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Characterization of serum anti-diphtheria antibody activity following administration
of equine anti-toxin for suspected diphtheria
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ABSTRACT
There is a global shortage of equine-derived diphtheria anti-toxin (DAT) for diphtheria treatment. There are
few existing data on serum antibody concentrations and neutralizing activity post-treatment to support
development of new therapeutics. Antibody concentrations were quantified by ELISA and anti-toxin
neutralizing activity by cytotoxicity assay in serum from 4 patients receiving DAT for suspected diphtheria.
Using linear mixed effects modeling, estimated mean (SE) half-life was 78.2 (20.0) hours. Maximum serum
neutralizing activity ranged from 28.42–38.64 AU/mL with an estimated mean AUC1–72 of 1396.7 (399.3)
AU/mL�hr. These data provide a standard of comparison for development of novel anti-toxins to replace
DAT.
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Diphtheria is a potentially fatal illness caused by infection with
Corynebacterium diphtheriae and subsequent elaboration of
potent exotoxin. Diphtheria toxin causes tissue death at the site
of production, while hematogenous toxin dissemination can
cause neuropathy and cardiotoxicity.1 Despite successful imple-
mentation of immunization, diphtheria remains a global threat
due to relocation of susceptible persons, travel exposures and
disruptions in health care infrastructures.2,3 Recent epidemics
have been reported in Haiti, Nigeria, and Laos and are often
associated with high case fatality rates (> 10%) in resource-lim-
ited countries.3-5 Fatal cases also occur in developed countries
among under-vaccinated populations.6

Morbidity and mortality due to diphtheria are greatly
reduced by prompt administration of antibodies to neutralize
toxin and prevent further tissue damage, in conjunction with
antibiotics to eliminate C. diphtheriae and stop toxin produc-
tion.1 Treatment relies upon equine-derived diphtheria anti-
toxin (DAT) that carries the risk of severe allergic reactions;
there are currently no alternatives to this equine serum prod-
uct. The global supply of DAT is extremely limited as most
manufacturers have ceased production.3,7 In the United States,
the standard diphtheria treatment is receipt of an unlicensed
DAT under an investigational new drug (IND) treatment
protocol sponsored by the Centers for Disease Control and
Prevention (CDC).8

New anti-toxins are urgently needed and human monoclo-
nal antibodies to diphtheria toxin are under development.9-11 A
novel biologic must demonstrate comparable toxin neutralizing

activity to DAT standard of care, yet there are few existing data
on the serum neutralizing activity achieved following DAT
treatment doses. Current dosing recommendations are based
on clinical presentation and duration of disease; there is no
established minimum effective serum concentration.

Given that the supply of DAT is precarious to treat patients
with suspected disease, a first-in-human trial with healthy vol-
unteers to evaluate a novel diphtheria anti-toxin with a DAT
comparator has feasibility and ethical constraints. To address
the lack of clinical information regarding anti-toxin neutraliz-
ing activity following DAT treatment, we undertook a study to
measure serum anti-toxin antibodies in patients receiving DAT
for suspected diphtheria.

All study subjects were patients with suspected diphtheria
receiving an intravenous infusion of DAT under the CDC-
sponsored IND protocol “Use of Diphtheria Antitoxin (DAT)
for Suspected Diphtheria Cases.” The CDC diphtheria duty
officer provided the treating physician with the dose of DAT
recommended in the treatment protocol based on disease loca-
tion, severity, and duration.8,12 At the time the informed con-
sent was obtained for DAT treatment, information on an
optional study for additional blood draws was provided. Sepa-
rate, written informed consent for additional blood collection
was obtained from each subject. The protocol and informed
consents were approved by the CDC’s Investigational Review
Board.

Serum samples were requested at 6 timepoints: pre-infusion,
1 hour post-infusion, 1 day post-infusion, 3 d post-infusion,
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7 d post-infusion, and 28 d post-infusion or at the time of hos-
pital discharge (whichever was earlier). Blood was collected
into serum separator tubes and sera stored frozen at � ¡20�C.
Additional information submitted with de-identified samples
for analysis included subjects’ sex, age, date and time of DAT
administration and dose of DAT administered.

Enzyme-linked immunosorbent assay (ELISA) was per-
formed to measure the concentration of equine antibody to
diphtheria toxoid. Briefly, 96-well plates were coated with 100
ml of diphtheria toxoid (MassBiologics) diluted to 1.0 limit of
flocculation (Lf)/mL and incubated at 2–8�C for � 16 hours.
After washing to remove unbound antigen, 100 mL of diluted
serum sample was incubated for 90 § 10 minutes at 20–25�C.
After washing, 100 ml of alkaline phosphatase-conjugated goat
anti-equine IgG (Jackson, Cat# 109–056–003) at a 1:2000 dilu-
tion was incubated for 90 § 10 minutes at 20–25�C then
washed. Substrate solution (100 ml para-Nitrophenylphos-
phate) was added for 30 § 5 minutes at ambient temperature.
Following addition of stop solution, absorbance at 405 nm was
determined using a Molecular Devices Versamax plate reader
and SoftMax Pro software.

Serial dilutions of DAT standard obtained from the US.
Food and Drug Administration [FDA, CBER lot # F4509, 6
antitoxin units (AU)/mL] were used to generate a reference
standard curve fit to a 4-parameter logistic regression. The
readable range of the standard curve was defined as the points
on the curve whose back-calculated values demonstrate preci-
sion across multiple independent assays. The concentration of
equine anti-diphtheria toxoid antibodies (U/mL) was deter-
mined by interpolation from the standard curve. Three-fold
serial dilutions of each sample were measured, starting with a
1:50 dilution; dilutions at which the concentration fell within
the readable range of the assay were corrected for the dilution
factor and averaged to obtain a reportable result. The lower
limit of quantification (LLOQ) was 0.10 U/mL; samples with
values below the LLOQ were reported as 0.05 U/mL. Samples
with initial values above the readable range of the assay were
diluted further to allow assessment within the assay’s range.

Vero cell cytotoxicity assays were performed to measure
anti-diphtheria toxin neutralizing activity. In a 96-well plate, 2-
fold serial dilutions of each sample, starting with a 1:100 or
1:1000 dilution were mixed with 5 £ 10¡5 Lf/mL diphtheria
toxin (Lot # C-K561–2010, MassBiologics) and incubated for
1 hour at 20–25�C. Vero cells (ATCC) were added as a 4.0 £
105 cells/ml suspension and incubated at 37�C for 72§ 1 hours.
Alamar Blue was added to assess cell viability and fluorescence
detected at 590 nm using a Molecular Devices Spectramax plate
reader and SoftMax Pro software.

The FDA DAT standard (lot# F4509) was used to generate a
reference standard curve fit to a 4-parameter logistic regression
and the readable range of the standard curve was defined as the
points on the curve whose back-calculated values demonstrate
precision across multiple independent assays. The diphtheria
toxin neutralizing activity (AU/mL) was determined by inter-
polation from the standard curve; dilutions at which the con-
centration fell within the readable range of the assay were
corrected for the dilution factor and averaged to obtain a
reportable result. For each sample, 2–4 assays were performed
with the mean value reported. The lower limit of quantification

was 0.01 AU/mL; samples with neutralizing activity below the
LLOQ were reported as 0.005 AU/mL. Samples with initial val-
ues above the readable range of the assay were diluted further
to allow assessment within the assay’s range.

Pharmacokinetic analyses assumed first-order elimination
with a logarithmic process (log Ct D log C1 –k

�t), where the Ct

(concentration after time t) and k (elimination rate constant)
were estimated by the fitted intercepts and slopes in a linear
mixed-effects model with restricted maximum likelihood using
Vero cell cytotoxicity and ELISA data from all subjects. The
half-life was calculated as half-life D log2/k and the partial area
under the curve (pAUC) between 1 and 72 hours post-infusion
was calculated as AUC1–72 D C1 [exp(¡72k)-exp(¡k)]/ k. The
half-life and pAUC were calculated as the mean of the pre-
dicted values for each subject based on the fitted model, with
the estimated standard errors accounting for the uncertainty
associated with the small number of subjects. Actual hours of
sample collection relative to start of DAT infusion were used in
the calculations.

Four patients received DAT for suspected diphtheria between
May 2014 and December 2015 and consented to have blood
drawn before and after DAT administration. None of the patients
had diphtheria infection confirmed by culture or PCR. The 2
male and 2 female subjects ranged in age from 35 to 74 y (Table 1).
DAT is administered as a fixed dose; 3 subjects received a single
80,000 IU intravenous dose as recommended by the CDC diph-
theria duty officer. A 100,000 IU dose was recommended for one
subject (#124) who inadvertently received an initial dose of only
10,000 IU. An additional dose of 80,000 IU was administered 3 d
later. For this subject, the serum samples obtained just before and
after the 80,000 IU dose were used in the analyses. All subjects
had a sample obtained pre-infusion and 3 of the 4 subjects had
samples collected at the nominal 1 hour post-, 1 day post- and 3 d
post-infusion. One subject had a sample collected on nominal
day 7 post-infusion and 2 other subjects had samples collected on
days 23 and 46, respectively post-infusion (Table 1).

Prior to DAT treatment, all 4 subjects had detectable
diphtheria toxin neutralizing activity, presumably due to
endogenous antibody from prior vaccination, whereas no
subjects had binding antibody measured in the equine-anti-
body specific ELISA. Following DAT treatment, the maxi-
mum serum concentration (Cmax) measured one hour post-
infusion was available for 3 subjects. The mean Cmax of
equine anti-diphtheria binding antibody was 19.48 U/mL
(range 16.70–24.15) and the mean Cmax of toxin neutraliz-
ing activity was 34.55 AU/mL (range 28.42–38.64). No sub-
ject had post-treatment serum values below the level of
quantification in either assay (Table 1).

Given the sparse sampling available, we assumed ELISA and
Vero cell measurements had different Cmax but a common
elimination rate and a linear mixed effects model with subject-
specific random intercepts and slopes was used to estimate the
pharmacokinetic parameters of equine DAT in the study popu-
lation.13 The primary analysis used combined ELISA and Vero
cell assay results and their actual time of collection from all 4
subjects 1 hour to nominal day 28 post-infusion, as these were
the collection timepoints specified in the protocol. The analysis
yielded a mean (SE) elimination rate of ¡0.0114 (0.0038) with
a mean (SE) half-life estimate of 78.2 (20.0) hours (Table 2).
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The half-life estimated was consistent with the half-life esti-
mates calculated from individual subjects’ ELISA and Vero cell
assay results, which ranged from 48.9 to 209.6 hours for the 3
subjects with sufficient number of post-infusion samples to per-
mit analysis. The area under the curve for the first 72 hours
post-infusion (AUC1–72) was also estimated and the mean (SE)
equine anti-diphtheria binding antibody AUC1–72 was 619.3
(177.1) U�hr/mL and the mean (SE) diphtheria toxin neutraliz-
ing activity AUC1–72 was 1396.7 (399.3) AU/mL�hr. We also
performed a sensitivity analysis by including assay values from
the one additional sample collected from one subject at day 46
post-infusion. This analysis increased the mean half-life esti-
mate from 78.2 hours to 117.3 hours with a greater than 2-fold
increase in standard error; a more modest increase was
observed for the AUC1–72 values (Table 2).

Equine-derived polyclonal diphtheria anti-toxin (DAT) is the
current standard of care treatment of diphtheria; however there is
a worldwide shortage of this product with no defined solution.3 A
logical replacement for DAT would be human monoclonal anti-
bodies produced from DNA recombinant technology given the
challenges associated with producing equine anti-toxin in an era
where horses are not commonly maintained for production of
biologics and the inherent risk of severe allergic reactions associ-
ated with equine-derived antibodies. A human monoclonal anti-
body against the receptor-binding domain of diphtheria toxin is
under development and this approach overcomes the difficulties
in achieving sufficient neutralizing potency in plasma from
human donors without antigen-affinity purification.14

Development of a replacement product is hampered by lack
of data on the serum neutralizing activity and pharmacokinet-
ics of DAT treatment. While the minimum level of antibody
considered protective against diphtheria infection in immu-
nized individuals is generally regarded to be 0.01 IU/mL,
much higher concentrations of antibody are required to effec-
tively neutralize the toxin elaborated by C. diphtheriae once
infection is established. In one of the few historical reports of
serum antibody activity after treatment doses of DAT, peak
levels in the range of 10–50 AU/mL were observed, varying
with the dose of DAT administered and the number of
doses.15 Correlation of serum anti-toxin neutralizing activity
units with mitigation of respiratory diphtheria or prevention
of systemic complications is not known nor has a minimum
effective dose of diphtheria anti-toxin therapy been estab-
lished.16,17 Therefore, an antibody therapy to replace equine-
derived DAT will likely need to show comparable serological
activity. Since it is challenging to assess comparability of epi-
tope binding of polyclonal versus monoclonal antibodies in
addition to source species differences by ELISA methodology,
functional activity assessed in a cell-based toxin neutralization
assay such as the Vero cell assay described in this report will
likely be most useful. Equine anti-toxin products are assigned
a minimum unit/mL potency relative to a reference standard
using either the Vero cell assay (US. Pharmacopoeia)18 or an
in vivo erythrodermic assay (European Pharmacopoeia)19

before release for clinical use and this unit/mL potency is used
to dose the product.

Table 2. Estimated antibody half-life and partial area under the curve (pAUC) from DAT-treated subjects using linear mixed effects model.

Elimination rate Half-life (hours) Vero AUC1–72 (AU
�hr/mL) ELISA AUC1–72 (U

�hr/mL)
Mean (Standard Error) Mean (Standard Error) Mean (Standard Error) Mean (Standard Error)

Modeled on actual timepoints through day 28 ¡.0114 (0.0038) 78.2 (20.0) 1396.7 (399.3) 619.3 (177.1)
Modeled on all actual timepoints ¡.0072 (0.0033) 117.3 (44.6) 1593.9 (471.5) 643.1 (190.3)

Table 1. Serum anti-diphtheria toxoid antibody concentrations and anti-toxin neutralizing activity in DAT-treated subjects with suspected diphtheria.

Subject ID # (Age/Sex)
Nominal Sample

Time Point Post-Infusion (hrs)
Actual Sample Time Point

Post-Infusion (hrs)
Equine anti-diphtheria toxoid IgG
antibody concentrationsa (U/mL)

Toxin neutralizing activitya

(AU/mL)

122 (74 yrs/M) 0 ¡4.50 0.05 1.49
1 1.00 17.60 28.42
24 19.50 13.64 19.49
72 58.58 7.79 17.68

AUC1–72 D 790.0 U�hr/mL AUC1–72 D 1426.0 AU�hr/mL
123b (35 yrs/M) 0 ¡0.78 0.05 0.02

72 77.62 4.57 6.22
672 572.92 0.21 2.66

124c (47 yrs/F) 0 ¡35.08 1.00 3.53
1 1.17 16.70 36.59
24 28.25 9.20 18.49
72 97.75 3.60 7.95
168 192.6 1.10 3.10

AUC1–72 D 669.6 U�hr/mL AUC1–72 D 1423.3 AU�hr/mL
125 (58 yrs/F) 0 ¡5.77 0.05 0.58

1 1.00 24.15 38.64
24 25.03 13.90 26.94
672 1117.6 0.12 0.84

AUC1–72 D 1176.7 U�hr/mL AUC1–72 D 2127.7 AU�hr/mL

aEquine anti-diphtheria toxoid binding concentration was measured by ELISA and reported in units (U)/mL and diphtheria toxin neutralizing activity was measured by
Vero cell cytotoxicity assay and reported in antitoxin units (AU)/mL based on CBER (FDA) standard diphtheria anti-toxin.
bSubject 123 had only 1 sample obtained in the first 72 hours post-infusion therefore AUC1–72 could not be calculated.
cAll subjects were treated with 80,000 IU of DAT except subject 124 who received a 10,000 IU dose of DAT, followed 3 d later by an 80,000 IU dose of DAT; the samples
obtained following the 80,000 IU dose of DAT (shown in the table) were used in the pharmacokinetic analyses.
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This laboratory study was designed to obtain serological
data from patients administered DAT per current recommen-
dations for treatment of suspected diphtheria in the United
States. Not unexpectedly, given high rates of vaccine coverage
in the United States, only 4 individuals were treated with DAT
over an 18 month period of time at a dose (80,000 IU) recom-
mended for treatment of systemic disease. A non-linear mixed
effects model was used to accommodate the sparse sampling
and estimate the pharmacokinetic parameters of the study pop-
ulation. We used the model to provide an estimate of the half-
life of DAT, as well as the peak concentrations achieved and
antibody drug exposure for the first 3 d post-infusion (AUC1–

72), a crucial time for prevention of systemic toxin dissemina-
tion. The mean half-life observed (approximately 3 days) is
consistent with the half-life reported for other equine poly-
clonal antibody preparations, such as botulism anti-toxin.20

A limitation of the study was that the small number of subjects
and sparse sampling affects the precision of the estimated param-
eters. The estimated half-life result was more variable when the
number of timepoints included in the model changed whereas
the partial area under the curve parameter was a less sensitive,
more robust parameter. Since none of the subjects receiving DAT
for suspected diphtheria in this study ultimately had confirmed
C. diphtheriae infection, these data cannot be used to analyze clin-
ical response to treatment at a given serum concentration.

In summary, this report presents a pharmacokinetic charac-
terization of serum antibody concentrations and toxin neutral-
izing activity observed with current standard of care treatment,
equine-derived diphtheria anti-toxin. If additional data can be
acquired from other patients treated for suspected diphtheria,
the population pharmacokinetic profile of DAT could be fur-
ther refined and used as a comparator for evaluations of inves-
tigational new therapies.

Disclosure of potential conflicts of interest

HLS, GS, ML, and DCM are current or past employees of MassBiologics of
the University of Massachusetts Medical School which is developing a
human monoclonal antibody to diphtheria toxin.

This study was funded by MassBiologics of the University of Massa-
chusetts Medical School in collaboration with the Centers for Disease Con-
trol and Prevention.

These findings were presented in part at ID Week 2015, San Diego, CA.
The findings and conclusions in this report are those of the authors and

do not necessarily represent the official position of the Centers for Disease
Control and Prevention.

Funding

This work was supported by MassBiologics of the University of Massachu-
setts Medical School.

References

[1] Tiwari T. Diphtheria. Centers for Disease Control and Prevention. In:
Manual for the surveillance of vaccine-preventable diseases. Atlanta,
GA: Centers Dis Control Prevention. 2008.

[2] Sane J, Sorvari T, Widerstr€om M, Kauma H, Kaukoniemi U, Tarkka E,
Puumalainen T, Kuusi M, Salminen M, Lyytik€ainen O. Respiratory
diphtheria in an asylum seeker from Afghanistan arriving to Finland
via Sweden, December 2015, pp. 14-17. Eurosurveillance [Internet]
2016 [cited 2016 May 12];21. Available from: http://www.eurosurveil

lance.org/ViewArticle.aspx?ArticleId D 21348. doi:10.2807/1560-7917.
ES.2016.21.2.30105. PMID:26840007

[3] UNICEF Supply Division. Diphtheria anti-toxin: market update
[Internet]. 2017 [cited 2017 Mar 10]. Available from: https://www.
unicef.org/supply/files/Diphtheria_Antitoxin_Market_Update.pdf

[4] Besa NC, Coldiron ME, Bakri A, Raji A, Nsuami MJ, Rousseau C,
Hurtado N, Porten K. Diphtheria outbreak with high mortality
in northeastern Nigeria. Epidemiol Infect. 2013;142:1-6.
PMID:24093495

[5] Sein C, Tiwari T, Macneil A, Wannemuehler K, Soulaphy C, Souli-
phone P, Reyburn R, Ramirez Gonzalez A, Watkins M, Goodson JL.
Diphtheria outbreak in Lao People’s Democratic Republic, 2012–
2013. Vaccine. 2016;34:4321-6. doi:10.1016/j.vaccine.2016.06.074.
PMID:27422343

[6] European Centre for Disease Prevention and Control. Rapid risk
assessment: a fatal case of diphtheria in Belgium. 2016 [cited 2016
Nov 30]; Available from: http://ecdc.europa.eu/en/publications/Publi
cations/RRA-Diphtheria-Belgium.pdf

[7] Both L, White J, Mandal S, Efstratiou A. Access to diphtheria anti-
toxin for therapy and diagnostics. Euro Surveill. 2014;19:20830.
doi:10.2807/1560-7917.ES2014.19.24.20830. PMID:24970373

[8] Centers for Disease Control and Prevention (CDC). Use of Diphthe-
ria Antitoxin (DAT) for Suspected Diphtheria Cases BB IND 11184.
2014 [cited 2017 Mar 10]; Available from: http://www.cdc.gov/diph
theria/downloads/protocol.pdf

[9] Smith HL, Cheslock P, Leney M, Barton B, Molrine DC. Potency
of a human monoclonal antibody to diphtheria toxin relative to
equine diphtheria anti-toxin in a guinea pig intoxication model.
Virulence. 2016;7:660-8. doi:10.1080/21505594.2016.1171436.
PMID:27070129

[10] Kakita M, Takahashi T, Komiya T, Iba Y, Tsuji T, Kurosawa Y, Taka-
hashi M. Isolation of a Human Monoclonal Antibody with Strong
Neutralizing Activity against Diphtheria Toxin. Infect Immun.
2006;74:3682-3. doi:10.1128/IAI.01731-05. PMID:16714603

[11] Kupferschmidt K. Life-saving diphtheria drug is running out.
Science. 2017;355:118-9. doi:10.1126/science.355.6321.118. PMID:
28082541

[12] American Academy of Pediatrics. Diphtheria. In: Kimberlin, DW,
Brady, MT, Jackson, MA, Long, SS, ed. Red Book: 2015 Report of the
Committee on Infectious Diseases. Elk Grove Village, IL: American
Academy of Pediatrics; 2015. pp. 325-329.

[13] U.S. Department of Health and Human Services, Food and Drug
Administration. Guidance for Industry: Population Pharmacokinet-
ics. 1999

[14] Bermejo-Martin JF, Avila-Alonso A, Gonz�alez-Rivera M, Tamayo E,
Eiros JM, Almansa R. Postbooster Antibodies from Humans as
Source of Diphtheria Antitoxin. Emerg Infect Dis. 2016;22:1265-7.
doi:10.3201/eid2207.151670. PMID:27314309

[15] Madsen E. The course of the passive immunity after treatment with
anti-diphtheria horse serum in rabbits and in man (preliminary
report). Acta Pathol Microbiol Scand. 1936;13:103-116.

[16] Opinel A, Trohler U, Gluud C, Gachelin G, Davey Smith G, Podolsky
SH, Chalmers I. Commentary: The evolution of methods to assess
the effects of treatments, illustrated by the development of treatments
for diphtheria, 1825–1918. Int J Epidemiol. 2013;42:662-76.
doi:10.1093/ije/dyr162. PMID:22253300

[17] Hatheway CH, Snyder JD, Seals JE, Edell TA, Lewis GE. Antitoxin
levels in botulism patients treated with trivalent equine botulism
antitoxin to toxin types A, B, and E. J Infect Dis 1984;150:407-12.
doi:10.1093/infdis/150.3.407. PMID:6481185

[18] The United States Pharmacopeial Convention. Diphtheria antitoxin
potency testing for human immune globulins. In: U.S. Pharmaco-
poeia –National Formulary [USP 40 NF 35]. Rockville, MD: United
States Pharmacopeial Convention, Inc; 2017. p. 239-241.

[19] Council of Europe. Diphtheria antitoxin. In: European Pharmaco-
poeia 6.0. Strasbourg: Council of Europe; 2008. p. 965-966.

[20] Hatheway CH, Snyder JD, Seals JE, Edell TA, Lewis GE. Antitoxin
levels in botulism patients treated with trivalent equine botulism
antitoxin to toxin types A, B, and E. J Infect Dis 1984; 150:407-12.
doi:10.1093/infdis/150.3.407. PMID:6481185

HUMAN VACCINES & IMMUNOTHERAPEUTICS 2741

http://www.eurosurveillance.org/ViewArticle.aspx?
http://www.eurosurveillance.org/ViewArticle.aspx?
https://doi.org/10.2807/1560-7917.ES.2016.21.2.30105
https://doi.org/26840007
https://www.unicef.org/supply/files/Diphtheria_Antitoxin_Market_Update.pdf
https://www.unicef.org/supply/files/Diphtheria_Antitoxin_Market_Update.pdf
https://doi.org/24093495
https://doi.org/10.1016/j.vaccine.2016.06.074
https://doi.org/27422343
http://ecdc.europa.eu/en/publications/Publications/RRA-Diphtheria-Belgium.pdf
http://ecdc.europa.eu/en/publications/Publications/RRA-Diphtheria-Belgium.pdf
https://doi.org/24970373
http://www.cdc.gov/diphtheria/downloads/protocol.pdf
http://www.cdc.gov/diphtheria/downloads/protocol.pdf
https://doi.org/10.1080/21505594.2016.1171436
https://doi.org/27070129
https://doi.org/16714603
https://doi.org/10.1126/science.355.6321.118
https://doi.org/28082541
https://doi.org/27314309
https://doi.org/22253300
https://doi.org/6481185
https://doi.org/6481185

	Abstract
	Disclosure of potential conflicts of interest
	Funding
	References

