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New diagnostic tests for enteric fever are urgently neededot assist with timely
antimicrobial treatment of patients and to measure the ef acy of prevention measures
such as vaccination. In a novel translational approach, herwe use two recently
developed controlled human infection models (CHIM) of entie fever to evaluate an
antibody-in-lymphocyte supernatant (ALS) assay, which aadetect recent IgA antibody
production by circulating B cells inex vivomononuclear cell culture. We calculated the
discriminative ability of the ALS assay to distinguish diagpsed cases in the two CHIM
studies in Oxford, prior to evaluating blood culture-con med diagnoses of patients
presenting with fever to hospital in an endemic areas of Kathandu, Nepal. Antibody
responses to membrane preparations and lipopolysacchariel provided good sensitivity
(>90%) for diagnosing systemic infection after oral challerggwith SalmonellaTyphi or
S. Paratyphi A. Assay speci city was moderate ( 60%) due to imperfect sensitivity of
blood culture as the reference standard and likely unrecogmed subclinical infection.
These ndings were augmented through the translation of theassay into the endemic
setting in Nepal. Anti-MP IgA responses again exhibited gabsensitivity (86%) but poor
speci city (51%) for detecting blood culture-con rmed enteric fever cases (ROC AUC
0.79, 95%CI 0.70-0.88). Patients with anti-MP IgA ALS titer in the upper quartile
exhibited a clinical syndrome synonymous with enteric feve While better reference
standards are need to assess enteric fever diagnostics, rdine use of this ALS assay
could be used to rule out infection and has the potential to dable the laboratory detection
rate of enteric fever in this setting over blood culture alan

Keywords: enteric fever, Salmonella Typhi, Salmonella Paratyphi A, diagnostic test, antibody-in-lymphocyte
supernatant assay, febrile illness, resource-limited setti ngs, bacteremia
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Darton et al. ALS Diagnostics for Enteric Fever

INTRODUCTION indicating possible recent gut mucosa exposure speci cally to
S Typhi or S Paratyphi A Eheikh et al., 2009Further clinical

Infections due toSalmonella entericserovars Typhi& Typhi)  evaluation suggested that anti-MP IgA responses measured in

and Paratyphi A § Partayphi A) a ect 27 million individuals con rmed typhoid/paratyphoid patients were 100% sensitive

each year, although accurate disease burden calculation dad 78-97% specic and short-lived, indicating recent acute

hindered by inadequate diagnostid3uckle et al., 2012; Wain illness rather than background cross-reactivihanam et al.,

et al.,, 201p New approaches are needed to improve these013; Islam et al., 20).6n this prospective study we aimed to

estimates and to allow timely, accurate discriminationmtieeic  evaluate the diagnostic performance of anti-MP IgA responses

fever from other causes of non-specic febrile diseaBer(y using ALS samples collected during two human enteric fever

etal., 2011; Darton et al., 2014 challenge modelsY Typhi and S Paratyphi A) {Vaddington
The most sensitive and speci ¢ assay currently available fast al., 2014; McCullagh et al., 2Q;Land in an endemic enteric

the diagnosis of enteric fever infection is culture of bor@row  fever area of Kathmandu, Nepaldrkey et al., 2010, 2013, 2016

aspirate Crump et al., 201 Blood culture is more commonly

used as a reference standard, although is increasingly mezeat

as a poor comparator for new diagnostic tests due to Io0iMATERIALS AND METHODS

sensitivity Crump et al., 2015; Storey et al., 2Dn16auses of Ethics Statement

this low sensitivity include the low level bacteremia thatars I studies wer ried out in accordance with the relevant
with the onset of clinical typhoid symptoms and the frequency . studies were carrie .
clinical trial protocols, and the International Conferenom

T e e ‘agemoniason (CH) Good Circl Pracice sangards. A
sample. These factors are partially mitigated by collectiagger study part|C|pan'ts (or_ their parents if age_d under 18 years in
blood volume ( 10 mL), although this is frequently impractical Nepal) gave wrltten |nformeq consent.prl.or .to enrol.merlt, n
especially in younger children\(ain et al., 1998; Darton et al., accordance with the Declaration of Helsinki. llliteratgrsatories

2019. Alternative methods detecting the antibody responsey?irterr?adwti?r?e:st;'rl; OJOERS g?tngrt]é ];%réna'gcg;zt;r;?dr;ﬁe 8;
using the Widal test, enzyme-linked immunosorbent assayﬁ_l erate g

L ; : . e consent and the agreement of the signatory (Nepal only).
(ELISAS), or rapid diagnostic tests, are largely disappointine . .
to cross-reactivity, low sensitivity and pre-existing imnity in Study protocols for the typhoid and paratyphoid CHIMs were

endemic settings{arry et al., 2011: Crump et al., 2015 approved by the UK National Resear_ch Ethics Service (typhoid
Due to the lower blood volumes required and the potentiaICha”enge’ 10/H0604/53; paratyphoid challenge, 14/SC{0004
to minimize the eect of prior antimicrobial therapy, the both Oxfordshire Research Ethics Committee A) and for the

. . . : : Nepal eld study by the Nepal Health Research Council (ref.
conrmation of enteric fever diagnosis by detection of . . .
serologic markers is appealing. Additionally, the possibilit 736) and the Oxford Tropical Ethics Committee (OXTREC, ref.

for multiplexing assays to target diverse Salmonella speci§§'11)'
along with other bacterial, viral, and parasitic pathogens is
desirable aim for most commercial diagnostic developBesker  Human Challenge Studies
et al., 2010; Chappuis et al., 2D1Among recent e orts to  Groups of healthy adult volunteers were challenged with glsin
improve the accuracy of serological methods for enteric rfeveoral dose of eitheS Typhi (Quailes strain) oS Paratyphi A
diagnosis has been the development of an immunodiagnostic te(strain NVGH308) at a single site in Oxford, United Kingdom,
utilizing antibody-in-lymphocyte supernatant (ALSYang and as previously describedFigure 1, Waddington et al., 2014;
Sack, 2001 Exposure of Salmonella spp. to antigen presenting/icCullagh et al., 2095 Brie y, participants were monitored
cells in the gut mucosa generates gut-homing plasma B celisr 14 days after oral challenge (“baseline”), at 28 days and
that can be detecteéx vivoin peripheral blood during cell further time points thereafter. Typhoid/paratyphoid diagnosis
re-circulation in the reticuloendothelial systenKi(kpatrick  and the initiation of antimicrobial treatment was performéfd
et al., 2005; Sheikh et al., 2008peci cally detecting plasma either clinical (temperature 38 Cfor 12h) or microbiological
cell responses precludes the detection of pre-existing imtyiuni (bacteremia) endpoints were reached, and at day 14 in all
which is common in endemic settings and confounds mostemaining participants.
other serological approaches. It is therefore possible to tletec Blood for culture (10 mL) was collected each day until day 14
immunological responses to recent enteric bacterial exmosuor 96 h after typhoid diagnosis (TD) or paratyphoid diagnosis
by assaying ALS secreted by peripheral blood mononuclear ce{PD) was made (T 96 h or PDC96 h), whichever was the latter;
(PBMC). at the TD/PDCO h time point, 5mL was collected. Blood culture
Previous studies in Bangladesh have evaluated ALS responggs performed using continuous automated culture (BACTEC
to S Typhi specic-lipopolysaccharide (LPS), formalin FX system, BD), using standard methodse@lth Protection
inactivated whole cell preparations, and Ty2la membran@gency, 2013; Waddington et al., 2Q1Buration of bacteremia
preparation (MP) in patients with suspected enteric fevemwas calculated as time from rst culture positive to rst cutau
(Sheikh et al., 2009While IgA and 1gG ALS responses werenegative sample collected. ALS material was collected from
observed against LPS and whole cell preparations, an Ig& subset of participants diagnosed with typhoid, whereas in
response only was observed against MP (“anti-MP IgA’)the subsequent paratyphoid challenge study, ALS material was
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collected from all challenge study participants whether désgd
with paratyphoid fever or notKigure 1).

Endemic Enteric Fever Setting
In  Kathmandu, Nepal, blood samples were collectec
prospectively at Patan Hospital in Lalitpur Sub-Metropolitan
City (LSMC), and at the Civil Service Hospital both in the
Kathmandu Valley area of Nepal. Consenting patients ag&d
years with a clinical diagnosis of typhoid fever (including 4
history of fever for 3 days without a focus of infection) were
enrolled. Blood samples (13 mL) were collected at presentatio
days and 3 or 6 months lateFigure 1C). Routine blood culture
was performed at presentation using local,

point. ALS results were not used for clinical decision-makin

Blood culture, isolation o8almonellaserovars and susceptibility

testing was performed according to previously described loc
proceduresArjyal et al., 201p

Antibody-in-Lymphocyte Supernatant
Assay

Isolation of PBMC and harvesting of cell culture supernatant
was performed in Oxford and at Patan Hospital in-keeping
with previously described methodSifeikh et al., 2009; Khanam
et al., 2013; Islam et al.,, 201dn brief, PBMC separated
from venous blood (5mL) by density-gradient centrifugatio
were re-suspended to a concentration of 110’ cells/mm3
before incubation at 37T, 5% CQ in tissue culture plate

wells. After 48h, culture supernatants were harvested and®

stored with protease inhibitors at 80 C until further use.
Specic IgA and IgM isotype ALS responses ® Typhi
LPS (L2387; Sigma, Dorse§, Typhi agellin (prepared in-
house by shearing, centrifugation and puri cation of a whole
cell preparation),S Paratyphi A LPS (0:2; GVGH, ltaly), or

membrane preparations [made in-house using the method by coliected at baseline, TD, T 48 h, and TDC96 h. Antibiotic treatment was

Sheikh et al. (2009)from S Typhi strain Ty21la, “MP;” or
S Paratyphi A NVGH308, “MPN”"] were measured by ELISA
at dilutions of 1:4 or 1:2, as previously describeghdikh
et al., 200Q using goat anti-human IgA or IgM conjugated to
horseradish peroxidase (Biorad, UK). ELISA readouts fronmeag
site were standardized; optical density readings were eivluy
that of a pooled positive control serum standard, multiplied by
100 and expressed as ELISA uni¢ikh et al., 2009; Khanam
etal., 2018

Statistical Analysis

ALS responses were Iggtransformed for normalization prior
to analysis. Analysis of log-transformed ALS assay respons
from repeated sampling in challenge studies was evaluatad usi

mixed e ects models and adjusted for challenge dose receivedcoliected at presentation to hospital (D0), after which aittiotic treatment for
Characteristics associated with maximal ALS responses werenteric fever was given. Further samples were collected to easure ALS

investigated using multiple linear regression. The ang-lof

non-automated
culture methods; ALS assays were performed at each time

S€ . - ) ) ) . L
| clinically compatible with enteric fever to either Patan Hspital or the Civil

A DO D14
A i
Daily blood cultures N\ N ,y‘b éo
NG A L
o ol o
(i) (i) (i) (iv)
B
DO D4 D7 D10 D14
ga 0 0 0 0
Daily blood cultures N\ @ f?
\&_E_ &
T
(i) (ii) (iii) (iv)
C
DO D7 M3 -or- M6

(i) (ii) (iii)

FIGURE 1 | Study sample collection for use in evaluating ALS responsess a
diagnostic test for enteric fever(A) Typhoid challenge study (OVG2009/10).
roups of 20 healthy, screened, and enrolled adult particents were
challenged with either 1-5 103 CFU or 10-50 103 CFU S. Typhi Quailes
strain in a dose-escalation study. Participants were chadhged by oral
ingestion at baseline (D0) and monitored by daily clinica¢view, routine blood
chemistry and hematology and blood culture. Typhoid diagnsis (TD) was
made based ona priori de nitions of having a temperature 38 C for 12h
(temperature criterion) and/or having a positive blood cuite with S. Typhi
(blood culture criterion). Samples for measurement of AL®sponses were

initiated at TD or at D14 in all participants not reaching thg/phoid diagnosis
endpoint. (B) Paratyphoid challenge study (OVG2013/07). Groups of 20
healthy, screened and enrolled adult participants were cHeenged with either
1-5 103CFUor0.5-1 103CFUS. Paratyphi A strain NVGH308 in a
dose-reduction study. Participants were challenged by orkingestion at
baseline (D0) and monitored by daily clinical review, rong blood chemistry,
and hematology and blood culture. Paratyphoid diagnosis (P) was made
based on a prioride nitions of having a temperature 38 C for 12h
(temperature criterion) and/or having a positive blood cuite with S. Paratyphi
(blood culture criterion). Samples for measurement of AL®sponses were
collected at baseline, D4, D7, D10, D14, and D28. Alternataly, in those
reaching PD, samples were collected instead at PD, PD48 h, and PDC96 h.
Antibiotic treatment was initiated at PD or at D14 in all paidipants not
reaching the paratyphoid diagnosis endpoint(C) Nepal eld evaluation.
Participants were recruited from individuals presenting ith fever and an illness

Hospital in Patan. Blood for culture and extraction of PBMC/AS was

responses at D7, month 3 (M3), or month 6 (M6).

the parameter estimates from both mixed e ects and linear

regression models are presented as geometric means with 95%

con dence intervals (95% ClI).
As no gold-standard test for enteric fever diagnosis islalbe,

size for the ALS evaluation in Nepal: (i) that the true prevakeaf
typhoid in febrile individuals enrolled to the study was 80%d an

the following assumptions were made in determining the sampléi) that blood culture would correctly classify 50% of paigiants
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TABLE 1 | Oxford challenge studies: clinical parameters.

Study Typhoid challenge ( N D 23) Paratyphoid challenge ( N D 40)
Challenge agent, strain S. entericaserovar Typhi, S. entericaserovar Paratyphi A, strain NVGH308
Quailes strain

Participants included in ALS Challenge and diagnosed participants only All challengedapticipants
analysis (type)
Challenge dose level Low High Low Lower
Target dose 1-5 103 10-50 103 1-5 103 05-1.0 103
Actual dose, median [range] 1.05 103 [0.7-1.8] 19.8 103 [15.5-27.0] 2.40 103 [2.2-2.8] 0.91 10%[0.7-1.3]
Number assessed 11 12 20 20
Male sex,N (%) 11 (100) 7 (58) 10 (50) 11 (55)
Median age, yrs [range] 27 [19-41] 28 [20-44] 28 [19-49] 28 B-50]
Attack rate, N (%) na na 12 (60) 8 (40)
Median time to diagnosis, days 11 [7-13] 8 [6-9] 6 [6-7] 8 [8-9]
[IQR]
Mode diagnosis, n(%)
Temperature criterion 6 (60) 7 (58) 1(9) 0 (0)
Blood culture criterion 4 (40)* 5(42) 11 (81) 8 (100)

1 positive blood cultures, N (% 9 (90)* 10 (83) 12 (100) 8 (100)
diagnosed)
Median duration bacteraemia, 1[1-2] 2[1-3] 4 [2.5-5] 1[1-4.5]
days [IQR]
Median temperature at 37.9[36.7-38.7] 37.8[37.3-38.1] 37.4 [36.9-38.0] 36.9 [8.5-37.3]
diagnosis, C [IQR]
Median heart rate at diagnosis, 96 [79-109] 95 [83-104] 87 [80-92] 83 [79-89]
bpm [IQR]
Typhoid symptom triad*,N (%) 11 (55) 12 (75) 6 (30) 3(15)

*Typhoid symptom triad D fever, headache plus abdominal pain. na, not applicable.

as having enteric fever. Thus in a sample size of 100, ther&lwowleveloping typhoid infection, of which 9/11 (82%) and 10/12
be 80% power to detect a di erence in the proportion diagnosed83%) were con rmed by positive blood culturégble 1).
through blood culture and those through ALS, using McNemar'  An assessment of anti-MP IgA ALS responses in participants
test and assuming a discordant pairs rate of 20% and a 15% rateveloping typhoid infection demonstrated a signi cant inase
of non-evaluable samples. between baseline and TD time points (baseline to all time
We determined ara priori cut-o threshold for a positive points p < 0.0001;Table 2. These changes were consistent
ALS response by taking the geometric mean of all baselirecross all time points until TB96h (@ D 0.860), and were
samples (or in Nepal the month 3 or 6 result) plus threeobserved in most participants (Figure S1). IgA ALS responses
standard deviations. Assay performance was analyzed lkgainstS Typhi-specic LPS were comparable to those against
receiver-operator characteristic (ROC) curves using the pRO®IP, however responses against agellin were less pronounced
package in R (version 3.3.®obin et al., 200)] and inter- (Table 2 Figure S1). Maximal anti-MP IgA ALS responses were
assay agreement by the Bland-Altman methodiaf/arina, signi cantly associated with bacteremia duration (Speamiha
2015, implemented using the MethComp package (version 1.22; D 0.42,p D 0.048) and age (Spearman® 0.44,p D 0.038).
Carstensen et al., 20113 In multiple linear regression models, these responses were
signi cantly lower in older participants (geometric mean i@t
GMR 0.95 per year, 95% CI 0.91-0.99) 0.023) and higher

RESULTS in those with longer durations of bacteremia (GMR 1.45 per day
) . bacteremia, 95% CI 1.07-1.94) 0.020).

ALS Assay in a Salmonella Typhi Challenge Anti-MP IgA ALS responses diagnostic of typhoid infection

Study were recorded in 11/11 (100%) and 10/12 (83%) participants who

In the controlled human infection model of typhoid fever, 21 developed typhoid infection following challenge with®i® 10*
participants ingested 1-5 10° CFU and 20 ingested 10— CFU S Typhi, respectivelyRigure 2). With the study de nition

50 10° CFU ofS Typhi, resulting in attack rates of 55% (11/20) of TD as the reference standard, the sensitivity of anti-lgA MP
and 65% (13/20), respectivelywaddington et al., 2004 ALS ~ ALS responses was 91% (95%CI| 72-99%). ALS IgA responses
material was collected from 11/11 and 12/13 of these partit§pa against LPS correlated with MP response8.09,p < 0.0001),
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TABLE 2 | Analysis of ALS responses to three antigens (MP, LPS, and adién) in
participants challenged with ST (baseline) and diagnosedith typhoid infection.

Geometric mean Fold change p* p (Type II)*
(95% CI) from baseline*
(95% Cl)
MP
Baseline 5.3(4.9-5.8)
TD 27.3 (16.5-45.3) 5.37 (3.21-8.99) <0.0001 0.860
TDC48h  23.5(14.8-37.4) 452 (2.9-7.06)  <0.0001
TDC96 h 27.7 (16.8-45.7) 5.22 (3.22-8.47) <0.0001
LPS
Baseline 6.2 (5.7-6.7)
TD 29.8 (18.0-49.3) 5.16 (3.09-8.6)  <0.0001 0.873
TDC48h 26.3 (16.7-41.4) 4.41 (2.83-6.87) <0.0001
TDC96 h 31.0 (18.8-50.9) 5.06 (3.13-8.18) <0.0001
FLAGELLIN
Baseline 11.7 (10.8-12.7)
D 15.8 (12.1-20.6) 1.39 (1.13-1.72) 0.003 0.248
TDC48h  15.2 (13.1-17.7) 1.31 (1.09-1.57) 0.005
TDC96 h 12.7 (10.9-14.7) 1.11 (0.91-1.35) 0.304

Output are from mixed effects models with a random intercept for each péicipant.
Variables for dose and visit included in the model as xed effects'Adjusted for challenge
dose received (high or low)#P-value testing whether change from baseline is different
across visits. TD, day of typhoid diagnosis.

were completely concordant with the diagnostic classieati
(Table S1), and had acceptable inter-assay agreementéFs@)r
In contrast, while ALS IgA responses against agellin cated

maximal anti-MPN IgA ALS responses (GMR 1.25 per day
bacteremia, 95%Cl 1.11-1.33 0.0001).

In this study, anti-MPN IgA ALS responses diagnostic of
paratyphoid infection were recorded in 10/12 (83%) participants
and 8/8 (100%) participants who developed paratyphoid
infection following challenge with 1-5 1C° or 0.5-1 10°
CFU of S Paratyphi A, respectivelyFigure 3). This resulted
in a sensitivity of 90% (95%CI 68-99) and speci city of 60%
(95%CI 36-81) for the detection of the study-de ned PD
endpoint (Table 4). Eight participants had diagnostic anti-MPN
IgA ALS responses at day 14 without reaching PD (Figure S3).
These participants were notably more symptomatic, for example,
reporting more severe (Grade 3) symptoms than other nPD
individuals @ D 0.014 Mann—WhitneyJ-test).

Overall, there was good agreement between the anti-MPN
and anti-LPS IgA ALS assays (Figure S4). As with the false-
positive responses identi ed in the anti-MPN assay, positive
anti-LPS IgA ALS responses were also observed in individuals
without PD (Figure 3 and Table S2). The AUC ROC for anti-
MPN IgA ALS responses to detect participants meeting the study
endpoint de nition for PD (reference standard) was 0.85 (kg
S5). The AUC for the anti-LPS IgA assay responses was not
signi cantly di erent (AUC 0.80, 95% CI 0.66—0.94,D 0.255;
Figure S5).

ALS Assay in a Febrile Disease Cohort in

Kathmandu
Between June 2013 and December 2014, 177 patients presenting
with non-speci c febrile iliness were recruited into a prospeeti

with MP responses, they demonstrated poor agreement and diagnostics study in Nepal (Figure S@gble 5 describes the
signi cant bias toward lower responses in the agellin assayatient cohort (see also Table S3). Blood cultures con rmed

(Figure S2). Fewer participants had agellin IgA titers extieg

21/177 (12%) ha& Typhi and 14/177 (8%) ha8 Paratyphi A

the diagnostic threshold at time points at and after TDbacteremia. Blood for ALS measurements was collected di,day

(Figure 2.

ALS Assay in a Salmonella Paratyphi a
Challenge Study

day 7, and at months 3 or 6-{gure 1). Anti-MP IgA responses

were measured at day O for 173/177 patients (Figure S6).
Overall, anti-MP IgA ALS responses in samples collected

on day of presentation (day 0) were signi cantly higher in

Ina S Paratyphi A challenge study, 40 participants ingested eithdracteremic patients compared with those with a sterile blood

1-5 10PCFUor0.5-1 10° CFU ofS Paratyphi A, resulting in
attack rates of 12/20 (60%) and 8/20 (40%), respectiValyl¢ 1).

culture (GMR bacteremia vs. no growth 1.85, 95%Cl 1.55-2.21;
p < 0.0001). Further, anti-MP IgA ALS responses at day 0 were

All paratyphoid diagnoses were con rmed by positive bloodsigni cantly higherinS Typhi andS Paratyphi A culture positive
cultures and ALS samples were collected at baseline and &t dgatients compared to with those with a sterile blood culture

4,7,10, 14, and 28 from all participants, in addition to otHere
points after paratyphoid diagnosis (PD, B8 h, and P96 h;
Figure 1).

Signi cantincreases in ALS IgA responses aga®Baratyphi

(GMR 2.13, 95%CI 1.72-2.6#< 0.0001 forS Typhi; and 1.50,
1.16-1.94p D 0.002 forS Paratyphi A;Figure 4). There were
signi cant di erences in ALS measurements between day 0 and
7 in all three groups, including a 9% decrease in the no growth

A MP (MPN) were observed at PD time points in diagnosedgroup (GMR day 7/day 0: 0.91, 95%CI 0.84-0®® 0.018).
participants (allp < 0.0001) and did not change at later PD Larger decreases of 32 and 39% were observed i tigphi

time points @ D 0.072;Table 3. Maximal anti-MPN IgA ALS

and S Paratyphi bacteremic patients, respectivgdy<( 0.001,

responses against MP positively correlated with challenge doEigure 4).

(Pearsons's D 0.33,p D 0.035), maximal oral temperature

Data from convalescent samples at month 3 and month 6 were

(Spearman'sr D 0.43,p D 0.005), duration of bacteremia combined. Anti-MP IgA ALS responses were signi cantly lower
(Spearman's D 0.65,p < 0.0001), and time elapsed betweenat month 3/6 than day O in those with a positive blood culture

challenge and diagnosis (PD only, Spearman'® 0.45,

(p < 0.0001). In contrast, no signi cant change in ALS response

p D 0.046). In a multiple linear regression model, the durationwas observed in patients with sterile blood culturp$(0.202,

of bacteremia was the only variable signi cantly assodiatéh

Figure 4and Figure S7).
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FIGURE 2 | ALS IgA diagnostic responses to MP, LPS, and agellin in partipants diagnosed with typhoid after challenge. Low dose, 15 103CFU; High dose,
10-50 103CFU. ‘White” indicates the titer was below the diagnostic cut-off (logp0.95, log191.00, and log;1.28EUs for the three antigens tested, respectively).
“Gray’ indicates sample not available.

ALS Assay Diagnostic Performance ALS IgA MP responses using the 1:2 or 1:4 dilution resulted
Using blood culture-con rmed cases as the reference stahdain comparable ROC curve © 0.097) (Figure S8). There was
and applying a diagnostic threshold cut-o of 28.8EU (derivad also was no signi cant di erence in AUC values for MP IgM
described in Methods), anti-MP IgA ALS responses resulted in @ompared to MP IgA 1:4D 0.357).

test sensitivity of 85.7% (95% CI 69.79%6.2%) and speci city While ALS demonstrated reasonable sensitivity, measured
of 51.4% (42.8-60.0%able 6. Further exploration of these speci city using blood culture con rmed cases as the refeen
responses by ROC curve analysis demonstrated an AUC of 0.8&ndard was poor. Amongst all patients and using a threshold
(Figure S9), indicating “fair” to “good” test accuradyd€tz, 1978 of 28.8EU for anti-MP IgA ALS, 72/177 (41%) participants had
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TABLE 3 | Analysis of ALS responses to MPN and LPS in participants chahged  detect bacteremia-con rmed enteric fever cases from pédien

with SalmonellaParatyphi A and diagnosed with paratyphoid infection. presenting with non-speci ¢ febrile illness was similar tceth
Geometric mean Fold change ot o (Type Il sensitivity observed in challenge stud.ies, anql ROC curvlgsi!aa
(95% CI) from baseline* suggested “good” performance as a diagnostic test. Speavaiy
(95% Cl) low when using blood culture as a reference standard in Nepal.
This may be related to the low sensitivity of blood culturehist
ME setting, probably driven by frequent exposure to antimicrdia
Baseline 7.3(7.0,7.6) prior to enrolment. With the conservative assumption that thos
PD 192(135,27.2)  2.54(1.76,3.66) <0.0001 0.072 participants with ALS responses75th percentile were true
PDC4gh  17.3(10.9,27.4) 2.29(1.59,33)  <0.0001 enteric fever cases, as indicated by the compatible clintires
PDC96h  30.5(20.1, 46.1) 4.03(28,5.81)  <0.0001 within this group, additional use of the ALS assay in an endemic
LPS setting may double the number of cases conrmed by blood
Baseline 7.2(6.9,7.5) culture alone.
PD 15.2(10.3, 22.5) 2.07(1.4,3.06)  <0.0001 0.085 In the CHIM studies we found that the ALS assay, utilizing
PDC48h  16.7(10.8,25.8)  2.28(1.54,3.36) <0.0001 IgA responses against MP, wa®©90% sensitive for detecting
PDC96h  27.1(17.0, 41.0) 3.7(251,5.46)  <0.0001 challenged participants developing typhoid/paratyphoid

. : ; " infection. Furthermore, these responses persisted for at leas
Output are from mixed effects models with a random intercept for each paicipant. . . .
Variables for dose and visit included in the model as xed effects:Adjusted for challenge 96 h after dlagn05|s and resolved by day 28. Responses in both
dose received (high or low)#P-value testing whether change from baseline is different challenge studies were strongly associated with the duraif
across visits. PD, Day of paratyphoid diagnosis. bacteremia, likely increasing the period of antigen presé@na
and thus ampli cation of the immune response. In Nepal the
sensitivity of the ALS IgA MP (1:4 assay) responses for datgcti
discordant blood culture and ALS responses. Five (6.9%) skthebacteremia-con rmed enteric fever patients was similar he t
participants were BC/ALS- and 67 (63.1%) participants were challenge studies (85.7%), although lower than those obderv
BC /ALSC (p< 0.0001 McNemar's test). To further investigatein previously published ALS studies which consistently reported
this, participants were classi ed as “low” responders if B sensitivities of 100%Sheikh et al., 2009; Khanam et al., 2013;
IgA ALS responses were25th percentile € 1.39 logoEU) and  |slam et al., 2016Reasons for higher reported sensitivity in other
“high” responders if> 75th percentile X 1.64 logoEU). Of the  studies may include younger patients, lower pre-hospitalirati
79 participants falling into these quartiles, 2/36 (5.6%) imfitw  antimicrobial treatment, or a greater proportion of femalady
and 22/42 (52.3%) in the high responder group had con rmedparticipants compared with our evaluatiosiieikh et al., 2009;
S Typhi or S Paratyphi bacteremia (Table S4). High responderghanam et al., 20)3all of these factors can in uence either the
were signi cantly more likely to report fever, headache anddegree of bacteremia or the resulting immune responseif
abdominal pain p D 0.024), and had a signi cantly lower white et al., 1998; Dewan et al., 2013; Garcia-Gomez et al.,).2013

cell count (WCC) compared to low respondeps< 0.0001). Our nding of <100% sensitivity in Nepal is further supported
by the results from the challenge studies, in which 2/23 and
DISCUSSION 2/40 S Typhi and S Paratyphi A challenged and diagnosed

participants, respectively, failed to demonstrate a diagnostic
New diagnostic tests for accurately detecting cases ofienteresponse, despite being bacteremic. While the threshold used
fever are needed, to enable prompt appropriate treatment aofias higher than that in previous studies (28.8EU vs. 10EW, thi
patients with antibiotics and to accurately measure the immp&c was supported by data from assays performed in Nepal using
prevention strategies including vaccination. Here, we airtee  samples collected from several healthy controls in the UK and
evaluate a promising new ALS assay for use as an enteric feweNepal ( 20EU). As recently identi ed in serological surveys,
diagnostic in two recently developed controlled human itifac  this suggests that a dynamic cut-o for assay positivity may be
models (CHIM) and in an endemic setting. required, re ecting background exposure (i.e. seroreatyiidand

Our ndings from the human models suggest that detectingdisease seroprevalence.

IgA responses to homologous membrane preparations in ALS Assay speci city was di cult to interpret from the challenge
sample material could be a sensitive method for detectingrent studies; in the typhoid challenge model only diagnosed
fever cases. As expected, ALS responses to MP and LPS were paryicipants were included making this incalculable. Results
similar in both typhoid and paratyphoid infections, suggestin from the paratyphoid challenge model suggested a relatively |
that MP could be used as a suitable reagent in settings wespeci city of 60%. Notably, the majority of PD participants
a suitable source of puried LPS is not available. Despite itevere diagnosed based on blood culture criteria which, with a
inclusion as a component of the Widal test, diagnostic respens assumed 80% sensitivity, is likely to have resulted in missed
to agellin during acute infection were less convincing,least case detection. Individuals with diagnostic ALS responsés bu
in the settings studied here. Speci city was less easy tai@eal negative blood cultures were more symptomatic and may have
in the challenge setting, where alternate causes of fewer dnad subclinical or developing infection, which would haverbee
not anticipated during the brief two-week challenge periodabrogated by antimicrobial therapy on day 14. Additionalligth
In Nepal, the sensitivity of anti-MP IgA ALS responses toALS responses may also re ect a successful immune response
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FIGURE 3 | ALS IgA responses to MPN or LPS in participants challenged witSalmonellaParatyphi A according to challenge dose level and challengeutcome. High
dose, 1-5 103 CFU; Low dose, 0.5-1 103 CFU. nPD, paratyphoid not diagnosed; PD, paratyphoid diagmsed. “White” indicates the titer was below the
diagnostic cut-off (LOEU). Gray” indicates sample not available.
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to clearS Paratyphi from the intestinal mucosa without clinical at day 14 was required to ensure that subclinical infectios wa
disease. Necessary restriction of the challenge period ttafd not missed and to minimize the risk of complications includin
is is an important limitation to using this CHIM, especially for bowel perforation which are more frequently seen in after 3-
evaluating serological responses. Treatment of all partitgpa weeks of infection.

In Nepal, assay speci city was also relatively low at 51.4%
using the a priori method for calculating the diagnostic cut-o
Reasons for this low measurement are likely to be multifaatori
but strongly in uenced by the use of blood-culture con rmed
Study paratyphoid diagnosis (%) cases as the reference standard. This highlights the inadgq
of using blood culture as the reference/gold standard tegt w

TABLE 4 | Performance of anti-MPN IgA ALS responses as a serodiagnostiest
compared to the study paratyphoid diagnosis de nition (feve and/or bacteremia).

Yes No Total K .
which to evaluate newer methods. Previous methods to oweeco
MPN diagnostic response, ~ Yes 18 (45) 8 (20) 26 (60) this have included use of latent class analysis or a composite
n> 9.9EU (%) No 2(s) 12 (45) 14 (40) diagnostic endpoint made of alternate, less e ective testar(
et al., 2015 While these methods demonstrate apparently high
Total 20 (50) 20 (50) 40(100)  evels of speci city for the ALS assay, febrile control podale
LeL UeL are often comprised of patients with non-enteric diseases that
present with features that are unlike acute enteric fekérfam
Sensitivity 90.0%  68.3% 98.8% etal., 2013; Islam et al., 201 addition, previous evaluations
Speci city 60.0%  36.1% 80.9% of the ALS method have often used the Widal test as a method
PPV 69.2%  48.2% 85.7% to screen for a “true negative” population, which removes any
NPV B5.7%  57.2% 98.2% participants with false-positive seroreactivitglém et al., 2016
PPV, positive predictive value; NPV, negative predictive value. LObwer con dence limit; Of note, the low SpeCi City of the ALS assay (51-4%) USing
UCL, upper con dence limit. this cut-o threshold (28.8EU) was equivalent to that found

TABLE 5 | Nepal ALS study participant demographics and clinical chacteristics.

Blood culture result S. Typhi S. Paratyphi A No growth p#
Number 21 14 142
Demographic nA Result n Result n Result
Age, median (IQR) 21 26 (17-30) 14 20 (18-26) 142 25 (19-32) 0.179
Male sex (%) 21 17 (81) 14 11 (79) 142 93 (66) 0.565
Residence (%) 19 10 130

Lalitpur 8 (42) 4 (40) 83 (64)

Kathmandu 8 (42) 4 (40) 32 (25)

Bhaktapur 1(5) 1(10) 6 (5)

Other® 2 (11) 1 (10) 9(7)
Median residence Kathmandu Valley, yrs (IQR) 6 3(2-4) 7 2(3-6 60 10 (7-19) <0.0001
WATER SUPPLY
Water source (%) 19 11 137
Supply tap 10 (53) 3(27) 89 (65)

Jar 3(16) 7 (64) 18 (13)

Water tanker 4 (21) 0 13 (9)

Well 1(5) 0 9(7)

Stone spout 1(5) 1(9) 8 (6)

Other 0 0 4 (3)

Use water treatmenf® (%) 19 9 (11.0) 11 4 (4.9) 139 69 (84.1) 0.694
CLINICAL CHARACTERISTICS
Mean iliness duration (range), days 18 5.7 (2-15) 10 6.2 (341 138 5.5 (2-20) 0.425
Prior antibiotics given,n (%) 9 6 (67) 3 3(100) 91 39 (43) 0.067
Median prior antibiotic duration (IQR), days 4 3(1-3) 2 3 (14 37 3(2-3) 0.778
Previous typhoid,n (%) 17 2(12) 10 2 (20) 137 43 (31) 0.198
Previous typhoid vaccine,n (%) 18 0 10 0 138 2* (1) 0.814
Family member with typhoid,n (%) 18 3(17) 11 3(27) 136 17 (13) 0.372

An, number for which clinical data were availableé® Other includes Dhading 2/159, Kavre 3/159, Other 7/159CWater treatment, including * Itering” 51/169, “boiling” 24/169, “chlorination”
3/169, “other” 4/169. No growth includes contaminants ND 8/177 (4.5%).*Both received vaccine within 3 years prior to presentatiorf.Group-wise comparisons were made by Pearson's
chi-squared or Kruskal-Wallis tests. The p value in bold indicatebat it reaches signi cance at the 0.05 threshold.
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FIGURE 4 | Group ALS responses in each assay condition by time point, amrding to blood culture result.
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TABLE 6 | Contingency table of Nepal eld study anti-MP IgA ALS resultsi(4 This was supported by evaluation of the clinical charactessif
concentration) and blood-culture con rmed cases. high-low responders in which only 50% of those participants

with clinically compatible signs and symptoms and high ALS
responses were blood culture con rmed cases. This also sisgges
Yes No Total that the speci city of the assay is likely to be considerablybig
than that estimated by our study; further work is ongoing to

Bacteremia (%)

Qi:z;g';i?fesl;nsev ves 0 @7.3) 67 (38.8) 97 (26.1) dete_rr_nine the true et_iological cause of fever in _the_se study
n> 28.8EU (%) participants by excluding other common local febrile illness
No 5(2.9) 71 (41.0) 76 (43.9) (Thompson et al., 2035 In high burden endemic settings,

the high negative predictive value of the assay could be used
Total 35(20.2) 138 (79.8) 173 to exclude enteric fever in febrile individuals presenting t

hospital. In settings where the etiology is more likely to be

LCL uct mixed, incorporation of rapid diagnostic tests for malaria and
Sensitivity 85.7% 69.7% 95.2% deng_ug would also need to be con§!dered; Kathmandq has a
Speci city 51.4% 42.8% 60.0% !ow |n0|dence of both of these conditions, although rlck_e'itt
PPV 30.9% 21.9% 41.1% infections are frequentT(hompson et al., 20)5An alternative
NPV 93.4% 85 3% 97 8% strategy could be to investigate the performance of ALS resgmn

to malaria, dengue or rickettsial antigens as has been pegdrm
with tuberculosis and pneumococcal infectiohgo et al., 20)5

In conclusion, we have evaluated and characterized the
in the previous evaluation of the Widal test in Kathmanduperformance of an ALS assay for the detection of typhoid
(58 and 51% for the anti-H and anti-O responses, respectivelygr paratyphoid infection in two human challenge models
(Adhikari et al., 201} but lower than that reported for Tubex and translated and evaluated the diagnostic performance in
TF and Typhidot rapid diagnostic tests, the specicity fora high incidence endemic setting. Although not currently
which are reported to be between60 and 90%, depending adapted for use outside of the clinical research setting in
on the population studiedKeddy et al., 2011; Thriemer et al., resource-limited settings, the anti-MP IgA ALS assay o ers
2013. good sensitivity for detecting cases of typhoid/paratyphoidro

The ndings of this evaluation are likely applicable to a wideexisting serological approaches and could double enteria feve
variety of resource-limited settings, and re ect a “reaid”  disease burden estimates over those provided by blood eultur
situation in many tropical healthcare settings. The di cylofthe  data alone. Further work is needed to evaluate alternative,
task in accurately detecting patients with enteric fevesletiy in  improved reference standards, to optimize antigen selection
our ALS evaluation cohort is demonstrated by comparison witrand to compare ALS responses with other currently available
that of the parent treatment studyA(jyal et al., 201 In terms  alternative diagnostic methods including the rapid seratayy
of performing the ALS assay in other similar facilities in emie  diagnostic tests.
regions, the training of local dedicated sta was uncomghcha
and the logistic requirements were relatively minimal. &dmsic
laboratory infrastructure was required, including an ifaior,

centrifuge, EL!SA plate _reader z_and reaggnts for performinq_D and AP designed the studies and acquired the funding. TD
PBMC separation. On-going work is attempting to address thes& CB, CW, and MG performed the CHIM studies acquiredl

requirements to make the assay more amenable to widespre é?
use; this includes simplifying the PBMC isolation procedure e samples, and performed the assays. CJ, SD, RS, MS, AK,

. . . and AA transferred the assays and performed sample collection
removing the need for a speci ¢ COncubator and using a lateral . . . . . S
) . . _and diagnostic assays in Nepal with oversight and active input
ow-device rather than ELISA method for antibody detection .
rom BB and SB. TD, CB, and MV performed the data analysis.
(Khanam et al., 20)3ALS responses appear to be robust an h .
. ! . e data were curated by SB, AK, CJ, and TD. Manuscript
durable for at least 7 days after hospital presentation, sigge .
. o . L ~”  was prepared by TD with support from MV and subsequently
that only a single sample within this time period is requ'red'reviewed with inbut by all authors
While further work is required to detail the resolution ofdéke putby ’
responses over time, titers appeared to normalize by 3 months
after presentation suggesting that they are able to detadeac FUNDING
infection and are not a ected by the development of exposure-
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