of diphtheria were reported across six European
countries. After July, there was a steep increase in
case numbers, with 38 cases reported in August,
74 in September, and 115 in October, before the
number plateaued at 116 cases across 10 coun-
tries in November 2022 (Fig. 1A). The number of
cases of toxigenic C. diphtheriae infection reported
in 2022 was markedly higher than in previous
years (Fig. S1 in the Supplementary Appendix).
We identified 363 isolates that carried the tox
gene among 362 patients in 10 countries: Ger-
many (118 patients), Austria (66 patients), the
United Kingdom (59 patients), Switzerland (52
patients), France (30 patients), Belgium (21 pa-
tients), Norway (8 patients), the Netherlands (5
patients), Italy (3 patients), and Spain (1 patient)
(Fig. 1B). The median age of the patients was
18 years at the time of data collection; 176 patients
(48.6%) were 16 to 20 years of age, and 355 (98.1%)
were male. Most of the patients (348 [96.1%]) had
a recent migration history, close contact with
migrant populations, or a recent date of entry
into the reporting country; 174 patients (48.1%)
were reported to be residents in a migrant center.
Multilocus sequence typing identified 16 se-
quence types; 330 of 363 isolates (90.9%) be-
longed to one of three unrelated sequence types:
sequence type (ST) 377, ST384, and ST574. These
genotypes presented with similar frequencies
across countries of origin, reporting countries,
and over time (Fig. 1B and 1C).

CLINICAL PRESENTATIONS

Clinical data were available for 346 patients
(95.6%); 268 patients (77.5%) had cutaneous diph-
theria, 53 (15.3%) had respiratory diphtheria (11
[3.2%] had a pseudomembrane), and 9 (2.6%)
had both respiratory and cutaneous symptoms
(Fig. 2A and 2B and Figs. S7 and S8). No associa-
tion of clinical symptoms with specific sequence
types was observed (Fig. 1D). One patient was
infected with two isolates: a cutaneous infection
with ST377 and a respiratory infection with ST384.
One patient with a pseudomembrane died. We
identified three patients with genital involvement.
Owing to the incomplete medical documentation
among the patients, it was often difficult to ascer-
tain vaccination status reliably. Four patients were
reported to be vaccinated, and 10 were reported
to be nonvaccinated; 290 patients were reported
to have an unknown vaccination status.

Data regarding receipt of specific antibiotics
were available for 75 patients. The most common
agents were azithromycin (24 patients), amoxicil-
lin (23 patients), clarithromycin (21 patients),
clindamycin (11 patients), penicillin (8 patients),
and doxycycline (3 patients). Specifically, patients
with cutaneous diphtheria received amoxicillin
(17 patients), clarithromycin (11 patients), clindamy-
cin (8 patients), and azithromycin (7 patients).
Patients with respiratory diphtheria received cla-
rithromycin (9 patients), azithromycin (8 patients),
penicillin (7 patients), and amoxicillin (5 patients).
Some of the most frequently reported coinfec-
tions were with Streptococcus pyogenes (30 patients),
methicillin-resistant Staphylococcus aureus (15 pa-
tients), and arcanobacteria (4 patients). Five pa-
tients also presented with scabies infestation.
Coinfections were predominantly reported in cu-
taneous cases. Two coinfections were reported in
respiratory cases: one with Streptococcus dysgalactiae
and one with S. pyogenes.

Of the 17 patients who were admitted to a
hospital, 5 had cutaneous diphtheria and 12 had
respiratory diphtheria (7 of whom had a pseudo-
membrane). All 12 patients with respiratory
diphtheria were treated with diphtheria antitox-
in along with antibiotics. Diphtheria antitoxin
doses ranged from 5000 to 100,000 IU; 8 pa-
tients received doses higher than 60,000 IU. The
12 patients received treatment within a mean
(£SD) of 2.8+1.5 days after symptom onset, with
most (9 patients) receiving treatment within 3
days. Of 54 patients who were not admitted to a
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C. DIPHTHERIAE IN MIGRANT POPULATIONS IN EUROPE

hospital and were treated on site, 40 had cutane-
ous diphtheria and 14 had respiratory diphtheria
(7 of whom had a pseudomembrane).

Of the 52 patients for whom information was
available on specific clinical signs and symp-
toms, 4 patients with cutaneous diphtheria had

symptoms that were atypical, and 40 had symp-
toms that were typical. One case of respiratory
diphtheria was reported to be atypical, and 6
were reported to be typical. The most common
symptoms reported among the patients with respi-
ratory manifestations were tonsillitis (8 patients),
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Figure 1. Diphtheria Cases, Isolates and Sequence Types, and Clinical Presentation.

The study included Corynebacterium diphtheriae isolates that were obtained from January through November 2022; 362 cases of diph-
theria and 363 isolates were identified. Panel A shows the numbers of cases in each reporting country according to month. Panel B
shows the number of isolates and their sequence types according to the reporting country. Panel C shows the number of isolates and
sequence type according to month. Panel D shows the clinical presentation of the 325 cases for which clinical presentation was report-

ed, according to sequence type.
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sore throat (6 patients), and lymphadenopathy (4
patients) (Fig. 2C). The patient with atypical re-
spiratory diphtheria presented with a peritonsil-
lar abscess (Fig. 2D). Aside from one death, no
other severe clinical complications were report-
ed after antibiotic treatment. The patient who
died presented with purulent secretions and
thick membranes that covered the entire pharyn-
geal wall. Diphtheria antitoxin was administered
during a late stage of the disease, and this delay
probably contributed to a severe course, result-
ing in multiorgan failure and death.”

MIGRATION ROUTES AND TRAVEL HISTORY

Information regarding country of origin was
available for 266 patients (73.5%). A total of 19
countries of origin were reported; 222 patients
(83.5%) were reported to have originated from

Afghanistan or Syria. In addition, 28 transit
countries were reported (Fig. 3 and Fig. S2). Al-
though several patients migrated from Africa or
through eastern Europe, most followed a migra-
tion route through the western Balkans.

PHENOTYPIC AND GENOMIC FEATURES OF THE
C. DIPHTHERIAE ISOLATES
Among the 363 isolates, all of which carried the
tox gene, Elek’s test was performed on 306
(84.3%); all of the isolates were confirmed to
produce the diphtheria toxin. Therefore, no non-
toxigenic isolates bearing the tox gene were
identified over the course of the study.!®
Antimicrobial-susceptibility testing for penicil-
lin was performed on 287 isolates, and suscepti-
bility testing for erythromycin was performed on
282 isolates. A total of 286 of 287 isolates (99.7%)

images obtained in Switzerland.

Figure 2. Clinical Presentations of Cutaneous and Respiratory Diphtheria.

Panel A shows a patient with cutaneous diphtheria with inflammatory plaques with pustules, erosions, and crusts
with superinfection with Streptococcus pyogenes (photograph obtained at the Department of Dermatology, Klinikum
Klagenfurt am Wérthersee). Panel B shows a patient with cutaneous diphtheria with multiple pustules on the feet
and hands; the patient had superinfection with S. pyogenes and methicillin-resistant Staphylococcus aureus (photo-
graph obtained at the Department of Dermatology, Klinikum Klagenfurt am Wérthersee). Panel C shows a patient
with respiratory diphtheria with the characteristic bull’s neck appearance due to massive lymphadenopathy and
swelling (photograph obtained at the Department of Infectious Diseases, Klinik Favoriten). Panel D shows a patient
with respiratory diphtheria with a peritonsillar abscess and pseudomembranes on the right tonsil (photograph ob-
tained at the Department of Infectious Diseases, Klinik Favoriten). Ethical approval was obtained for the release of
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were susceptible to penicillin with increased
exposure, and 264 of 282 (93.6%) isolates were
susceptible to erythromycin. One isolate (acces-
sion ID: £82239e6; ST183) was resistant to peni-
cillin and meropenem but not to erythromycin.
All 114 isolates that underwent phenotypic test-
ing against amoxicillin were susceptible. A total
of 18 erythromycin-resistant isolates were in
most cases also resistant to ciprofloxacin, tetra-
cycline, doxycycline, and trimethoprim-sulfa-
methoxazole. Concurrent phenotypic resistance
to both beta-lactams and macrolides was not
observed for any isolate. The tested isolates
showed the highest resistance to trimethoprim—
sulfamethoxazole (142 of 175 isolates [81.1%]),
tetracycline (59 of 180 [32.8%]), and ciprofloxa-
cin (57 of 255 [22.4%]) (Table S3).

The phylogenetic analysis is shown in Fig-
ure 4. A total of 12 sublineages were discerned,
3 of which were most frequent: SL377 (corre-
sponding to ST377), SL384 (corresponding to
ST384), and SL574 (corresponding to ST574 and
ST698). Within these sublineages, four major
genetic clusters containing more than 15 ge-

nomes were identified: genetic cluster (GC) 1
(131 isolates) within SL574, GC3 (74 isolates)
within SL384, and GC2 (110 isolates) and GC9
(17 isolates) within SL377. GC2 and GC9 were
distinct at 65 cgMLST loci. The genetic clusters
of the study isolates were newly defined and
distinct from previously sequenced isolates. Each
of the dominant sequence types, sublineages,
and genetic clusters were associated with mul-
tiple countries of origin and reporting countries
(Figs. 4 and 5). The public sequences most close-
ly related to SL384 were from the Yemen out-
break®; however, these sequences differed from
the study isolates by at least 37 cgMLST alleles
and therefore did not belong to the same genetic
cluster (Fig. 5). Similarly, the most closely related
isolates to the SL377 isolates from the European
outbreak were from India, with more than 50
cgMLST allele differences. No public isolates
were found to belong to SL574. Of note, the pre-
dominant genetic clusters (GC1, GC2, and GC3)
comprised distinct genotypes (cgMLST profiles),
many of which were found in more than one re-
porting country (Fig. 4).

Reporting
Country Sequence
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L 574
Afghanistan Germany
United Kingdom 377|
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Figure 3. Association of Country of Origin, Reporting Country, and Sequence Type.
An alluvial diagram shows the frequency of migration from various countries of origin (left column) to the reporting
countries (middle column) and which sequence types were identified (right column).
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The genome assemblies carried several pre-
dicted resistance genes or mutations. In particu-
lar, tet(33) and dfrAl, as well as the gyrA muta-
tions S89F and D93Y, were observed, and their
presence was highly concordant with phenotypic
data for tetracycline, trimethoprim, and cipro-
floxacin, respectively (Fig. S3). In addition, sull
was found specifically in isolates belonging to
SL698 and SL377, and these were resistant to

SL377) carried an integron containing the ermX
gene (which encodes for erythromycin resis-
tance) and the blaOXA-2 gene, as previously de-
scribed (Fig. 4).° The distal position of blaOXA-2
in the integron may imply that it is not expressed,
because the tested isolates remained susceptible to
penicillin and amoxicillin, as previously reported.’
The pbp2m gene, which reduces susceptibility to
penicillin,® and the erythromycin-resistance gene

sulfonamides. A subgroup of isolates (GC9, within ermX were also found in a handful of diverse
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Figure 4. Phylogenetic Diversity of the 363 C. diphtheriae 1solates.

The phylogeny was obtained with the use of core gene sequences and is displayed radially. The branches corresponding to the four major
sequence types (STs) are colored. The surrounding metadata circles show (from inside to outside) country of origin, clinical manifesta-
tion, sublineage (SL), genetic cluster (GC), and the presence of the following genes: blaOXA-2 (which has no demonstrated phenotypic
effect), pbp2m (which potentially confers resistance to penicillin and other beta-lactams), and ermX (which confers resistance to macro-
lides). The scale indicates the proportion of variable nucleotide sites.
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sporadic genomes (Fig. 4). A second integron was
also observed, which carried genes for resistance
to trimethoprim and aminoglycosides. Most of
the SL377 isolates carried this second integron,
which suggests that it was acquired before the
split that defines the smaller SL377 cluster GC9.
This second integron flanks a genomic region
where additional genes for chloramphenicol and
aminoglycoside resistance are found and repre-
sents an important antimicrobial-resistance ge-
nomic region acquired horizontally in SL377.

On the basis of genomewide SNP analysis,
smaller phylogenetic subdivisions of GC1, GC2,
GC3, and GC9 were restricted within unique re-
porting countries, which indicates local chains

of transmission (Figs. S4, S5, and S6). The maxi-
mal root-to-tip distance within each genetic clus-
ter was 17 SNPs, a finding that underlines the
very recent diversification of the four genetic
clusters from their respective ancestors.

ANALYSIS OF DATA FROM 2023

In 2023, the countries included in the study re-
ported 178 cases of C. diphtheriae infection with
isolates that carried the tox gene: 112 in Ger-
many, 17 in the Netherlands, 16 in France, 13 in
the United Kingdom, 9 in Belgium, 8 in Switzer-
land, and 3 in Austria, with three deaths reported
(all in migrants). Although fewer cases were re-
ported than in 2022, the total number of cases
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Figure 5. The Genetic Diversity of the Four Main Genetic Clusters.

Shown are minimum spanning trees of C. diphtheriae isolates of ST574 (panel A), ST384 (panel B), and ST377 (panel C), on the basis
of core-genome multilocus sequence typing.’® Each tree includes the isolates of the outbreak described in this article (circles) as well

as previous publicly available genome sequences retrieved from BIGSdb-Pasteur (squares). The blue shaded areas highlight the isolates

included in this study that belong to four main genetic clusters.
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reported in 2023 was substantially higher than
that in previous years. Genomic data showed cir-
culation in 2023 of each of the four main genetic
clusters identified in 2022, which indicates sus-
tained transmission (Fig. S9).

Recombination-adjusted SNP analysis estimat-
ed the ancestors of each genetic cluster to have
existed between 2016 and 2019, and the popula-
tion size history of these clusters showed expo-
nential growth only since 2022, a finding consis-
tent with the clusters not having been detected
previously. Of note, among the 178 cases reported
in 2023, isolates from 2 cases belonged to ST377
and isolates from 5 cases belonged to ST574;
these cases were reported among unhoused per-
sons and intravenous drug users who were not
staying in a migrant center.

DISCUSSION

This outbreak represents the largest rise in diph-
theria cases seen in western Europe in the past
70 years. It occurred primarily among displaced
populations entering the region. No secondary
infections were documented among the resident
populations in 2022, and only eight such infec-
tions were detected in 2023.

Available data on transit routes showed that
most of the patients had migrated through the
western Balkan region. Travel restrictions relat-
ed to the coronavirus disease 2019 pandemic in
many European countries further increased pop-
ulation densities in migrant centers and camps,*
which contributed to additional strain on hy-
giene systems and medical services. Cutaneous
diphtheria is generally considered to be a milder
form of the disease that is less likely to lead to
systemic infection, and it is less often diagnosed
(it requires microbiologic analysis), perhaps ex-
plaining in part why this outbreak went unno-
ticed in western Balkan transit countries. The
lower incidence of respiratory cases (15% in this
study) than that in previous outbreaks (in which
cutaneous cases may have been under-reported)
could be the result of frequent and poorly man-
aged skin injuries and close contact with infected
persons, in combination with poor hygienic con-
ditions during migration.

The prevalence of cases among male mi-
grants could potentially be explained by differ-
ences between women and men in health care—
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seeking behavior. However, countries that screen
all incoming migrants did not identify higher
proportions among women. Another explanation
could be behavioral differences between male and
female migrants — namely, that male migrants
may circulate more among the population than
female migrants, who operate in smaller social
circles. In addition, women may have more con-
tact with health care providers because of preg-
nancies, through which they could be vaccinated
against diphtheria.

The macrolide resistance observed in GC9 pos-
es a substantial threat to treatment outcomes, in-
creases the likelihood of systemic complications
warranting diphtheria antitoxin treatment, and
may favor transmission. Although most cases were
managed with antibiotics only, some patients with
respiratory cases received diphtheria antitoxin
treatment.” In some countries (e.g., Switzerland),
a booster vaccine was supplied in the refugee
camps.

Timely generation and sharing of genomic
data are recommended as an integral part of out-
break responses.”?* During the 2022 European
outbreak, regular discussion within the 2022
European Diphtheria Consortium and the shar-
ing of sequencing data among reporting coun-
tries allowed the identification of four main ge-
netic clusters. These data allowed us to define
their commonalities in antimicrobial susceptibil-
ity and contributed to public health actions and
response options, such as the identification of
and screening for erythromycin resistance.

Our study builds on earlier observations in
local outbreaks®*?> and has enabled an analysis
of the event at a continental scale. The multiclonal
nature of the outbreak that was revealed is consis-
tent with previous diphtheria outbreaks®**** and
supports an origin from several distinct emergence
events of previously unreported strains, whose
transmission was enabled among unidentified
sustained foci of infection en route to Europe. The
timing of the common ancestors of the main ge-
netic clusters, estimated to have been between
2017 and 2020, suggests that transmission at
low levels might have gone unnoticed for some
time and might have existed even earlier in the
origin countries of migrants, perhaps enabled by
low vaccination levels and limited health care
infrastructure for diagnosis and surveillance of
diphtheria.
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In the months after the end of the study pe-
riod, a reduction in the number of cases was ob-
served in all reporting countries. We suspect that
this can in part be attributed to several counter-
measures, including interview-based contact trac-
ing and screening to identify secondary cases.
Several countries have initiated chemoprophy-
laxis of contacts of persons with diphtheria,
whereas others have opted for chemoprophylaxis
or vaccination campaigns in the wider popula-
tion within and around migrant centers.”** In-
terventions were launched immediately after this
outbreak was identified and continued, in some
cases, until the spring of 2023. However, owing
to very limited active collection of isolates in
2023 as compared with 2022, it is difficult to
make inferences regarding drivers of the reduc-
tion in cases. Because migrant populations are
difficult to study, we suspect the number of
cases might have been substantially higher. Ge-
netic clusters from the original outbreak were
also identified in 2023, which suggests sustained
foci of infection. Secondary cases in vulnerable
populations, such as persons experiencing home-
lessness and intravenous drug users, were also
identified. The secondary cases highlight the
need for heightened public health measures and
clinical awareness.*

The rise in the number of C. diphtheriae infec-
tions observed among migrants in western Eu-
rope in the second half of 2022 was seemingly
halted by response measures, but some forward
transmission in the reporting countries was ob-
served in 2023. The distal origin of these events
remains to be determined, even though it might
be linked to low vaccination coverage in coun-
tries with political unrest and disturbed public
health systems that favor local reemergence and
motivate migrations to Europe. These data sug-
gest a number of actions that are needed in
Europe to reduce the risk of such outbreaks in
the future, including improvement in awareness
among migrants, their physicians, and relevant
personnel with whom migrants are in contact;
thorough vaccination protocols for migrants, lo-
cal populations, and medical and social care
personnel; clinical monitoring of persons who
are at risk; rapid diagnosis in symptomatic per-
sons and screening of contacts, with laboratory
confirmation of cases; antimicrobial-susceptibility
testing to define appropriate antimicrobial treat-

ment and prophylaxis; and whole-genome se-
quencing of toxigenic strains and sharing of
sequencing data to inform local and regional
dissemination. Strengthening the implementa-
tion of immunization programs and seeking to
achieve high vaccination coverage (both for pri-
mary series and booster doses) remains the key
intervention for protection against diphtheria at
the population level. Although childhood vacci-
nation coverage in Europe remains stable, wan-
ing immunity and lower levels of protection in
older persons may create vulnerability. An addi-
tional booster dose later in life to ensure lifelong
protection has not yet been recommended by the
WHO,*! but studies have shown a decline in se-
roprotection among older adults.?*** Increasing
the global production of diphtheria antitoxin and
maintaining a stable, communal stockpile that
can be rapidly deployed in outbreak situations
should also be an international public health
priority.

Supported by the Bavarian State Ministry of Health, Care,
and Prevention and by the German Federal Ministry of Health
through the Robert Koch Institute and its National Reference
Laboratories Network (grant no. FKZ 1369-359) to the German
National Consiliary Laboratory for Diphtheria; by an unrestrict-
ed research grant from the University of Zurich, Switzerland, to
Dr. Egli; by a grant (NRP72) from the Swiss National Science
Foundation through the Swiss Pathogen Surveillance platform
(Ref 407240_177504) to Dr. Egli; and by support from Institut
Pasteur and Santé Publique France (Saint-Maurice, France) to the
French National Reference Center for Diphtheria.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

We thank Nora Kohler, Valéria Pires, Stefan Antener, and
Daniel Gander (Institute of Medical Microbiology, University
of Zurich); Annick Carmi, Sylvie Brémont, Marion Barbet, and
Virginie Passet (Institut Pasteur) for technical assistance in mi-
crobiologic confirmation of cases and whole-genome sequenc-
ing; Sabine Lohrer, Jasmin FriRdorf, Marion Lindermayer, Anne
Konitzer, Wolfgang Schmidt, Helga Kocak, Juliane Breitenberg-
er, Andrea Seifarth, and Turgut-Cengiz Dedeoglu (Germany), as
well as the local, subnational, and national public health au-
thorities, migrant shelters, and medical laboratories in Germa-
ny involved in primary bacteriologic diagnosis; colleagues in the
Respiratory and Vaccine Preventable Bacteria Reference Unit and
Antimicrobial Resistance and Healthcare Associated Infections
Reference Unit (U.K. Health Security Agency) for characteriza-
tion of the strains; and Jasmin Bleier, Petra Hasenberger, and
Silke Stadlbauer (Austria).

AUTHOR INFORMATION

Andreas Hoefer, Ph.D.,! Helena Seth-Smith, Ph.D.,2 Federica
Palma, Ph.D.,>* Stefanie Schindler, M.D.,* Luca Freschi, Ph.D.,!
Alexandra Dangel, Ph.D.,° Anja Berger, M.D.,” Joshua D’Aeth,
Ph.D.,® Rebecca Cordery, M.D.,° Enrique Delgado-Rodriguez,
M.Sc.,! Eva Gruner, M.D.,'® Domenica Flury, M.D.,"* Vladimira
Hinic, Vet.D., Ph.D.,%2 Julian Kofler, M.D.,'* Reto Lienhard,
M.Sc.,”* Rob Mariman, Ph.D.,** Oliver Nolte, Ph.D.,>!> Adrian
Schibli, M.D.,** Julie Toubiana, M.D.,**”*® Marianna Traugott, M.D.,"?

N ENGL J MED 392;23 NEJM.ORG JUNE 19, 2025

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.

Downloaded from nejm.org at Instituto de Salud Carlos 111 on November 17, 2025.

2343

Copyright © 2025 Massachusetts Medical Society. All rights reserved, including those for text and data mining, Al training, and similar technologies.



2344

Copyright © 2025 Massachusetts Medical Society. All rights reserved, including those for text and data mining, Al training, and similar technologies.

The NEW ENGLAND JOURNAL of MEDICINE

Stephanie Jacquinet, M.D.,*® Alexander Indra, M.D.,* Nor-
man K. Fry, Ph.D.,*® Daniel Palm, Ph.D.,' Andreas Sing, M.D.,
Ph.D.,”# Sylvain Brisse, Ph.D.,**” and Adrian Egli, M.D., Ph.D.?

!European Center for Disease Prevention and Control, Solna,
Sweden; ?Institute of Medical Microbiology, University of Zu-
rich, Zurich, Switzerland; ®Biological Resource Center, Institut
Pasteur, Université Paris Cité, Paris; * Biodiversity and Epidemi-
ology of Bacterial Pathogens, Institut Pasteur, Université Paris
Cité, Paris; ®Institute for Medical Microbiology and Hygiene,
Austrian Agency for Health and Food Safety, Vienna; ¢Next-
Generation Sequencing Core Unit, Public Health Microbiology,
Bavarian Health and Food Safety Authority, OberschleiRheim,
Germany; "National Consiliary Laboratory on Diphtheria, Ba-
varian Health and Food Safety Authority, World Health Organi-
zation Collaborating Center for Diphtheria, European Refer-
ence Laboratoryfor Diphtheria and Pertussis, OberschleiBheim,
Germany; #Vaccine Preventable Bacteria Section, Respiratory
and Vaccine Preventable Bacteria Reference Unit, Specialised

Microbiology and Laboratories Directorate, U.K. Health Secu-
rity Agency, London; ®Immunisation and Vaccine Preventable
Diseases Division, U.K. Health Security Agency, London;
®Medica, Zurich, Switzerland; * Kantonsspital St. Gallen, St.
Gallen, Switzerland; 2 Department for Dermatology and Vene-
reology, Hospital Klagenfurt am Wérthersee, Klagenfurt am
Wérthersee, Austria; *ADMED Microbiologie, La Chaux-de-
Fonds, Switzerland; *Rijksinstituut voor Volksgezondheid en
Milieu, Bilthoven, the Netherlands; **Center for Laboratory
Medicine, St. Gallen, Switzerland; ¢ Division of Infectious Dis-
eases and Infection Prevention, Stadtspital Zirich, Zurich,
Switzerland; ¥ National Reference Center for Corynebacteria of
the Diphtheriae Complex, European Reference Laboratory for
Diphtheria and Pertussis, Institut Pasteur, Paris; ® Department
of General Pediatrics and Pediatric Infectious Diseases, Université
Paris Cité, Hopital Necker-Enfants Malades, Assistance Publique—
Hépitaux de Paris, Paris; * Department for Infectious Diseases
and Tropical Medicine, Klinik Favoriten, Vienna; % Sciensano,
Brussels; 2 Ludwig-Maximilians-Universitit, Munich, Germany.

REFERENCES

1. Hadfield TL, McEvoy P, Polotsky Y,
Tzinserling VA, Yakovlev AA. The pathol-
ogy of diphtheria. J Infect Dis 2000;181:
Suppl:$116-5120

2. Collier RJ. Diphtheria toxin: mode of
action and structure. Bacteriol Rev 1975;
39:54-85.

3. Parveen S, Bishai WR, Murphy JR.
Corynebacterium diphtheriae: diphtheria tox-
in, the tox operon, and its regulation by
Fe2* activation of apo-DtxR. Microbiol
Spectr 2019;7(4).

4. Truelove SA, Keegan LT, Moss WJ, et
al. Clinical and epidemiological aspects
of diphtheria: a systematic review and
pooled analysis. Clin Infect Dis 2020;71:
89-97.

5. Dureab F, Al-Sakkaf M, Ismail O, et
al. Diphtheria outbreak in Yemen: the im-
pact of conflict on a fragile health system.
Confl Health 2019;13:19.

6. Rahman MR, Islam K. Massive diph-
theria outbreak among Rohingya refu-
gees: lessons learnt. J Travel Med 2019;26.
7. Meinel DM, Kuehl R, Zbinden R, et al.
Outbreak investigation for toxigenic Co-
rynebacterium diphtheriae wound infec-
tions in refugees from Northeast Africa
and Syria in Switzerland and Germany by
whole genome sequencing. Clin Microbiol
Infect 2016;22(12):1003.e1-1003.e8.

8. Badenschier F, Berger A, Dangel A,
et al. Outbreak of imported diphtheria
with Corynebacterium diphtheriage among mi-
grants arriving in Germany, 2022. Euro
Surveill 2022;27:2200849.

9. Kofler J, Ramette A, Iseli D, et al. On-
going toxin-positive diphtheria outbreaks
in a federal asylum centre in Switzerland,
analysis July to September 2022. Euro
Surveill 2022;27:2200811.

10. Spielberger BD, Hansel A, Nazary A,
et al. Imported toxigenic corynebacteri-
um diphtheriae in refugees with polymi-
crobial skin infections, Germany, 2022.
Emerg Infect Dis 2023;29:2112-5.

N ENGL J MED 392;23

11. Sing A, Badenschier F, Dangel A, et al.
Clustering of diphtheria cases in refugees
that arrived in Germany in 2022. Dtsch
Arztebl Int 2023;120:557-8.

12. European Centre for Disease Preven-
tion and Control. Increase of reported
diphtheria cases among migrants in Eu-
rope due to Corynebacterium diphtheriae,
2022. October 6, 2022 (https://www.ecdc
.europa.eu/sites/default/files/documents/
diphtheria-cases-migrants-europe
-corynebacterium-diphtheriae-2022.pdf).
13. Haut Conseil de la Santé Publique.
Avis relatif a la conduite a tenir autour d’'un
cas de diphtérie (compléments a l'avis de
2011). March 4, 2021 (https://[www.hcsp.fr/
explore.cgi/avisrapportsdomaine?clefr=
1130).

14. World Health Organization. WHO lab-
oratory manual for the diagnosis of diph-
theria and other related infections. 2021
(https:/firis.who.int/handle/10665/352275).
15. Volz EM, Didelot X. Modeling the
growth and decline of pathogen effective
population size provides insight into epi-
demic dynamics and drivers of antimicro-
bial resistance. Syst Biol 2018;67:719-28.
16. European Committee on Antimicro-
bial Susceptibility Testing. Breakpoint
tables for interpretation of MICs and zone
diameters, version 13.0, 2023. January 1,
2023 (https://www.eucast.org/fileadmin/
src/media/PDFs/EUCAST_files/
Breakpoint_tables/v_13.0_Breakpoint
_Tables.pdf).

17. Traugott MT, Pleininger S, Inschlag-
Tisch S, et al. A case of fulminant respira-
tory diphtheria in a 24-year-old Afghan
refugee in Austria in May 2022: a case re-
port. Infection 2023;51:489-95.

18. Fry NK, Pringle E, Newsholme W,
et al. Household transmission of non-
toxigenic diphtheria toxin gene-bearing
Corynebacterium diphtheriae following a clus-
ter of cutaneous cases in a specialist out-
patient setting. ] Med Microbiol 2023;72.

19. Guglielmini J, Hennart M, Badell E,
Toubiana J, Criscuolo A, Brisse S. Genom-
ic epidemiology and strain taxonomy of
Corynebacterium diphtheriae. J Clin Microbiol
2021;59(12):€0158121.

20. Badell E, Alharazi A, Criscuolo A, et
al. Ongoing diphtheria outbreak in Ye-
men: a cross-sectional and genomic epi-
demiology study. Lancet Microbe 2021;
2(8):e386-e396.

21. Hennart M, Panunzi LG, Rodrigues C,
etal. Population genomics and antimicro-
bial resistance in Corynebacterium diph-
theriae. Genome Med 2020;12:107.

22. Balakrishnan VS. Impact of COVID-19
on migrants and refugees. Lancet Infect
Dis 2021;21:1076-7.

23. World Health Organization. WHO
guiding principles for pathogen genome
data sharing. November 8, 2022 (https://
www.who.int/publications/i/item/
9789240061743).

24, Seth-Smith HMB, Egli A. Whole ge-
nome sequencing for surveillance of diph-
theria in low incidence settings. Front Pub-
lic Health 2019;7:235.

25. Hennart M, Crestani C, Bridel S, et al.
A global Corynebacterium diphtheriae ge-
nomic framework sheds light on current
diphtheria reemergence. Peer Comm J
2023;3:e76 (https://peercommunityjournal
.orglarticles/10.24072/pcjournal.307/).

26. Grosse-Kock S, Kolodkina V, Schwal-
be EC, et al. Genomic analysis of endemic
clones of toxigenic and non-toxigenic Co-
rynebacterium diphtheriae in Belarus during
and after the major epidemic in 1990s.
BMC Genomics 2017;18:873.

27. du DPlessis M, Wolter N, Allam M,
et al. Molecular characterization of
Corynebacterium diphtheriae outbreak iso-
lates, South Africa, March-June 2015.
Emerg Infect Dis 2017;23:1308-15.

28. O’Boyle S, Barton HE, D’Aeth JC, et al.
National public health response to an
outbreak of toxigenic Corynebacterium

NEJM.ORG JUNE 19, 2025

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org at Instituto de Salud Carlos 111 on November 17, 2025.


https://www.ecdc.europa.eu/sites/default/files/documents/diphtheria-cases-migrants-europe-corynebacterium-diphtheriae-2022.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/diphtheria-cases-migrants-europe-corynebacterium-diphtheriae-2022.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/diphtheria-cases-migrants-europe-corynebacterium-diphtheriae-2022.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/diphtheria-cases-migrants-europe-corynebacterium-diphtheriae-2022.pdf
https://www.hcsp.fr/explore.cgi/avisrapportsdomaine?clefr=1130
https://www.hcsp.fr/explore.cgi/avisrapportsdomaine?clefr=1130
https://www.hcsp.fr/explore.cgi/avisrapportsdomaine?clefr=1130
https://iris.who.int/handle/10665/352275
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_13.0_Breakpoint_Tables.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_13.0_Breakpoint_Tables.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_13.0_Breakpoint_Tables.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_13.0_Breakpoint_Tables.pdf
https://www.who.int/publications/i/item/9789240061743
https://www.who.int/publications/i/item/9789240061743
https://www.who.int/publications/i/item/9789240061743
https://peercommunityjournal.org/articles/10.24072/pcjournal.307/
https://peercommunityjournal.org/articles/10.24072/pcjournal.307/

C. DIPHTHERIAE IN MIGRANT POPULATIONS IN EUROPE

diphtheriae among asylum seekers in Eng-
land, 2022: a descriptive epidemiological
study. Lancet Public Health 2023;8(10):
€766-€775.

29. UK Health Security Agency. A guide
to diphtheria treatment and vaccination.
November 2023 (https://assets.publishing
.service.gov.uk/government/uploads/
system/uploads/attachment_data/file/
1120404/UKHSA _simple_text
_diphtheria_treatment_and_vaccination
_leaflet_English.pdf#:~:text=People%
20arriving%20t0%20claim%20asylum®%

20in%20the%20UK;have%20been%
20detected%20in%20centres%20for%20
asylum%20seekers).

30. Haller J, Berger A, Dangel A, et al.
Diphtheria outbreak among persons ex-
periencing homelessness, 2023, linked to
2022 diphtheria outbreak, Frankfurt am
Main, Germany. Emerg Infect Dis 2025;
31:547-54.

31. World Health Organization. Diphthe-
ria vaccines: WHO position paper — Au-
gust 2017. August 4, 2017 (https:/[www
who.int/publications/i/item/who-wer9231).

32. Berbers G, van Gageldonk P, Kassteele
JVD, et al. Circulation of pertussis and
poor protection against diphtheria
among middle-aged adults in 18 Euro-
pean countries. Nat Commun 2021;12:
2871.

33. Wagner A, Jasinska J, Schmid D, Kun-
di M, Wiedermann U. Lack of seroprotec-
tion against diphtheria in the Austrian
population, in light of reported diphthe-
ria cases in Europe, 2022. Euro Surveill
2023;28:2300206.

Copyright © 2025 Massachusetts Medical Society.

JOURNAL ARCHIVE AT NEJM.ORG

Every article published by the Journal is now available at NEJM.org, beginning
with the first article published in January 1812. The entire archive is fully searchable,
and browsing of titles and tables of contents is easy and available to all.
Individual subscribers are entitled to free 24-hour access to 50 archive articles per year.
Access to content in the archive is also being provided through many institutional

subscriptions.

N ENGL ) MED 392,23

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.

NEJM.ORG JUNE 19, 2025

Downloaded from nejm.org at Instituto de Salud Carlos 111 on November 17, 2025.

2345

Copyright © 2025 Massachusetts Medical Society. All rights reserved, including those for text and data mining, Al training, and similar technologies.


https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1120404/UKHSA_simple_text_diphtheria_treatment_and_vaccination_leaflet_English.pdf#:~:text=People%20arriving%20to%20claim%20asylum%20in%20the%20UK,have%20been%20detected%20in%20centres%20for%20asylum%20seekers
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1120404/UKHSA_simple_text_diphtheria_treatment_and_vaccination_leaflet_English.pdf#:~:text=People%20arriving%20to%20claim%20asylum%20in%20the%20UK,have%20been%20detected%20in%20centres%20for%20asylum%20seekers
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1120404/UKHSA_simple_text_diphtheria_treatment_and_vaccination_leaflet_English.pdf#:~:text=People%20arriving%20to%20claim%20asylum%20in%20the%20UK,have%20been%20detected%20in%20centres%20for%20asylum%20seekers
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1120404/UKHSA_simple_text_diphtheria_treatment_and_vaccination_leaflet_English.pdf#:~:text=People%20arriving%20to%20claim%20asylum%20in%20the%20UK,have%20been%20detected%20in%20centres%20for%20asylum%20seekers
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1120404/UKHSA_simple_text_diphtheria_treatment_and_vaccination_leaflet_English.pdf#:~:text=People%20arriving%20to%20claim%20asylum%20in%20the%20UK,have%20been%20detected%20in%20centres%20for%20asylum%20seekers
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1120404/UKHSA_simple_text_diphtheria_treatment_and_vaccination_leaflet_English.pdf#:~:text=People%20arriving%20to%20claim%20asylum%20in%20the%20UK,have%20been%20detected%20in%20centres%20for%20asylum%20seekers
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1120404/UKHSA_simple_text_diphtheria_treatment_and_vaccination_leaflet_English.pdf#:~:text=People%20arriving%20to%20claim%20asylum%20in%20the%20UK,have%20been%20detected%20in%20centres%20for%20asylum%20seekers
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1120404/UKHSA_simple_text_diphtheria_treatment_and_vaccination_leaflet_English.pdf#:~:text=People%20arriving%20to%20claim%20asylum%20in%20the%20UK,have%20been%20detected%20in%20centres%20for%20asylum%20seekers
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1120404/UKHSA_simple_text_diphtheria_treatment_and_vaccination_leaflet_English.pdf#:~:text=People%20arriving%20to%20claim%20asylum%20in%20the%20UK,have%20been%20detected%20in%20centres%20for%20asylum%20seekers
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1120404/UKHSA_simple_text_diphtheria_treatment_and_vaccination_leaflet_English.pdf#:~:text=People%20arriving%20to%20claim%20asylum%20in%20the%20UK,have%20been%20detected%20in%20centres%20for%20asylum%20seekers
https://www.who.int/publications/i/item/who-wer9231
https://www.who.int/publications/i/item/who-wer9231

