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Enterotoxigenic Escherichia coli (ETEC) is an important cause of children’s and travelers’
diarrhea, with no licensed vaccine. This study aimed to explore the role of cellular immu-
nity in protection against human ETEC infection. Nine volunteers were experimentally
infected with ETEC, of which six developed diarrhea. Lymphocytes were collected from
peripheral blood buffy coats, before and 3, 5, 6, 7, 10, and 28 days after dose ingestion, and
34 phenotypic and functional markers were examined by mass cytometry. Thirty-three
cell populations, derived by manually merging 139 cell clusters from the X-shift unsuper-
vised clustering algorithm, were analyzed. Initially, the diarrhea group responded with
increased CD56dim CD16+ natural killer cells, dendritic cells tended to rise, and mucosal-
associated invariant T cells decreased. On day 5-7, an increase in plasmablasts was paral-
leled by a consistent rise in CD4+ Th17-like effector memory and regulatory cell subsets.
CD4+ Th17-like central memory cells peaked on day 10. All Th17-like cell populations
showed increased expression of activation, gut-homing, and proliferation markers. Inter-
estingly, in the nondiarrhea group, these same CD4+ Th17-like cell populations expanded
earlier, normalizing around day 7. Earlier development of these CD4+ Th17-like cell pop-
ulations in the nondiarrhea group may suggest a recall response and a potential role in
controlling ETEC infections.
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Introduction

Infection with enterotoxigenic Escherichia coli (ETEC) is an
important cause of diarrheal disease in low-and-middle income
countries (LMICs), causing around 75 million diarrheal episodes
and 50,000 deaths yearly, mostly in travelers and in children
under the age of 5 years [1]{Khalil, 2018 #1232}. Although
considerable efforts have been made to develop vaccines that
may protect against ETEC diarrhea, there is no available licensed
vaccine [2]{Bourgeois, 2016 #1066}.

After ingestion, ETEC colonizes the human small intestinal
mucosa and cause diarrheal disease by secreting one or both of
two enterotoxins called heat-labile toxin and heat-stable toxin,
leading to diarrhea through the secretion of ions and subsequent
osmotic water loss [3]. Since ETEC is a noninvasive pathogen,
immunoprotection against ETEC is believed to be conferred pri-
marily by neutralizing IgA antibodies secreted into the gut lumen,
and most ETEC vaccine development efforts have therefore been
focused on eliciting humoral immune responses [4].

Along with humoral responses, it has been hypothesized
that several immune cell subsets contributes to tissue integrity,
pathogen clearance, and protection [5, 6], limiting bacterial
pathogens at mucosal sites [7]. An important interplay between
natural killer (NK) cells and dendritic cells (DC) in bacterial infec-
tion has also been shown [8].

It is suggested that cells of the innate and adaptive immune
systems contribute to protection against ETEC infection, as well
as to modulation of immunological memory [9, 10]. Long-lasting
antigen-specific CD4+ T-cell responses following ETEC infections
have been reported [11, 12]. A role for cellular immunity may
include indirectly helping B cells to produce high-affinity ETEC-
specific antibodies [13, 14], and by directly enhancing intestinal
epithelium anti-microbial peptide production and IgA transport
[7]. Relatively recently, the cytokine IL-17 has been found to
be associated with extracellular bacterial infections [15, 16].
IL-17 producing T cells, named as Th17 cells, were found and
characterized by Annunziato et al. at several sites, including the
small intestine of patients with Crohn’s disease [17]. Effector and
memory Th17 cells are especially capable of strong IL-17 produc-
tion only a few hours after antigenic stimulation [18]. The role
of different lymphocyte subsets, as well as potential correlates of
protection for ETEC infection, needs to be further elucidated.

With the availability of mass cytometry technology, allowing
single-cell mass spectrometry-based quantitation of cell-bound
antibody markers, it is possible to design multiplex assays for
quantitating a high number of cell surface antigens [19]. The use
of mass cytometry in Salmonella infection identified a distinct acti-
vated CD4+ T effector cell subset hypothesized to play an impor-
tant role in protection against re-infection [20] and showed how
T regulatory cells may modulate disease outcomes [21].

To further explore the dynamics of cell-mediated immune
responses to ETEC infections, we used mass cytometry to char-
acterize phenotypes and dynamics in the circulating PBL popu-
lations following experimental infections with WT ETEC strain
TW10722.

Figure 1. Timeline showing the main events during experimental
TW10722 infection. A total of nine volunteers administered ETEC dose
on day 0 and blood samples for mass cytometry were taken before and
days 0, 3, 5, 6, 7, and 28 after dose ingestion. Median diarrhea onset was
24 h after dose ingestion, lasting for 3 days.

Results

Study setting and volunteers

Of the nine volunteers enrolled in the study (median age 22 years
(range 20–23 years), eight females, one male), six (67%) devel-
oped diarrhea of varying severity within the second day after
the infection, while three (33%) did not (Supporting Information
Table S3). All volunteers were confirmed to be ETEC infected by
positive daily stool samples as previously reported [12]. Devel-
opment of diarrhea was associated with ETEC colonization lev-
els with a maximum ETEC DNA percentage of 0.6% or below
in the nondiarrhea group and ranged between 1% and 11% in
the diarrhea group [22]. No volunteers developed fever (tempera-
ture >380C). Main events during the ETEC experimental infection
are shown in Fig. 1. A total of 33 lymphocyte populations were
obtained for further analysis, as shown in Table 1. Dynamics of
the proportion of each population, presented as median baseline
values on day 0 and fold changes at each time point afterwards,
are shown in Fig. 2.

Innate immunity: rising DCs and NK cells, decreased
MAIT cells in diarrhea group

Cell populations 01-12 in Table 1 represent innate immune cells.
Baseline proportions of conventional DC and plasmacytoid DC did
not differ between the diarrhea and nondiarrhea groups. Both
conventional DC and plasmacytoid DC tended to increase in pro-
portion in the early phase of the infection (day 3) in both groups,
although not significantly (Fig. 2).

CD56dim CD16+ NK cells increased 1.6-fold from day 0 to
3 and stayed elevated in the diarrhea group, in which the
population also exhibited an elevated β7 expression (supple-
mentary chart [SC]-S04). CD4+ NKT cells had similar base-
line proportions in both groups and did not change significantly
(Fig. 2). However, we observed CD95 and inducible T-cell co-
stimulator (ICOS) upregulation in the diarrhea group during days
3 to 6 (SC-S04).

In the diarrhea group, both the CD8+ and the CD4- CD8-

mucosal associated invariant T (MAIT) cell population was
reduced to half its proportion by day 3, and the populations con-
tinued to be reduced in comparison with baseline throughout the
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Table 1. Cell clusters obtained from the semi-supervised cell clustering and their nomenclature based on the marker expression. The column
“No” denotes a number given to the population.

Cell clusters No. Marker expression

Dendritic cells Conventional DC (cDC) 01 CD11c+ Lin neg* HLA-DR+

Plasmacytoid DC (pDC) 02 CD123+ Lin neg* HLA-DR+

Natural killer (NK) cells CD56bright CD16− 03 CD56++ CD16- CD3−

CD56dim CD16+ 04 CD56+ CD16+ CD3−

Natural killer T (NKT) cells CD4+ NKT 05 CD3+ CD56+ CD4+ CD8dim

NKT other 06 CD3+ CD56+

Mucosal associated
invariant T (MAIT) cells

CD8+ MAIT 07 CD3+ TCR Vα7.2+ CD161+ CD8+

NKT-like MAIT 08 CD3+ TCR Vα7.2+ CD161+ CD56+

CD4− CD8− MAIT 09 CD3+ TCR Vα7.2+ CD161+ CD4- CD8−

Gamma-delta (γδ) T cells CD8+ γδ T 10 CD3+ TCR γδ+ CD8+

NKT-like γδ T 11 CD3+ TCR γδ+ CD56+

CD4− CD8− γδ T 12 CD3+ TCR γδ+ CD4− CD8−

CD4+ T cells Naive Naive 13 CD3+ CD4+ CD45RO- CD27+ CD127+

Naïve CD127− 14 CD3+ CD4+ CD45RO- CD27+ CD127−

Natural regulatory 15 CD3+ CD4+ CD45RO− CD25+ CD127−

Effector memory
(EM)

Effector memory 16 CD3+ CD4+ CD45RO+ CD27−

TEMRA CD127+ 17 CD3+ CD4+ CD45RO− CD27− CD127+

TEMRA CD127− 18 CD3+ CD4+ CD45RO- CD27− CD127−

Th17-like effector memory
(Th17-like EM)

19 CD3+ CD4+ CD45RO+ CD27− CD39+

CD161+

Effector memory regulatory 20 CD3+ CD4+ CD45RO+ CD27− CD25+

CD127−

Th17-like effector memory
regulatory (Th17-like EM reg)

21 CD3+ CD4+ CD45RO+ CD27− CD25+

CD127− CD39+ CD161+

Central Memory
(CM)

Central memory 22 CD3+ CD4+ CD45RO+ CD27+

Th17-like central memory
(Th17-like CM)

23 CD3+ CD4+ CD45RO+ CD27+ CD39+

CD161+

Central memory regulatory
(Th17-like CM reg)

24 CD3+ CD4+ CD45RO+ CD27+ CD25+

CD127-

CD8+ T cells Naive 25 CD3+ CD8+ CD45RO- CD27+ CD127+

Naïve CD127− 26 CD3+ CD8+ CD45RO- CD27+ CD127-

Effector memory 27 CD3+ CD8+ CD45RO+ CD27−

TEMRA CD127+ 28 CD3+ CD8+ CD45RO− CD27− CD127+

TEMRA CD127− 29 CD3+ CD8+ CD45RO− CD27− CD127−

Central memory 30 CD3+ CD8+ CD45RO+ CD27+

B cells Naive 31 CD19+ CD20+ IgD+ CD27− CD38+

CD24+

Plasmablast 32 CD19+ CD20− CD27+ CD38+ CD39+

Memory 33 CD19+ CD20+ CD11c+ CD39+ IgD-

* Lin neg = Lineage markers (CD56, CD19, CD20, CD3) negative.

follow-up. An early onset increase in the expression of HLA-DR,
CD95, and ICOS in all three MAIT cell subpopulations was noted
in the diarrhea group, most markedly on day 3 and 5 (SC-S07-
S09).

The three γδ T-cell populations remained relatively stable
except for a rise on day 10 in the NKT-like γδ T-cell subpopulation
(Fig. 2). The diarrhea group showed an increased HLA-DR expres-
sion at day 5 across γδ populations and a modestly increased early
expression of CD38 and ICOS in the CD8+ and the CD4− CD8− γδ

populations (SC-S10-S12). In the CD8+ γδ T-cell subpopulation,
as well as the two NKT populations, CD57 increased during and

after infection in the diarrhea group as opposed to a decreased
CD57 expression in the nondiarrhea group (SC-S05-S06, S10).

T cells: Less naïve CD127− CD4 T cells and Tregs in
the diarrhea group at baseline

Naïve T-cell clusters identified by the unsupervised algorithm
were divided largely by their expression of CD127 (Table 1).
CD4+ naïve T cells seemed less abundant at baseline in the
diarrhea group compared to the nondiarrhea group, with much of
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Figure 2. Heatmap showing baseline (pre-infection) cell population proportions and fold changes from baseline at several timepoints after ETEC
infection in the diarrhea and nondiarrhea group. Numbers in the “day 0”-column represent the baseline cell population as amedian percentage (%)
of the total peripheral blood lymphocyte population. Numbers in the “day 3” to “day 28” columns represent medians of fold changes calculated by
dividing cell population proportion for each timepoint by the baseline value for each volunteer. Red asterisks denote a significant fold-change from
baseline within the group (p-value <0.05, Wilcoxon signed ranked test). Purple asterisks denote a significant difference in baseline levels between
the diarrhea and nondiarrhea groups (p-value < 0.05, Mann–Whitney U test). Blue asterisks denote a significant difference in fold-change between
the diarrhea and nondiarrhea groups (p-value < 0.05, Mann–Whitney U test).

the difference being due to less naïve CD127− CD4 T cells (1.6%
vs. 4.2%) (Fig. 2). In both CD4 and CD8 compartments, there
were similar small, sustained increases in these naïve CD127−

populations following the infection (Fig. 2). In all four naïve

T-cell subsets, there were modest upregulations of the HLA-DR,
ICOS, and β7 expression (SC-13-14 and 25-26).

Baseline natural regulatory T cells (Tregs) were significantly
more abundant in the nondiarrhea group (1.7%) than in the
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diarrhea group (0.68%). While Treg levels remained stable in the
nondiarrhea group, they increased significantly in the diarrhea
group with peak levels obtained on day 6. Also, HLA-DR seemed
more strongly expressed in Tregs from day 3 in the diarrhea group
(SC-15). The same pattern of increased levels in the diarrhea
group was noted for central memory regulatory T cells, however,
peak levels were achieved on day 10, and the population seemed
to have a more broad upregulation of activation markers CD38,
CD71, HLA-DR, ICOS, and PD-1 from day 3 lasting until day 28
(SC-24).

Antigen experienced T cells can be divided into effector mem-
ory T (TEM) cells, central memory T (TCM) cells [23], and effector
memory T cells re-expressing CD45RA (TEMRA) [24]. These popu-
lations had similar baseline proportions in both groups. Interest-
ingly, TEM and TCM remained relatively unchanged in the diarrhea
group, while there seemed to be a modest early rise in the nondi-
arrhea group (Fig. 2). However, TEM populations in the diarrhea
group displayed an early rise in the expression of HLA-DR, ICOS,
PD-1, and CD24 from day 3 lasting until day 28.

In the CD8 compartment, most subpopulations remained
relatively unchanged for a modest rise in the CD127- TEMRA cell
population in the diarrhea group (Fig. 2, SC-18 and 29). Central
memory regulatory T cells tended to gradually increase, peaking
on day 10 in the diarrhea group, with a broad and moderate
upregulation of CD38, CD71, HLA-DR, ICOS, and PD-1 from day
3 persisting to day 28 (SC-24).

Th17-like CD4 T cells: Increase in the diarrhea group,
earlier increase in the nondiarrhea group

CD161 was shown already in 2008 to be a surface marker of IL-17-
producing T cells [25] and co-expression of CD161 and CD39 in
CD4 T cells was later shown to be further distinctive of Th17 cells
[26]. The applied unsupervised algorithm identified several such
Th17-like populations in the present study, and the changes seen
in the CD4+ T-cell populations were accentuated in the Th17-like
cell populations. Th17-like EM cell proportions increased gradu-
ally after the infection in both groups, but they peaked sooner in
the nondiarrhea group (day 3) compared to the diarrhea group
(day 7) (Fig. 3A). In the diarrhea group, the proliferation marker
CD71 expression seemed to increase on day 5 and 6, together
with increased expression of ICOS, PD-1, and β7 on days 5–10. In
the nondiarrhea group, the activation marker expression was less
pronounced, and PD-1 expression seemed to decrease rather than
increase after infection.

Th17-like EM regulatory T cells increased 1.3-fold at day 5
and 6 in both groups, although an earlier and more short-lasting
response was observed in the nondiarrhea group. In the diarrhea
group, we observed increased CD71, ICOS, and β7 expression on
day 5–6, followed by a decrease afterward (Fig. 3B). Interestingly,
HLA-DR expression in this population tended to decrease in both
groups, along with decreased PD-1 expression the nondiarrhea
group.

The small Th17-like TCM cell population showed no base-
line differences. However, following infection the population
increased early (day 3) in the nondiarrhea group as compared to
late (day 10) in the diarrhea group (Figs. 2 and 3C). Also, in the
diarrhea group, functional markers including CD71, ICOS, PD-1,
and β7 showed a gradual increase in expression from day 3 and
lasting until day 28. This response was barely seen in the nondi-
arrhea group.

B cells: Increased plasmablasts correlating with
Th17-like TCM cells

The plasmablast proportion increased 3.5-fold (peak on day 7)
in the diarrhea group and 2.1-fold (peak on day 6) in the nondi-
arrhea group. Expression of HLA-DR and CD71 peaked on day 5
after the infection, while IgA and integrin β7 expression was most
pronounced 6–10 days after infection (Fig. 3D).

We found no clear differences in baseline levels in any of the
other three B-cell subpopulations. Naïve B cells tended to increase
1.3-fold from day 0 to day 6 and 7 in the nondiarrhea group
(Fig. 2), and showed minor increases in expression of CD24, IgA,
and β7 in the diarrhea group.

Interestingly, the proportions of Th17-like TCM cells on day 10
correlated with the proportions of plasmablasts on day 6 (p =
0.006, r = 0.81) and day 7 (p = 0.008, r = 0.68) (n = 9). Propor-
tions of plasmablasts on day 6 had significant correlations with
those of Th17-like TEM cells on days 5, 6, 7, 10, and 28 (p = 0.03
or lower) (Supporting Information Fig. S1).

Discussion and conclusion

In this study, we characterized the dynamics of immune cell pop-
ulations in nine volunteers experimentally infected with ETEC
using mass cytometry. In the analyses, we focused on changes in
proportions and expression of functional markers in circulating
lymphocytes and identified highly interesting differences among
volunteers who developed diarrhea compared to those who did
not.

Early innate responses were noticed in the diarrhea group. The
data presented here indicate a role for innate immune responses
in ETEC infection, which may be important players for modulating
the adaptive immune response. For example, the increased pro-
portion and gut-homing of CD56dim CD16+ NK cells after infec-
tion in the diarrhea group indicates a role even in a noninvasive
infection like ETEC. It may reflect an inflammatory response in the
early phase, and later a potential drive to repair damaged mucosa
[27].

NKTs can be activated indirectly by cytokines secreted from
antigen-presenting cells (APCs) following recognition of micro-
bial molecules by their TLRs, but also directly by recognizing
glycolipid antigens presented by the MHC class I-related gly-
coprotein CD1d on various cells [28]. ICOS, a costimulatory
molecule required for the survival and homeostasis of NKT cells,

© 2023 The Authors. European Journal of Immunology published by
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Figure 3. Boxplots on the left side display the proportions of Th17-like EM cells; Th17-like EM regulatory cells; Th17-like CM cells and plasmablasts
for the diarrhea group (gray, n = 6) and the nondiarrhea group (white, n = 3). Heatmaps on the right side display the signal intensity of selected
functional cell surface markers. The signal intensity is given as arcsinh-transformed 80th percentiles for each marker at day 0 (baseline) and the
change from this baseline value at days 3, 5, 6, 7, 10, and 28 after infection. Further explanation is found in the Supporting Information. Significant
arcsinh-transformed 80th percentile values aremarked with their values of difference present in the heatmap (p < 0.05,Wilcoxon signed rank test).
Testing was not performed for the nondiarrhea group due to few volunteers in this group.

was found to be upregulated in NKT cells in the diarrhea group,
suggesting activation of NKT cell subpopulations could be a part
of the innate immune response against ETEC.

Escherichia coli produces phosphoantigens, such as 3-formyl-
1-butyl-pyrophosphate and TUBag2, which are both potent

activators for γδ T cells [29, 30]. A previous study of parenteral
vaccination against enterohemorrhagic Escherichia coli in cattle
γδ T cells maintained a proinflammatory environment in the gut
mucosa by recruiting lymphocytes and producing IFN-γ, IL-4,
and IL-10, with detectable cytokine levels up until 6 weeks after

© 2023 The Authors. European Journal of Immunology published by
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vaccination [31]. Long-lasting increases of CD57, ICOS, HLA-DR
in γδ T cells were observed in γδ T cells in the present study, sug-
gesting a role for γδ T cells in maintaining a proinflammatory envi-
ronment.

Increased expression of activation marker CD38, proliferation
marker Ki-67, and gut-homing markers β7 and CCR9 in MAIT
cells, but no change in overall frequency, has been observed 7
days after ETEC infection [32]. Our study adds granularity to that
finding by including earlier timepoints to the study of MAIT cell
dynamics, showing a tendency for decreased proportions of all
MAIT cell subpopulations in the diarrhea group at day 3 (Fig. 2).
In a previous study, MAIT cells were found in lungs, with a cor-
responding reduction in the circulation, shortly after infection
with Mycobacterium tuberculosis [33]. MAIT cell reduction was
also observed in a Salmonella enterica serovar Typhi human chal-
lenge study in which peripheral CD8+ MAIT cells declined sharply
2–3 days following infection in volunteers who later developed
typhoid disease [34]. Also, these CD8+ MAIT cells exhibited
upregulation of activation and homing markers for intestines and
damaged tissues [34]. During the infection phase, MAIT cells are
known to participate in the lysis of infected cells for limiting the
bacterial spread to the organism [33].

Although there were little changes in typical naïve CD4 and
CD8 T cells, the sustained increase in the CD127− naïve T-cell sub-
populations are likely to be circulating T cells, which recently exit
from secondary lymphoid organs [35] and may therefore reflect a
generally increased lymphocyte mobilization induced by the infec-
tion.

During gut mucosal infections, the homeostasis of the gut
milieu is disrupted. There is normally a balance maintained by
regulatory T cells and Th17 cells with low affinity against specific
microbes [36]. CD4+ Th cells of the Th17 lineage are believed to
play important roles in the defense against pathogens at mucosal
barriers, for example, by inducing polymeric immunoglobulin
receptor facilitating IgA delivery to the intestinal lumen and by
stimulating production of antimicrobial defensins [7, 37]{Khader,
2009 #1291}. Several studies in mice indicate that Th17 cells are
induced and produce IL-17 to attract neutrophils and monocytes,
after infection with E. coli, and several other gut pathogens such
as Salmonella, Pseudomonas and Bordetella [38, 39].

In addition to producing IL-17, Th17 cells have also been
shown to produce other cytokines promoting intestinal inflam-
mation and mediating direct bacteria toxicity at mucosal mem-
branes [40]. An IL-17-dominated systemic and mucosal immune
response has been shown after immunization with ETEC anti-
gens in a pig model [41], and trials of an oral inactivated ETEC
vaccine candidate elicited gut homing follicular Th17 helper
cells [14].

In the present study, the increased proportions of Th17-like
TEM, Th17-like TEM regulatory cells, and Th17-like TCM in both
the diarrhea and nondiarrhea groups support previous findings
on responsiveness of Th17-populations in adaptive and specific
immunity against ETEC in humans. The dynamics of Th17-like
TCM in the diarrhea group, peaking at day 10 with pronounced
expression of CD71, ICOS, and PD-1, and its correlation with cir-

culating plasmablasts may suggest a recirculation of this popu-
lation to target tissues or BM for establishment of long-lasting
memory.

In the only other published trial to date using mass cytome-
try to study immunological outcomes following ETEC infection,
McArthur et al. examined six healthy adult volunteers infected
with the H10407 strain [13], and found higher levels of ETEC
antigen responsive gut-homing CD4+ T cells at baseline, and at
day 3, in three volunteers developing mild or no diarrhea. This
parallels our finding of an early rise in several gut-homing Th17-
like cell populations at day 3 in the nondiarrhea group, and we
also provide data for similar populations appearing some days
later in volunteers developing diarrhea.

The observation of early responsive CD4+ T-cell populations
in the nondiarrhea group indicates a role for these populations in
immunological resilience against infection. A significantly higher
proportion of natural CD4+ T regulatory cells in the nondiar-
rhea group at baseline suggests they contribute in mediating
immunological resilience in the initial phase, potentially limit-
ing the inflammatory response [42]. Likewise, the earlier tem-
porary rise in proportion and activation of circulating CD4 T EM
and CM cell populations (most distinctly seen in the Th17-like
compartments on day 3–5) in the nondiarrhea group indicates a
rapid adaptive effector response in these volunteers. Previously,
we have reported an expansion of activated antigen-specific CD4
T cells (CD134+ CD25+) using flow cytometry in fresh PBMC
samples at day 10 from volunteers in this study. We also found
increases in IgA and IgG antibody levels against ETEC-specific
antigens such as CS5 (where CS is coli surface antigens), CS6,
and YghJ at days 10 and 28 [12].

Several studies have reported an increase in circulating plas-
mablasts around 5–7 days after inoculation as an important
measure of the specific B-cell response to ETEC infection respon-
sible for establishing and distributing plasma cells along gut-
associated mucosa [14, 43]. In the present study, we observed an
increased proportion of plasmablasts with increased expression of
proliferation marker CD71 as well as IgA and HLA-DR at days 6
and 7, which corresponds with previous studies of plasmablast
dynamics.

This study has several limitations. It included few volun-
teers and was designed to be an exploratory study, providing
high-resolution data for further research. We present findings
with related arguments along with p-values, such as consistent
fold-change over several days, and immunologically coherent
responses to compensate for the small sample size. Further
studies are needed to obtain more robust estimates, preferably
including an internal counting standard so that changes in
absolute cell counts can also be assessed.

Volunteers that were recruited to this study were mostly
females. Immune responses in this study may therefore not be
reflected in both sexes. Also, we cannot fully ascertain previous
exposure or nonexposure of volunteers to ETEC.

Some caution is warranted in interpreting the change in pop-
ulations of CD56dim CD16+ NK cells and CD4+ natural regulatory
cells, as they are presenting with nondynamic, persistently higher

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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proportions than in the baseline in the diarrhea group. Potentially,
the higher postbaseline levels here are due to a falsely low base-
line.

Regrettably, although we put much effort into identifying an
antibody clone and a staining method for the chemokine receptor
CXCR5 that would work with our fixed lymphocyte samples, we
did not achieve adequate staining of T cells, barring detection of
circulating T follicular helper cells.

The antibiotic treatment administered to the volunteers at day
5, or before, did not seem to affect immune cell frequencies and
dynamics much as no distinct shift in populations were seen in
the volunteers at the time they received the antibiotics. However,
antibiotic treatment in the diarrhea group on day 2 or 3 possi-
bly limited the natural course of infection and exposure to ETEC,
resulting in a weaker and/or shorter immune response.

Using fixed cells limited our possibility to stimulate cells for
ETEC-specific antigens and evaluate cytokine expression. Due
to this, we could not directly determine whether the identified
Th17-like populations produce IL-17 or perhaps also co-express
IFN-γ [44]. This study presents an analysis based on phenotypic
surface markers and their fold changes in proportions, which
potentially is a generic peripheral lymphocyte response during
ETEC infection. Assessment of its specificity for ETEC will need
future characterization by in-depth analysis of functional mark-
ers in live cells. However, previously published ETEC antigen-
specific T-cell responses at day 10 after infection by our group
[12, 45] corroborate specificity of T-cell findings in the present
study.

Since the present study sought to explore all major lympho-
cyte subsets, the panel had limited capacity for subtyping some
cell populations. For example, for dendritic cells, we used only
major markers (e.g., CD123, CD11c, and HLA-DR), which pre-
cluded detailed characterization.

Natural ETEC infection is known to protect against homolo-
gous ETEC challenge [46]. The lymphocyte subsets responding
to natural ETEC infection explored in the present study may be
important in the development of that protection. This can be fur-
ther tested in larger studies designed for in-depth and specific
analysis, at the timepoints where they appear altered. Studies
to evaluate the ability of vaccine candidates and formulations to
elicit beneficial specific cellular immune responses could be valu-
able to guide vaccine development against infant diarrheal dis-
eases. Recent innovations in small volume, whole blood sample
staining, and preservation methods will facilitate such studies in
low-and-middle income country infants [47–49].

To conclude, in this exploratory study of human lymphocyte
responses to experimental ETEC infection, we observed early
changes in the proportions of innate immune cell populations
such as temporary decreases, especially in CD8+ MAIT cells, as
well as increased activation markers in all MAIT cell populations
in volunteers developing diarrhea. From day 5, Th17-like EM cell
populations were observed to rise, followed by plasmablasts and
Th17-like CM cells in the diarrhea group. Interestingly, in volun-
teers who did not develop diarrhea, the MAIT cell decrease was
not seen, and responsive Th17-like cell populations were seen ele-

vated already at day 3. These differences in Th17-like cell popu-
lation kinetics may reflect a protective cellular recall response,
which could contribute to resilience against symptomatic ETEC
infection in volunteers not developing diarrhea.

Materials and methods

Study setting and volunteers

The experimental infections took place at Haukeland University
Hospital, Bergen, Norway, in the period 2014 to 2018 [12].
We focused our current study on nine volunteers enrolled dur-
ing winter 2017–2018 who ingested doses of 1 × 109 or 1
× 1010 colony-forming units (CFUs) (Supporting Information
Table S3) of ETEC strain TW10722 (serotype O115:H5), which
belongs to an ETEC family associated with childhood diarrhea
[12, 50] and produces heat-stable toxin. Volunteers had not
visited ETEC-endemic countries during the last 12 months before
entering the study. After dose ingestion, volunteers stayed in a
hospital wardroom, being closely monitored with blood collection
and symptom reporting, until three consecutive stool samples
tested negative for ETEC (mean 6.9 days, range 5–9). Diarrhea
was defined as one loose/liquid stool exceeding 300 g or ≥2
loose/liquid stools exceeding 200 g within any 48-h period within
120 h after the dose ingestion [12, 51]. Unless they fulfilled crite-
ria for early antibiotic treatment, all volunteers were treated with
ciprofloxacin 5 days after ETEC ingestion to clear the infection
[12]. More details on design of the experimental infection study
are described previously [12].

Whole blood collection and processing

We collected whole blood on seven timepoints (before infection,
days 3, 5, 6, 7, 10, and 28) from each of the nine volunteers,
giving a total of 63 specimens. After collection by venipuncture
using EDTA Vacutainer tubes (BD Biosciences, San Jose, CA),
the specimens were kept on ice until centrifugation at 2000×g
for 10 min at 4°C. Following removal of the top layer of plasma,
we carefully aspirated buffy coats and immediately fixed them
using stable-lyse/stable-store V2 reagents (Smart Tube Inc, San
Carlos, CA) according to the manufacturer’s instructions and
stored aliquots at −80°C.

We developed a panel consisting of seven metal-conjugated
CD45-antibodies for barcoding and 34 metal-conjugated antibod-
ies targeting cell surface markers (Supporting Information Table
S1). The antibodies were titrated according to established prin-
ciples [52]. Chemokine receptor antibodies CXCR3, CCR4, and
CCR6 were omitted due to poor performance with the used fixa-
tion method [53]. Details on sample thawing, PBMC preparation,
staining, acquisition, and normalization are given in Supporting
Information.

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Unsupervised and supervised clustering

The normalized cell data were initially clustered by the unsuper-
vised algorithm X-shift on the program platform VorteX [54]. The
computations were performed on virtual instances on Norwegian
Research and Education Cloud (NREC), provided by University of
Bergen and University of Oslo. The channels used for clustering
by X-shift focused on phenotypic markers (Supporting Informa-
tion Table S1). The markers CD185 (CXCR5), CD154 (CD40-L),
and CTLA-4 (CD152) were not included in the final analysis
due to suboptimal signals obtained during experiments. X-shift
identified 163 clusters at k = 500. Twenty-four clusters con-
taining small monocyte populations, very small and inconsistent
T-cell populations, or artifactual populations were discarded. The
remaining 139 clusters were manually merged into a total of 33
cell populations based on their phenotypical marker similarity,
which corresponded to established marker profiles of classic
lymphocyte populations (Table 1).

Statistical analysis

To examine population dynamics, we calculated fold changes of
each cell population’s proportion from baseline (day 0 before the
dose ingestion) to follow-up timepoints within the diarrhea and
nondiarrhea groups. Statistical significance was evaluated using
Wilcoxon signed rank tests. For the functional markers, we used
the same Wilcoxon signed rank tests for differences in arcsinh-
transformed values of 80th percentile cut-offs (60th percentile for
β7 and 50th percentile for CD38) of the signal intensity for the
functional markers, using the Python package statsmodels (SC-
Introduction) [55]. We used Mann–Whitney U test to investigate
differences in cell population proportions between the groups at a
given timepoint, with the Python package statsmodels. Heatmaps
and boxplots were created using the Python packages seaborn
and bioinfokit [56, 57]. Fold changes used in the analysis are the
medians of fold changes for each volunteer per timepoint. Spear-
man correlation tests were used to evaluate correlation in popu-
lation proportion changes between two cell populations. Due to
the exploratory nature of this study, p-values were not adjusted
for multiplicity, and only diarrhea group with six volunteers were
subjected to the statistical testing. Graphical abstract was created
with BioRender.
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