PLOS NEGLECTED TROPICAL DISEASES

Check for
updates

G OPEN ACCESS

Citation: Inthawong M, Pinthong N, Thaiprakhong
A, Wangrangsimakul T, Sunyakumthorn P, Hill J, et
al. (2023) A whole blood intracellular cytokine
assay optimised for field site studies demonstrates
polyfunctionality of CD4+ T cells in acute scrub
typhus. PLoS Negl Trop Dis 17(3): €0010905.
https://doi.org/10.1371/journal.pntd.0010905

Editor: Allen L. Richards, Uniformed Services
University of the Health Sciences, UNITED STATES

Received: October 28, 2022
Accepted: February 25, 2023
Published: March 24, 2023

Copyright: This is an open access article, free of all
copyright, and may be freely reproduced,
distributed, transmitted, modified, built upon, or
otherwise used by anyone for any lawful purpose.
The work is made available under the Creative
Commons CCO public domain dedication.

Data Availability Statement: The data that support
the findings of this study are publicly available from
Mendeley Data under https://data.mendeley.com/
datasets/4jjddfdeb7/1.

Funding: MI, BK and SJD were funded by the
Wellcome Trust (WT100174/Z/12/Z awarded to
SJD, https://wellcome.org/). JH, BK and SJD are
supported by the NIHR Global Research
Professorship (NIHR300791 awarded to SJD,
https://www.nihr.ac.uk/). MI, NP, AT, TW, PSu and

RESEARCH ARTICLE

A whole blood intracellular cytokine assay
optimised for field site studies demonstrates
polyfunctionality of CD4+ T cells in acute scrub
typhus

Manutsanun Inthawong® >3, Nattapon Pinthong®, Areerat Thaiprakhong?,
Tri Wangrangsimakul?®, Piyanate Sunyakumthorn®, Jennifer Hill®,
Piengchan Sonthayanon'2, Daniel H. Paris>%7, Susanna J. Dunachie®5,
Barbara Kronsteiner®?°*

1 Department of Molecular Tropical Medicine and Genetics, Faculty of Tropical Medicine, Mahidol University,
Bangkok, Thailand, 2 Mahidol-Oxford Tropical Medicine Research Unit, Bangkok, Faculty of Tropical
Medicine, Mahidol University, Bangkok, Thailand, 3 Department of Veterinary Medicine, United States Army
Medical Directorate, Armed Forces Research Institute of Medical Sciences (USAMD-AFRIMS), Bangkok,
Thailand, 4 Department of Protozoology, Faculty of Tropical Medicine, Mahidol University, Bangkok,
Thailand, 5 NDM Center for Global Health Research, Nuffield Dept. of Clinical Medicine, University of Oxford,
Oxford, United Kingdom, 6 Department of Medicine, Swiss Tropical and Public Health Institute, Allschwil,
Switzerland, 7 Department of Clinical Research, University of Basel, Basel, Switzerland

* barbara.kronsteiner-dobramysl@ndm.ox.ac.uk

Abstract

Background

Assessment of cellular immune responses by combining intracellular cytokine staining and
immunophenotyping using flow cytometry enables the simultaneous measurement of T cell
phenotype and effector function in response to pathogens and vaccines. The use of whole
blood samples rather than peripheral blood mononuclear cells avoids both the need for
immediate processing and loss of functional antigen presenting cells due to processing and
cryopreservation. Using whole blood provides the possibility to stimulate peripheral T cells
in situ, and is more suitable for studies where sample volume is limited, such as those involv-
ing children, the elderly and critically ill patients. The aim of this study was to provide a robust
tool for the assessment of antigen-specific T cell responses in a field site setting with limited
resources.

Methodology/principle findings

We optimised a flow cytometry-based whole blood intracellular cytokine assay (WBA) with
respect to duration of antigen stimulation and intracellular protein retention time. We demon-
strate the ability of the WBA to capture polyfunctional T cell responses in the context of
acute scrub typhus infection, by measuring IFN-y, TNF and IL-2 in CD4+ and CD8+ T cells
in response to the causative agent O. tsutsugamushi (OT). Using an optimised OT antigen
preparation, we demonstrate the presence of polyfunctional antigen-specific memory CD4+
T cells in the blood of scrub typhus patients.
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Conclusions/significance

In conclusion, this flow cytometry-based WBA is well-suited for use at field study sites, and
enables the assessment of polyfunctional T cell responses to infectious agents and vac-
cines through delineation of antigen-specific cytokine secretion at the single cell level.

Author summary

Scrub typhus is an acute febrile illness caused by the bite of infected chigger mites trans-
mitting O. tsutsugamushi, a Gram-negative obligate intracellular bacteria in the family
Rickettsiaceae. The disease progression and clinical manifestations are closely associated
with host immune responses. T cell responses are in strong relation with immune protec-
tion against scrub typhus. As there is limited knowledge on specific T cell roles against
scrub typhus, we optimized a flow-cytometer based protocol to assess O. tsutsugumushi-
specific T cell responses in whole blood samples, which is suitable for studies in limited
resource settings. This method requires low blood volumes, but enables multiparametric
immunophenotyping assessments. The optimized WBA protocol could be a useful tool
for comprehensive immunopathological studies in scrub typhus, and other infectious dis-
eases as well as vaccine studies in areas with limited availability of specialized equipment,
while reliably capturing the complexity of the immune response.

Introduction

Cellular immune responses are essential for controlling infections by intracellular pathogens,
with T cells playing a major role in the induction of an adequate immune response [1]. Func-
tional characterization of T cells following infection and vaccination is essential for vaccine
development, containment of infection and development of new therapeutic strategies, as
highlighted again recently in the ongoing COVID-19 pandemic [1,2]. The important contribu-
tion of the T cell response to control human infection is well documented for a broad array of
bacterial, fungal and viral etiologies [3-6].

Antigen-specific T cell responses can be evaluated by various methods including Enzyme-
linked immunospot (ELISpot) assay [7], intracellular cytokine staining (ICS) in peripheral
blood mononuclear cells (PBMC) [8] and whole blood [9,10], proliferation assay [11], antigen-
induced marker (AIM) assay [12] and chromium 51 ('Cr) release assay [13]. These assays rely
on different functional readouts, including cytokine secretion, proliferation, expression of acti-
vation markers, and cytotoxicity. Intracellular cytokine staining followed by flow cytometry is
one of the most widely used methods for identifying polyfunctionality in T cell subsets by
simultaneous detection of multiple cytokines. Studies on cytokine-secreting cells are com-
monly performed on fresh or cryopreserved PBMC, however both isolation and cryopreserva-
tion can negatively impact on cell quality and quantity. In this context, impaired functionality
of antigen presenting cells (APC) including monocytes as well as increased apoptosis have
been reported [14,15]. Furthermore, some antigen-specific cytokine responses in T cells are
reduced following cryopreservation [16]. Thus, a whole blood intracellular cytokine assay
(WBA) was developed as an alternative [9,17] and has since been extensively used for the
assessment of T cell immune responses in various infectious diseases such as tuberculosis
[17,18], HIV [19], malaria [20] as well as vaccine studies [21].
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In this study, we measured T cell responses in patients with scrub typhus, one of the leading
causes of undifferentiated febrile illness in endemic tropical regions of Southeast Asia [22].
The causative agent Orientia tsutsugamushi (OT) is an obligate intracellular Gram-negative
bacterium, transmitted by the bite of an infected chigger (larval stage of a mite). A number of
studies have shown that the severity of scrub typhus depends on host immune responses [23—
26]. Results from both animal models and human studies suggest that strong T helper 1 (Th1)
responses are associated with acute and severe scrub typhus [27-30]. Increased IFN-y
responses are strongly associated with lower levels of bacteremia in a non-human primate
model of scrub typhus [31,32] and a longitudinal study in humans revealed elevated IFN-y
secretion by CD4+ and CD8+ T cells during acute infection [30]. In addition, elevated levels of
tumor necrosis factor (TNF) correlate with disease severity [33,34]. Of note, all of the afore-
mentioned studies on cytokine-mediated immune responses were assessed in serum, plasma
or cryopreserved PBMC.

Characterizing antigen-specific T cell responses in remote areas with limited resources is
challenging and requires protocols adapted to the sometimes limited availability of specialized
equipment while still capturing the complexity of the immune response. Here we present a
WBA protocol specifically optimised for field study sites with respect to ease of setup, duration
of antigen stimulation and protein retention. This protocol was designed to assess antigen-spe-
cific T cell responses by measuring IFN-y, TNF and IL-2 production in both CD4+ and CD8
+ T cells from whole blood. Using our optimised WBA, we demonstrate polyfunctional CD4
+ memory T cell responses to heat-inactivated whole cell OT antigens in humans with acute
scrub typhus. In summary, this WBA can be used to answer complex immunological questions
in resource-limited settings using low sample volumes, and provides a robust tool to assess T
cell responses in infectious disease and vaccine studies.

Methods
Ethics statement

The study was conducted according to the principles of the Declaration of Helsinki (2008) and
the International Conference on Harmonization (ICH) Good Clinical Practice (GCP) guide-
lines. Written informed consent was obtained from all healthy donors and patients enrolled in
the study.

The human study protocols were approved by ethics committees of the Faculty of Tropical
Medicine, Mahidol University and the Oxford Tropical Research Ethics Committee
(FTM-EC), reference number MUTM 2020-021-01. Healthy volunteers were enrolled at Mahi-
dol University under OXTREC reference number 45-14 and used for the optimisation under
FTM-EC reference number MUTM 2020-021-01. Patients with scrub typhus were enrolled at
Chiangrai Prachanukroh hospital in two scrub typhus studies under OXTREC reference num-
ber 46-15 and 4-17.

Human samples

Venous whole blood from five healthy adult volunteers (age 35-44 yrs) and five scrub typhus
patients (age 19-51 yrs) was collected in lithium heparinized tubes. The following inclusion
criteria were used for the enrolment of scrub typhus patients: hospitalization with acute undif-
ferentiated fever (temperature > 37.5°C) for <14 days and a clinical suspicion of scrub typhus;
positive result for scrub typhus using a rapid diagnostic test (ST IgM RDT, InBios Interna-
tional, Seattle, WA, USA or SD BIOLINE Tsutsugamushi Test (IgG, IgM, IgA), Standard Diag-
nostics ST IgM RDT, Bioline, Korea) or a positive PCR test for OT at Prachanukroh Hospital,
Chiangrai.
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O. tsutsugamushi antigen preparation

Whole cell antigen O. tsutsugamushi (WCA-OT) was prepared as described previously with
some adaptations [35]. Briefly, the OT strain Karp from Papua New Guinea (Naval Medicine
Research Center, NMRG, Silver Spring, Maryland, USA) [36] was propagated in L929 cells
(mouse fibroblast cell line, ATCC, CCL-1) cultured in RPMI1640 with L-Glutamine (Gibco,
22400089) supplemented with 10% fetal bovine serum (FBS, Sigma, F7524), in a Biosafety Level
3 (BSL3) containment laboratory. Firstly, L929 cells were grown to 80% confluence and then
infected with OT at a multiplicity of infection (MOI) of 10:1 (OT: L929 cell) at 37°C, and 5%
CO, in a humid incubator. The MOI of 1:10 is in the optimal range to ensure successful propa-
gation of OT [35]. A T25 tissue culture flask contains approximately 10° L929 cells when grown
to 80% confluence, thus the cells were infected with 107 O. tsutsugamushi cells. At 6 days post
infection, the infected cells were harvested by scraping. To release intracellular bacteria L929
cells were disrupted in a bullet blender (Bullet Blender Blue, Nextadvance, USA) at speed setting
8 for 1 min. After centrifugation at 300 g for 3 min to remove cell debris, the supernatant con-
taining the intracellularly grown OT was collected, filtered through a 2.0 um syringe filter unit
and used at MOI 10:1 to infect a fresh preparation of 1929 cells (grown to 80% confluence as
above). After 5-6 days of culture intracellular bacteria were harvested as described above. The
bacteria pellet was washed twice with 0.3 M sucrose solution by centrifugation at 14,000 g for 5
min, subsequently resuspended with sucrose-phosphate-glutamate (SPG) buffer (0.218 M
sucrose, 3.76 mM KH,PO,, 7.1 mM KH,PO,, 4.9 mM monosodium L-glutamic acid) and
stored at -80°C until ready for heat inactivation. The amount of bacteria was determined by 47
kDa htra gene real time PCR assay as described elsewhere [37] using qPCRBIO Probe Master
Mix Lo-ROX (PCR Biosystems, PB20.21-05). To find an optimal inactivation method for the
antigen preparation which elicits antigen specific T cell responses, WCA-OT was either heat
inactivated (HI) or fixed and then tested in a T cell ELISpot assay. To prepare HI-WCA-OT-
10° copies/ml of bacterial suspension was made up in R10 media: RPMI 1640 (Sigma, R0883)
containing 10% heat-inactivated FBS (Gibco, 10082-147), 2mM L-glutamine (Sigma, G7513)
and Penicillin (100 units)-Streptomycin (0.1 mg/ml) (Sigma, P0781) and inactivated for 1 h at
80°C in a water bath. HI-WCA-OT was stored in aliquots at -80°C until further use.

Whole blood intracellular cytokine assay (WBA)

Whole blood samples were processed within 3 hrs of venipuncture to ensure optimal T cell
function and minimize granulocyte activation [38]. Fresh whole blood (400 pl) was stimulated
in 5 ml round-bottom polystyrene tubes (Falcon, 352054) in the presence of the co-stimulants
anti-CD28 (BD Biosciences, 340975) and anti-CD49d (BD Biosciences, 340976) at a final con-
centration of 1 pg/ml each as well as antigens and controls as indicated below.

WBA optimisation was carried out in the central laboratory (Mahidol-Oxford Tropical
Medicine Research Unit, Bangkok, Thailand) using whole blood from healthy human volun-
teers (n = 5). Staphylococcal enterotoxin B (SEB, Sigma, S4881, 100 pl) was added at a final
concentration of 10 ug/ml to induce cytokine secretion and R10 (100 pl) was added to the neg-
ative control (unstimulated). Stimulation was performed for a duration of 22 or 48 hrs with
brefeldin A (BFA, eBioscience, 00-4506-51) added at a final concentration of 10 ug/ml for the
last 4 or 24 hrs of stimulation (see Table 1 for stimulation protocols).

In the case of acute scrub typhus samples, whole blood from patients (n = 5) was collected
at Chiangrai Prachanukroh hospital and processed in a resource-limited laboratory. Samples
were stimulated with scrub typhus antigen (100 ul of HI-WCA-OT at a concentration of 10°
OT copies per ml) and controls (positive control: SEB, negative control: R10 media, 100 pl
each) for a duration of 22 hrs with BFA added for the last 4 hrs.
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Table 1. Different stimulation protocols used to optimize the WBA.

Protocol Time with antigen before BFA addition (h) BFA blocking time (h) Total stimulation time (h)
SET1 18 4 22
SET2 24 24 48
SET3 44 4 48

https://doi.org/10.1371/journal.pntd.0010905.t001

After the incubation, samples were stained with Near IR Live-Dead fixable dye (Invitrogen,
L10119) according to the manufacturer’s instructions followed by washing with Phosphate
buffered saline (PBS) and centrifugation at 500 g for 5 min. Red blood cell lysis (RBC) was per-
formed by adding 3 ml of 1x FACS lysing solution (BD Biosciences, 349202), followed by vig-
orous vortexing for 30 sec and incubation for 10 min at room temperature. Cells were then
washed twice with 1x FACS lysing solution by centrifugation at 500 g for 5 min, resuspended
in 1 ml of freezing media (FBS containing 10% DMSO, Sigma D2650), split into 0.5 ml per
tube and frozen in a freezing container at -80°C. Of note, the FACS lysing solution contains
fixatives (formaldehyde and methanol) thus preserving the cells in their current state prior to
freezing. In the case of healthy volunteer samples cells were transferred to LN, after 24 hrs. In
the case of field study scrub typhus samples, cells were stored at -80°C for a minimum of 2
weeks, then shipped on dry ice to the central laboratory and stored in LN, until further analy-
sis. The Standard Operating Procedure has been deposited on protocols.io [39].

Flow cytometry staining

Cryopreserved stimulated whole blood samples were slowly thawed in a 37°C water bath, fol-
lowed by fixation and permeabilization using Cytofix (BD Biosciences, 554722) and Cyto-
perm/Wash (BD Biosciences, 554723) according to the manufacturer’s instructions. Cells were
stained with the following fluorochrome conjugated antibodies to assess polyfunctionality and
memory: CD8 V450 (clone RPA-T8, Cat 560347), CD3 V500 (clone SP34-2, Cat 560770), CD4
FITC (clone RPA-T4, Cat 555346 and clone M-T477, Cat 556615), CD45RA-PE (clone HI100,
Cat 555489) and IFN-y APC (clone B27, Cat 554702) all from BD Biosciences as well as IL-2
PE (clone N7.48A, Beckman, Cat IM2718U) and TNF PCP-Cy5.5 (clone MAb11, eBioscience,
Cat 45-7349-42). Acquisition of a minimum of 100,000 cells per sample was performed on a
MACSQuant 10 analyzer (Miltenyi Biotec). Single-stained controls using mouse Ig/ k¥ com-
pensation beads (BD Biosciences, 552843) were used to calculate compensation. Flow cytome-
try data was analyzed using FlowJo software v10.5.3 software (BD Life Sciences) [40]. Boolean
combination gating was performed to assess polyfunctionality of T cells. The gating strategy
for flow cytometry analysis of T cell-specific (CD4+ or CD8+) cytokine expression is presented
in S1 Fig.

Ex-vivo IEN-y ELISpot assay

To determine IFN-y secretion by ELISpot, PBMC were isolated from patients with scrub
typhus as previously described [29]. Briefly, fresh PBMC were added in duplicate wells at
2x10° cells (50 pl) per well and stimulated with 50 ul of HI-WCA-OT (prepared from 10° cop-
ies/ml of live OT organism), SEB (final concentration of 10 ug/ml, positive control) and R10
(negative control). A T cell antigen control pool (CEF, Mabtech AB, 3616-1) at a final concen-
tration of 1 pug/ml was used as a source of control antigens. Following 18 hrs of stimulation,
IFN-y secreting cells were detected by Human IFN-y ELISpot Basic Kit (ALP) (Mabtech AB,
3420-2A). The plates were developed using the AP Conjugate Substrate Kit (Biorad, 1706432)
according to the manufacturer’s instructions. ELISpot plates were scanned using a CTL
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ELISpot reader (Cellular Technology Limited, USA). Spots were counted by Immunospot 3.1
software using the manufacturer’s automated SmartCount settings. Results were expressed as
IFN-vy spot-forming cells (SFC) per million PBMC.

Statistical analysis

All results are expressed as median with interquartile range unless otherwise noted. Difference
in % live cells and % cytokine secreting cells in the parent population across the three stimula-
tion conditions were analysed by one-way ANOVA followed by Tukey’s multiple comparisons
test. Difference in % cytokine secreting cells between HI-WCA-OT stimulated and unstimu-
lated samples were analysed by a nonparametric Mann-Whitney’s (unpaired) U-test. A
2-tailed p-value < 0.05 was considered statistically significant. The relationship between the
cytokine responses determined by WBA versus ELISpot were tested by Spearman correlation
analysis. All statistical analyses and graphical representations were performed using GraphPad
Prism version 9.3.0 for Windows (GraphPad Software, San Diego, CA, USA).

Results

An overnight stimulation protocol with short Brefeldin A incubation is
optimal to assess polyfunctional T cell responses in whole blood

In order to establish an optimal ex-vivo stimulation protocol to study antigen-specific T cell
responses suitable for field study sites, three different protocols (SET1, SET2 and SET3,
Table 1) were compared using heparinized whole blood from healthy donors (n = 5) stimu-
lated with staphylococcal enterotoxin B (SEB). SEB was chosen as a positive control due to its
ability to induce polyclonal T cell activation with the requirement for APCs and induction of
costimulatory signaling via CD28 [41], something that is also necessary for the induction of
antigen specific T cell responses.

Two parameters were optimised, the total stimulation time (22 or 48 hrs), and the protein
retention time (4 or 24 hrs) using Brefeldin A (BFA) to inhibit the secretion of cytokines.
These times were chosen based on data from our previously published protocol for assessment
of antigen-specific T cells in PBMC samples [42], and compatibility with the constraints of
field study operations including availability of staff and time required to complete patient
enrollment, blood sample collection and processing. The expression of the key T cell effector
cytokines IFN-y, TNF and IL-2 was assessed in CD4+ and CD8+ T cell subsets by ICS followed
by flow cytometry.

Cell viability was greater than 90% for all stimulation conditions (Fig 1A), with no signifi-
cant differences between unstimulated and SEB stimulated samples. There was a trend for
lower frequency of live cells in SET2, the protocol with the longest BFA incubation time (Fig
1A). To examine the effect of viability staining on data quality, samples were either stained
with a fixable live/dead cell stain or not. As expected, in the absence of live/dead cell discrimi-
nation the resolution of cell populations was diminished thus confirming the importance of
this step in the protocol (see representative density plots in Fig 1B).

The polyfunctionality profile of T cells is considered an important metric reflecting the
quality of T cell responses to infection [2]. Simultaneous measurement of three T cell effector
cytokines allows categorization of cells as single, double or triple cytokine-secreting, and fur-
ther subdivision based on the specific cytokine combination, resulting in the distinction of 7
different subsets as shown in S1 Table. SET1 and SET2 induced the highest level of total cyto-
kine secretion, with no significant difference between the two protocols for both CD4+ and
CD8+ T cells (Fig 2A and 2B). SET3 with the longest stimulation prior to BFA addition
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Fig 1. (A) Viability of lymphocytes (% live cells in the single cell gate) in healthy blood samples (Median and IQR for
n = 5 of biological replicates) stimulated with and without SEB using three different WBA stimulation protocols (SET1,
SET2 and SET3, see details in Table 1) followed by ICS and flow cytometry. Difference in % live cells in healthy
samples with or without SEB stimulation across the three WBA stimulation protocols were analysed with one-way
ANOVA (Kruskal Wallis) followed by Tukey’s multiple comparisons test. Only significant 2-tailed p values (p<0.05)
are shown in the bar graphs. (B) Representative flow cytometry density plots showing CD4 and CD8 expression on
CD3+ T cells stimulated with (¢, d) and without SEB (a, b) using protocol SET1 and subsequently stained with (b, d)

and without (a, c) a fixable live-dead dye.

https://doi.org/10.1371/journal.pntd.0010905.9001
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Fig 2. Functional characterization of distinct T cell subsets from healthy donors (Median and IQR for n = 5 of biological replicates) using three
different WBA stimulation protocols. Frequency of IFN-y, TNF and IL-2 single (1+), double (2+) or triple (3+) positive CD4+ (A) and CD8+ (E) T
cells after stimulation with SEB according to three different protocols (SET1-3) as described in Table 1. Difference in % cytokine secreting in parent
population in healthy samples stimulated with SEB across the three WBA stimulation protocols were analysed with one-way ANOV A followed by
Tukey’s comparisons test, only significant 2-tailed p values (p<0.05) are shown on the bar graphs. Pie charts show the proportion of cytokine-

producing CD4+ (B-D) and CD8+ (F-H) T cells according to their polyfunctionality. Percentage under each pie chart indicates the proportion of total
cytokine secreting cells.

https://doi.org/10.1371/journal.pntd.0010905.9g002

resulted in the lowest overall cytokine levels (Fig 2A and 2B). Although cytokine responses in
SET1 and SET?2 were not significantly different, SET2 showed a trend for reduced IFN-y and
IL-2 expression in CD4+ T cells as well as lower frequency of all three cytokines in CD8+ T
cells (Fig 2C). Thus, SET1 was chosen as the optimal stimulation protocol.
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Antigen-specific polyfunctional Th1 responses are predominant in scrub
typhus patients

We next applied the optimised WBA protocol (Fig 3) to study polyfunctional CD4+ and CD8
+ T cell immune responses to OT in patients with acute scrub typhus using a heat inactivated
whole cell antigen OT preparation (HI-WCA-OT).

Analysis of T cell cytokine secretion in response to HI-WCA-OT revealed a predominant
CD4+ T cell driven cytokine response, while CD8+ T cell responses were minimal (6.85% of
CD4+ T cells versus 0.2% of CD8+ T cells, Fig 4A and 4B). Following HI-WCA-OT stimula-
tion the majority of cytokine-secreting CD4+ T cells secreted either IFN-y alone
(median = 4.15%, range: 2.04-13.8%) or were double positive for IFN-y and TNF
(median = 1.46%, range: 0.35-4.24%) which was significantly upregulated compared to the
unstimulated sample (Mann Whitney U-test, p = 0.0079). This was followed by secretion of
TNF alone (median = 0.95%, range: 0.48-1.79%). A small proportion of CD4+ T cells were

Fresh whole blood with co-stimulants ICS staining and acquisition
anti-CD28 and anti-CD49d on MACSQuant Analyser

HI-WCA-OT SEB R10

l

Lo

@ 18-20 h 37°C, 5% CO, transfer to LN,

®

\;‘U —

at central lab

+Brefeldin A @g‘?‘ Freezing at -80°C @
! ot

4h ‘- RBC lysis @
—_—

37 °C, 5% CO,

[ =—

»
' ' ' @ ) Live-Dead staining @
HI-WCA-OT SEB R10 P

Fig 3. Procedure to perform the optimised WBA for patients with scrub typhus at a field site laboratory. HI-WCA-OT = heat inactivated
whole cell antigen O. tsutsugamushi, SEB = staphylococcal enterotoxin B, RBC = red blood cell, ICS = intracellular cytokine staining. Figure was
created using Biorender.com (https://biorender.com/).

https://doi.org/10.1371/journal.pntd.0010905.g003
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Fig 4. Functional characterization of CD4+ (A) and CD8+ (C) T cell subsets in patients with acute scrub typhus (Median and IQR for n = 5 of
biological replicates). Frequency of IFN-y, TNF and IL-2 single (1+), double (2+) or triple (3+) positive CD4+ and CD8+ T cells after stimulation with
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significant 2-tailed p values (p<0.05) are shown in the bar graphs.

https://doi.org/10.1371/journal

.pntd.0010905.9004

triple positive for IFN-y, TNF and IL-2 (median = 0.15%, range: 0.062-0.62%) which was
found to be significantly upregulated compared to the unstimulated sample (p = 0.0317) as
shown in Fig 4A. Interestingly, a high frequency of IFN-y secreting CD4+ T cells were detected
in the unstimulated samples suggesting that the WBA can capture the presence of activated
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circulating effector T cells in acute scrub typhus. Overall, CD8+ T cells only showed a weak
response to OT antigen with a much lower level of cytokine secretion compared to CD4+ T
cells. However, similar to CD4+ T cells, the dominant cytokine secreted by CD8+ T cells was
IFN-y (median = 0.6%, range: 0.065-1.34%), followed by TNF (median = 0.18%, range: 0.065-
0.51%) and both IFN-y and TNF (median = 0.065%, range: 0-0.29%) as shown in Fig 4C and
4D. We further used CD45RA expression on CD4+ and CD8+ T cells to determine if the anti-
gen-specific cytokine responses were derived from memory T cells (Fig 5A). Indeed, HI
WCA-OT induced IFN-v secretion almost exclusively from CD45RA negative memory CD4
+ T cells and this was significantly upregulated compared to the unstimulated control (Mann
Whitney U-test, p = 0.0286, Fig 5B).

In parallel to the WBA, we also performed ex-vivo IFN-y ELISpot assays with freshly iso-
lated PBMC from patients with scrub typhus. The magnitude of the IFN-y response as mea-
sured by IFN-y ELISpot did not show any significant correlation with IFN-y secreting CD4
+ and CD8+ T cells as assessed by WBA (Spearman r = 0.8208, p = 0.1333 for CD4+ and
Spearman r = 0.4104, p = 0.50 for CD8+) (S2 Fig).

Discussion

Whole blood is increasingly used as the biological sample of choice to assess antigen-specific T
cell function [18,43,44]. Immediate stimulation of freshly drawn whole blood with antigens of
interest avoids compromising cell composition and viability due to excessive handling, and
cryopreservation of cells. In addition, it closely mimics the in vivo environment by preserving
the composition of cells, proteins, antibodies, lipids, metabolites and other blood components.
A number of studies have previously shown that the use of whole blood offers significant
advantages over the traditional use of PBMC [9,15,45-47]. Indeed, PBMC isolation and cryo-
preservation results in a reduction of cellular function, including a decrease in the expression
of certain cytokines and surface markers alongside increased apoptosis and cell death [9]. Fur-
thermore, monocytes are substantially reduced, thus skewing the monocyte/lymphocyte ratio
[9]. Storage in liquid nitrogen can also compromise viability and function of certain cell popu-
lations including a loss of monocytes [48] and y3-T cells [49] which are essential for initiating
specific cellular immune responses from T cells.

Here we present an optimised WBA for the assessment of cytokine mediated antigen-spe-
cific T cell responses in scrub typhus suitable for a field-site laboratory setting.

The induction of cytokine secretion after antigen-specific activation of T cells is a dynamic
process depending on a number of factors including antigen concentration, co-stimulatory
agent and duration of antigen stimulation [50]. ELISpot and ICS assays using fresh or cryopre-
served PBMC are widely used to assess antigen-specific T cell responses and determine corre-
lates of protection in infectious disease and vaccine studies. In ELISpot assays, secreted
cytokines are captured on a membrane while flow cytometry-based ICS assays capture the
intracellular accumulation of cytokines through blocking protein transport. Although the ICS
assay is less sensitive than ELISpot it provides valuable qualitative information on magnitude,
phenotype and antigen specific function of T cells with the ability to further characterize T cell
subsets, memory phenotype and activation. One of the major advantages in using a WBA over
the ELISpot assay is that the antigen-specific responses can be assessed shortly after venipunc-
ture, and stimulation occurs in the cell’s natural environment without the need for cell separa-
tion and excessive handling. Importantly, the WBA can be performed at resource-limited field
sites and stimulated, cryopreserved samples can then be transported to an alternative labora-
tory for long-term archiving and downstream analyses using specialist equipment. The assay
benefits from being relatively scalable using pre-prepared tubes for blood collection containing
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Fig 5. (A) Representative flow cytometry dot plots showing IFN-y and CD45RA expression on CD4+ and CD8+ T
cells following stimulation with HI-WCA-OT or left unstimulated. (B) Frequency of IFN-y positive CD4 and CD8 T
cells amongst CD45RA positive and negative cell subsets when stimulated with HI-WCA-OT and in unstimulated
controls (Median IQR for n = 4 of biological replicates). Differences in % IFN-y secreting cells in each subsets between
unstimulated and HI-WCA-OT samples were analysed by Mann Whitney U-test. Only significant 2-tailed p values
(p<0.05) are shown in the bar graph.

https://doi.org/10.1371/journal.pntd.0010905.g005
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antigen stimulants, and following centrifugation allowing storage in a freezer until key samples
of interest are retrospectively identified for further studies.

The choice of protein transport inhibitor for blocking cytokine secretion is dependent on
the cytokine of interest. Two compounds commonly used for this purpose, BFA and monen-
sin, have different cytokine blocking properties [51]. We chose BFA for the current study, as
previous reports demonstrate superior lymphocyte viability following prolonged stimulation
and more efficient intracellular trapping of specific proteins compared to monensin [51].

We tested three different protocols on healthy human blood stimulated with SEB. Higher
frequencies of cytokine secreting cells as well as polyfunctional T cells producing IFN-y, TNF
and IL-2 were measured using the protocols with shorter stimulation periods (SET1: 18 hrs
and SET2: 24 hrs compared with SET3: 44 hrs) prior to blocking cytokine secretion. Further-
more, we found that longer BFA exposure (SET2: 24 hrs compared with SET1 and 3: 4 hrs)
resulted in greater cell death, in agreement with reports demonstrating that prolonged BFA
treatment can induce endoplasmic reticulum (ER) stress leading to apoptosis [52]. Thus, we
chose SET1 (18 hrs + 4 hrs with BFA) as the optimal protocol because it enabled 1. the highest
cell viability post stimulation, 2. increased polyfunctionality, 3. higher frequency of T cells
secreting a single cytokine of interest (IFN-y and TNF) and 4. best timeframe to fit into the
working routine at the field study site.

To date there is no effective vaccine against scrub typhus and the immune response to the
disease has not been fully characterized. One of the desired qualities of a scrub typhus vaccine
candidate is to induce protective responses against a broad range of OT strains. However, to
date no vaccine candidate provides long lasting, effective and cross-reactive memory responses
to a board range of OT strains. Inmune memory responses against heterologous strains are
very short lived whereas memory responses against homologous strains last longer and wane
over a few years [53]. We speculate that despite only inducing a short-lived memory response
upon exposure, repeated re-exposure in endemic areas facilitates the maintenance of a mem-
ory response and provides adequate protection against scrub typhus infection. Thus, we
hypothesize that a vaccine inducing a short-lived memory response could be used as a prophy-
lactic approach for military personnel or travelers before traveling to scrub typhus endemic
areas protecting them from developing disease with the potential of boosting vaccine responses
through natural exposure to the causative agent. Hence, tools including the WBA developed in
this study are required to monitor cell-mediated immune responses in endemic areas in order
to better understand development of natural immunity and inform vaccine design as well as
monitor efficacy of novel vaccine candidates.

By applying the optimised WBA protocol to a clinical study of scrub typhus we demonstrate
that the main source of IFN-y and TNF upon HI-WCA-OT stimulation of WB are CD4+ T
cells. Importantly, polyfunctionality (IFN-y+TNF+IL-2+) of CD4+ T cells was significantly
up-regulated as compared to unstimulated cells. Of note, even unstimulated CD4+ and CD8
+ T cells showed increased expression of single effector cytokines (IFN-y and TNF) reflecting
the presence of activated effector T cells in peripheral blood of acute scrub typhus patients.
Using CD45RA as a marker to distinguish naive from memory T cells we demonstrate the
induction of circulating CD4+ memory responses against OT. Due to the limitations of avail-
able channels on our flow cytometer we were not able to further characterize those memory
cells. More studies are needed to delineate the phenotype of OT specific memory subsets
including markers like CD45RO, CCR7 and CD27.

Our results are consistent with several reports showing strong Th1 responses in acute or
severe scrub typhus in both animal models and human [27-30]. We observed a trend toward a
positive correlation of IFN-y secreting CD4+ T cells in the WBA and IFN-y spot forming units
in the ELISpot assay, which was not the case for CD8+ T cells, the trend did not achieve a
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statistical significance, likely due to the small sample size. Several studies using mouse models
suggest an important role of CD8+ T cell during scrub typhus [25,54]. Although we detected
cytokine responses by CD8+ T cells, they did not show polyfunctional properties. It is possible
that the induction of polyfunctional CD8+ T cell responses underlies different kinetics in
whole blood or predominantly localizes to tissue sites at the time of blood sampling.

Polyfunctional T cells are associated with enhanced protection or clinical outcome in infec-
tious diseases including HIV [55], Leishmania [55], Cytomegalovirus [56], Epstein-Barr virus
[57], tuberculosis [58,59] COVID-19 [60] and scrub typhus [61]. Luce-Fedrow et al. [61]
found triple- (IFN-y+TNF+IL-2) and double- (IFN-y+IL-2) cytokine-producing CD4+ T cells
with no polyfunctional CD8+ T cell signature in a lethal mouse model of scrub typhus ((Karp,
intraperitoneal (IP)). In contrast, the T cell cytokine responses in the nonlethal model (intra-
dermal (ID) Karp, IP Woods, ID Woods), came from both CD4+ and CD8+ T-cell popula-
tions and were associated with single (IL2) and/or double (IL2+TNF) positive populations
[61]. The authors proposed that the cytokine signatures associated with the nonlethal model
may relate to protection against scrub typhus. We also observed increased polyfunctionality in
T cells when compared to unstimulated controls and this consisted of the triple (IFN-y+TNF
+IL-2) and double (IFN-y+TNF) positive CD4+ T cell but not CD8+ T cells during acute
infection of patients with scrub typhus. However, polyfunctional T responses are considered
transient, and how they contribute to the immune response is not well understood [62]. There-
fore, the evaluation of the dynamics of single cytokine-secreting T cells in combination with a
polyfunctionality profile is essential to assess the contribution of T cells to infectious diseases
and vaccine responses.

Our study has some limitations worth noting. Firstly, a relatively small number of scrub
typhus cases was included in the study making it hard to conclude how the WBA compares to
the more conventional PBMC based ELISpot assay. Secondly, the assay requires antibodies for
co-stimulation and flow cytometry staining making the cost per sample relatively high. Thirdly,
samples from patient with scrub typhus in this study have not been genotyped. This is part of
our upcoming studies as strain specific differences with regard to immune responses against O.
tsutsugamushi [32,61] might influence the durability of the memory immune response and
may link to virulence and subsequent severity of infection. Finally, the optimized WBA proto-
col for scrub typhus was only evaluated in one setting. Larger studies in other settings are
required to firmly establish the utility of this assay for field study use. One study evaluating
human immune responses to melioidosis conducted in North East Thailand [63] has already
successfully adapted this protocol for a different disease thus providing evidence on the versatil-
ity and suitability of the WBA protocol for the evaluation of immune responses in rural areas.

Conclusion

In conclusion, our optimised WBA protocol provides an important analytical tool for qualita-
tive and quantitative assessment of antigen-specific T cell responses in scrub typhus and can
easily be adapted for studying T cell immunity in other infectious diseases and vaccine studies.

Supporting information

S1 Table. Functional T cell-subset classification based on IFN-y, TNF and IL-2 single, dual
and triple cytokine expression.
(TIF)

S1 Fig. Gating strategy for flow cytometric analysis of T cell (CD4+ or CD8+) cytokine
expression. Dead cells were excluded by live-dead cell staining, followed by a single cell gate
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using forward scatter-area (FSC-A) and height (FSC-H). Lymphocytes were then gated using
FSC-A and Side Scatter-area (SSC-A). CD3 positive cells were then selected for further identi-
fication of T cell subsets: CD4 or CD8 T positive cells.

(TIF)

S2 Fig. Spearman’s correlation analysis of IFN-y secretion responses measured by WBA
and ex-vivo IFN-y ELISpot assay of CD4+ (A) and CD8+ (B) T cell subsets.
(TIF)
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