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Severely ill children in low- and middle-income countries (LMICs) experience high rates of
mortality from a broad range of infectious diseases, with the risk of infection-related death
compounded by co-existing undernutrition. How undernutrition and acute illness impact
immune responses in young children in LMICs remains understudied, and it is unclear
what aspects of immunity are compromised in this highly vulnerable population. To
address this knowledge gap, we profiled longitudinal whole blood cytokine responses to
Toll-like receptor (TLR) ligands among severely ill children (n=63; 2-23 months old) with
varied nutritional backgrounds, enrolled in the CHAIN Network cohort from Kampala,
Uganda, and Kilifi, Kenya, and compared these responses to similar-aged well children in
local communities (n=41). Cytokine responses to ligands for TLR-4 and TLR-7/8, as well
as Staphylococcus enterotoxin B (SEB), demonstrated transient impairment in T cell
function among acutely ill children, whereas innate cytokine responses were exaggerated
during both acute illness and following clinical recovery. Nutritional status was associated
with the magnitude of cytokine responses in all stimulated conditions. Among children
who died following hospital discharge or required hospital re-admission, exaggerated
production of interleukin-7 (IL-7) to all stimulation conditions, as well as leukopenia with
reduced lymphocyte and monocyte counts, were observed. Overall, our findings
demonstrate exaggerated innate immune responses to pathogen-associated molecules
among acutely ill young children that persist during recovery. Heightened innate immune
responses to TLR ligands may contribute to chronic systemic inflammation and
dysregulated responses to subsequent infectious challenges. Further delineating
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mechanisms of innate immune dysregulation in this population should be prioritized to
identify novel interventions that promote immune homeostasis and improve outcomes.
Keywords: sepsis, toll-like receptor, lipopolysaccharide, malnutrition, pediatric, innate immunity,
adaptive immunity
INTRODUCTION

Sepsis continues to be a significant cause of pediatric morbidity
and mortality worldwide. Although pediatric mortality from
sepsis has steadily decreased in well-resourced settings, in low-
and middle- income countries (LMICs) the resources required to
support patients with sepsis are scarce and outcomes remain
exceptionally poor (1–7). Coupled with undernutrition, a highly
prevalent condition among young children in LMICs, acute
infection manifesting initially as diarrhea or pneumonia often
progresses to sepsis, and these common infections continue to be
primary drivers of death in children less than 5 years old
worldwide (8–11).

Children in LMICs who present to hospital with acute illness
are often severely stunted and/or wasted, with underlying
environmental enteric dysfunction (EED) (12–15). EED is
believed to be a major driver of recurrent infections, immune
activation, and chronic inflammation during childhood. Changes
in small bowel function accompanied by altered mucosal
architecture results in malabsorption and an increase in pathogen
translocation that predisposes young children to invasive infection
and drives immune dysregulation (12–14, 16–21). Young children
with EED often become trapped in a vicious cycle of malnutrition,
infection, and inflammation that has been associated with
compromised linear growth and neurodevelopment, impaired
thymic development, intestinal dysbiosis, and nutritionally-
acquired immunodeficiency syndrome (22–31).

The immune response to invasive infection is complex and
highly variable due to the multitude of pathogens capable of
inducing disease, and underlying host conditions such as age
and presence of co-morbidities (32, 33). Studies of critically ill
adults and children in resourced settings have suggested that
specific immune phenotypes and responses are associated with
poor outcomes (34). Both pro- and anti-inflammatory responses
are involved: the former contributes to clearance of infection and
recovery but can also lead to collateral tissue damage and organ
failure; the latter limits local and systemic tissue injury by
weakening the immune response, but can lead to secondary
infections (33, 35, 36). Cells of the innate immune system, such
as monocytes, dendritic cells, and natural killer cells, play a pivotal
role in initiation of the immune response against pathogens, and
in shaping subsequent adaptive immune responses. Pattern
recognition receptors (PRR) on the innate cell surface [toll-like
receptors (TLRs) and C-type lectin receptors [CLRs)], in the
endosome (TLRs), and in the cytoplasm [retinoic acid-inducible
gene-I-like receptors (RLRs) and nucleotide-binding
oligomerization domain-like receptors [NLRs)] interact with
pathogen-associated molecular patterns (PAMPs) to initiate pro-
inflammatory immune responses against pathogens (37).
However, the resultant tissue damage from this response releases
org 2
alarmins and damage-associated molecular patterns (DAMPs)
that perpetuate the pro-inflammatory response by autocrine
action and can lead to organ dysfunction (38). Anti-
inflammatory and tissue-repair immune responses are also
elicited during both acute and convalescent phases of severe
illness (39), and may contribute to secondary infections among
patients who survive their initial infection. This post-sepsis
response has been described as “immunoparalysis”, or a state of
cellular senescence, where immune cells remain locked in a
functionally impaired state by either extrinsic (repeated
pathogenic insult, global DAMP expression) or intrinsic (altered
T cell repertoires, increased inhibitory receptor expression) factors
(40). During sepsis-induced immunoparalysis, there is a massive
attrition of lymphocytes that leads to the perpetuation of ongoing
infectious foci, an increase in secondary infections, reactivation of
latent viremias, and re-admission to hospital with poor outcomes
(41–45).

For young children in LMICs, there remains a high mortality
rate during hospitalization for severe infection, as well as an
increased risk of death for several months following hospital
discharge for those children who survived the acute phase of
illness (46). The Childhood Acute Illness & Nutrition (CHAIN)
Network (47–49) is a network of investigators and sites in LMICs
dedicated to understanding biologic and social determinants of
survival among highly vulnerable young children during and
following severe illness. Working with young, undernourished
children in LMICs admitted to hospital with severe illness as part
of the CHAIN observational cohort study, and who survived
through hospital discharge, we characterized TLR-induced
whole blood cytokine responses during acute and convalescent
phases of illness. Moreover, we sought to understand if underlying
nutritional status was associated with altered host immune
responses, and if immune profiles could be used to identify
those acutely ill children who would go on to experience an
event (death or re-admission) following hospital discharge.
Interrogation of immune responses among highly vulnerable
young children during severe illness is a critical first step to the
identification of specific immunologic pathways associated with
poor versus thriving outcomes, and in the development of novel
interventions to improve pediatric post-hospitalization outcomes
in LMICs.
MATERIALS AND METHODS

Participant Recruitment and Ethics
Statement
Participants were enrolled in the Childhood Acute Illness &
Nutrition (CHAIN) Network from January 2016-December 2019
(47–49). The CHAIN study protocol was reviewed and approved
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by the Oxford Tropical Research Ethics Committee (OxTREC),
the Scientific and Ethics Review Unit (SERU) of the Kenya
Medical Research Institute (KEMRI), and the Makerere
University College of Health Sciences, School of Biomedical
Sciences Research and Ethics Committee, as well as the
institutional review boards of all partner sites. Participating
CHAIN sites were Kampala, Uganda, and Kilifi, Kenya.
Written informed consent was obtained from a parent or
guardian for all participating children prior to enrollment.

Study Design and Participant
Demographics
Children requiring hospitalization at the Kampala and Kilifi
CHAIN network sites, who survived their inpatient admission
and had blood available for immunologic-based investigations,
were eligible for inclusion in the present study. Children were
admitted to hospital predominately for severe diarrhea,
pneumonia, malaria, and/or anemia, and were commonly
found to be malnourished. Children presenting with acute
trauma or poisoning were ineligible; for a complete list of
inclusion and exclusion criteria in the CHAIN Network study,
please refer to Diallo et al. (49). Three subsets of children were
included in this analysis: hospitalized children who experienced
post-discharge events of re-admission or death (n=22);
hospitalized children who did not experience a post-discharge
event and survived to month 6 study end point (n=41);
non-hospitalized age-matched, well children recruited
from local neighborhoods (community participants/CP)
serving as a reference group for comparison to hospitalized
participants (n=41). Participant demographics are provided in
Table 1. Nutritional status was stratified by mid-upper arm
circumference (MUAC), defined by the CHAIN Network as:
not wasted, MUAC ≥12.5cm (age ≥6 months) or MUAC ≥12cm
(age <6 months); moderate wasting, MUAC 11.5 to <12.5cm (age
≥6months) or MUAC 11 to <12cm (age <6 months); severe
wasting or kwashiorkor, MUAC <11.5cm (age ≥6 months) or
MUAC <11cm (age <6 months) or bilateral pedal oedema not
explained by other medical causes.
Frontiers in Immunology | www.frontiersin.org 3
Whole Blood Cytokine Assay
Blood was collected for immunologic assays within 48 hours of
hospital admission, the day of hospital discharge, and 6-months
following index hospital admission (among survivors). For CP,
blood was obtained at study enrollment only. Peripheral blood
was drawn and collected in 2 ml sodium-heparin tubes (BD,
catalog #367671) using a standardized SOP for venipuncture that
included sterile technique and preparation of the skin with 70%
alcohol. 200 ml of undiluted whole blood was aliquoted to individual
2 ml polypropylene tubes (Sarstedt, Germany) pre-prepared with
the following stimulants diluted at 5x final concentration in 50 ml
RPMI-1640: 1) none (resting condition); 2) ultrapure
lipopolysaccharide (LPS, TLR-4 ligand, 0.2 mg/ml, In vivogen,
catalog #tlrl-smlps); 3) CL075 (thiazoquinoline derivative, TLR-7/
8 ligand, 5 mg/ml, In vivogen, catalog #tlrl-c75-5); 4) staphylococcal
enterotoxin B (SEB, monovalent T cell mitogen, 1 mg/ml, Toxin
Technology, catalog #BT202). Whole blood stimulation was
performed in a water bath at 37°C for 12 hours. Stimulation
conditions and incubation time were selected based on previous
literature (50–57). To collect materials for cytokine analysis, tubes
were spun at 2000 rpm (300 rcf) in a tabletop centrifuge, and the
supernatant drawn off and stored at -80°C until batch analysis.

Multiplex Cytokine Analysis
A custom multiplex cytokine bead array was created using the
existing EMD Millipore platform. The following panel of 25
cytokines/chemokines were included: G-CSF, GM-CSF, IFN-a2,
IFN-g, IL-10, MCP-3, IL-12p70, IL-15, sCD40L, IL-17A, IL-1RA,
IL-1a, IL-9, IL-1b, IL-2, IL-4, IL-6, IL-7, IL-8, IP-10, MCP-1,
Mip-1a, Mip-1b, RANTES, TNF-a. Frozen supernatants were
gently thawed and diluted 1:5 using RPMI-1640 prior to
performing the assay according to manufacturer’s instructions.
All conditions were plated in duplicate. The quality-control
samples provided by the manufacturer were included on each
plate. A minimum of 50 beads captured was set as the cutoff for
each analyte; no analytes fell below this minimum during data
acquisition. Plates were run on a Luminex 200™ machine and
analyzed using xPONENT® software.
TABLE 1 | Participant demographics.

Hospitalization cohorts Community participants P-value

Post-discharge event (n=22) No post-discharge event (n=41) (n=41)

Recruitment (Uganda) 9 (41%) 15 (37%) 15 (37%) 0.903

Age (months; SD) 11.1 (5.3) 12 (4.7) 12.2 (5.1) 0.712

Sex (female) 9 (41%) 19 (46%) 16 (39%) 0.803

Nutritional status1

Severe wasting 12 (55%) 17 (41%) 0 <0.00013

Moderate wasting 3 (14%) 7 (17%) 2 (5%) 0.213

Non-wasted 7 (32%) 17 (41%) 39 (95%) <0.00013

Mean MUAC1 (cm) 11.19 12.52 13.82 <0.00012

HIV-exposed 5 (23%) 5 (12%) 4 (10%) 0.343

HIV-infected 4 (18%) 1 (2%) 0 0.054
February 2022 | Volume 12 | Artic
1Nutritional status as determined by mid-upper arm circumference (MUAC) at hospital admission (hospitalized cohorts) or enrollment (community participants).
2Three-way comparisons performed using ANOVA.
3Three-way comparisons performed using Chi squared test.
4Two-way comparison between children with and without post-discharge events performed using Fisher's Exact test.
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Research Blood Analysis
All participants had complete blood counts with automated
differential performed at all time points. Blood was analyzed
using a Coulter Ac*T 5diff CP (Cap Pierce) Hematology
Analyzer (Beckman Coulter).
Statistical Approach
Initial analysis compared resting and stimulated whole blood
production of individual cytokines/chemokines between sick,
hospitalized children versus children from the same
communities (community participants/CP). For the stimulation
conditions, background correction was performed prior to
analysis and all cytokine/chemokine data underwent log2
transformation to achieve a normalized distribution. For the
hospitalized cohort, quantitative cytokine/chemokine results
from three time points corresponding to acute illness (hospital
admission), early convalescence (hospital discharge), and late
convalescence (6-months following initial admission), were
compared to those obtained from CP at a single time point. To
determine if an individual cytokine/chemokine response in the
resting or a stimulation condition was predictive of belonging to
the hospitalized versus community cohort, a multivariable logistic
regression model incorporating age, sex, recruitment site, and
MUAC (at relevant time point) as covariates was applied. Odds
ratios and 95% confidence intervals are reported.

To determine the relationship between nutritional status and
cytokine/chemokine responses among children in the hospitalized
cohort, multivariable linear regression models including age, sex,
and site as covariates were applied. Here, individual cytokine/
chemokine responses from the resting and stimulation conditions
were compared to MUAC at each relevant time point. Parameter
estimates, referring to the slope of the relationship between
MUAC and the individual cytokine/chemokine response, were
calculated; negative and positive parameter estimates denote an
indirect or direct relationship, respectively.

A composite cytokine signature that was predictive of
belonging to the hospitalized versus community cohort for the
resting and each stimulation condition was created, and used to
assess the impact of nutritional status on each signature’s
predictive value for recent hospitalization. Using a stepwise
logistic regression model with both forward and backward
elimination for each stimulation condition, individual cytokines
and chemokines showing an effect (threshold for selection was
p<0.2) on the (log) odds of belonging to the hospitalized cohort
were combined to find the best predictive immune signature, with
age, sex and site included as covariates. The predictive (log) odds
of each cytokine signature were then plotted against MUAC.

In addition, a logistic regression model including MUAC, age,
sex, and site was developed to evaluate the relationship between
stimulated cytokine/chemokine responses at hospital discharge
and the odds ratio of a child experiencing a post-discharge event.
Total white blood cell (WBC) and absolute lymphocyte,
monocyte, and neutrophil counts were also compared between
hospitalized children with and without post-discharge events in
an unadjusted analysis, comparing medians to avoid the
Frontiers in Immunology | www.frontiersin.org 4
influence of outliers in data, using the Mann-Whitney test. To
determine whether covariates had any effect on these differences,
the data was winsorized at the lower 5th and upper 95th

percentiles to exclude outliers, and a linear regression model
including MUAC, age, sex and site as additional covariates
was employed.

Due to the limited sample size of this pilot study, comparisons
where unadjusted p-values were ≤0.05 are reported, as are p-
values adjusted for multiple comparisons with false discovery
rate (FDR) ≤0.1 using the Benjamini-Hochberg procedure.
RESULTS

Participants
A total of 63 hospitalized children (24 Kampala; 39 Kilifi) and 41
CPs (15 Kampala; 26 Kilifi) were included for analysis. The
demographic breakdown of these participants, including age, sex,
MUAC, nutritional status, and HIV status is listed in Table 1.
Children Hospitalized for Severe Illness
Have a Reduced Innate Resting Cytokine
Profile as Compared to Children in the
Community During Both Acute and
Convalescent Phases of Illness
We first examined the resting cytokine profiles in children who
were hospitalized for severe illness (hospitalized cohort), as
compared to CP. Whole blood cytokine/chemokine responses of
hospitalized children at admission, discharge, and at 6-months
post-discharge, were compared to CP at a single time point
(enrollment). Hospitalized children had lower innate pro-
inflammatory cytokine/chemokine levels compared to CP, that
persisted throughout the acute and convalescent phases of illness.
Lower resting values were predictive of recent hospitalization for
numerous innate cytokines (Figures 1A–C). No evidence of
increased baseline production of pro-inflammatory cytokines
was observed in hospitalized children at any time point.

We next examined the relationship between nutritional status
and resting immune profiles among hospitalized children during
the early convalescent phase of illness when acute illness has
resolved (hospital discharge), considering each cytokine
individually. Comparing the relationship between MUAC and
resting cytokine response, we observed a significant indirect
relationship between MUAC and resting values for G-CSF,
GM-CSF, IFN-a2, and IL-6 (Figure 1D).

To visualize how nutritional status interacts with the resting
host cytokine signature during the early convalescent phase of
illness, we created a model incorporating the resting whole blood
cytokine responses that best discriminate between hospitalized
and CP children (G-CSF, GM-CSF, MCP-3, IL-6, Mip-1b), and
compared this to nutritional status as indicated by MUAC at
time of hospital discharge in only hospitalized children. Here we
observed that the identified resting cytokine signature was a poor
predictor of recent hospitalization regardless of MUAC (Figure 1E).
February 2022 | Volume 12 | Article 748996
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Impaired Adaptive Th-1 Responses and
Elevated Innate Responses to LPS Are
Observed Among Hospitalized Children
During the Acute and Convalescent
Phases of Illness
To determine if cytokine responses to the TLR-4 agonist LPS were
intact among young hospitalized children, we compared LPS-
stimulated whole blood responses of the hospitalized cohort to
those identified in the CP cohort. A cross-sectional comparison of
these responses at hospital admission, discharge, and after 6-months
of follow-up demonstrated that, as compared to children in the
community, hospitalized children displayed a significantly
enhanced innate pro-inflammatory cytokine response to TLR-4
stimulation during acute and early convalescent phases of illness.
Increased cytokine values were predictive of recent hospitalization
for several cytokines (Figure 2). IL-8 andMip-1b remained elevated
at the 6-month follow-up visit (Figure 2C). Conversely, hospitalized
children showed an impaired Th-1 response to LPS during acute
illness, as indicated by decreased IFN-g and IP-10 responses
compared to CP, that resolved during early convalescence. Here,
reduced IFN-g and IP-10 were predictive of recent hospitalization
(Figures 2A–C).

We next examined the relationship between nutritional status
and LPS-induced immune profile among hospitalized children
during the early convalescent phase of illness when acute illness
has resolved (hospital discharge), looking at each cytokine
individually. Comparing the relationship between MUAC and
LPS-induced cytokine response, we observed a direct relationship
between LPS-induced G-CSF, GM-CSF, and sCD40L, whereas the
relationship between MUAC and LPS-induced MCP-3 was
indirect (Figure 2D).

To visualize how nutritional status interacts with the LPS-
induced host cytokine signature during the early convalescent
Frontiers in Immunology | www.frontiersin.org 5
phase of illness, a model was created using the whole blood
cytokine signature best discriminating between hospitalized and
community children (G-CSF, IFN-g, Mip-1b, IL-6, IL-8), and
compared to nutritional status as indicated by MUAC at time of
hospital discharge in only hospitalized children. Here we observed
that the identified LPS-induced cytokine signature was highly
variable in its ability to predict recent hospitalization regardless of
MUAC (Figure 2E).

Innate and Th-1-Specific Adaptive Cytokine
Responses to Thiazoquinoline, a TLR-7 and
-8 Agonist, Are Impaired During the Acute
and Convalescent Phases of Illness
Next, we assessed the immune responses of hospitalized children
to thiazoquinoline (CL075), a compound that signals through
the TLR-7 and -8 pathways. Whole blood cytokine responses in
the hospitalized cohort demonstrated impaired innate and
adaptive (Th-1) responses during both acute and convalescent
phases of illness, as compared to CP cohort. GM-CSF, IFN-g, IL-
12p70, IL-1a, IL-1b, IP-10, and TNF-a were all lower at hospital
admission compared to CP, with depressed IFN-g and IL-12p70
persisting through 6-months of follow-up. These depressed
cytokine values were associated with increased odds of recent
hospitalization (Figures 3A–C).

We examined the relationship between nutritional status and
CL075-induced immune profile among hospitalized children
during the early convalescent phase of illness when acute
illness has resolved (hospital discharge), looking at each
cytokine individually. Comparing the relationship between
MUAC and CL075-induced cytokine response, we observed a
direct relationship between CL075-induced IL-12p70, IL-4, IL-7,
and sCD40L, whereas the relationship between MUAC and
CL075-induced MCP-3 was indirect (Figure 3D).
A B D EC

FIGURE 1 | Children hospitalized for severe illness show reduced levels of innate cytokines and chemokines compared to children in the community that persist into
convalescence. Whole blood cytokine and chemokine responses were assessed in hospitalized participants at admission to hospital (n=43, A), hospital discharge
(n=60, B), and 180 days-post-discharge (n=51, C), and compared to community participants (CP) at enrollment (n=41) using logistic regression taking into account
age, sex, recruitment site, and MUAC (at relevant time point). Odds ratios denote higher or lower responses in hospitalized cohort compared to CP cohort.
(D) Whole blood cytokine and chemokine responses were compared to nutritional status, as measured by MUAC, in hospitalized participants at discharge (n=60)
using linear regression taking into account age, sex, and recruitment site. Parameter estimate refers to the slope of the relationship between MUAC and cytokine or
chemokine responses; negative and positive parameter estimates denote an indirect or direct relationship, respectively. For (A–D), filled circles indicate significance of
p≤0.05; open circles indicate significance of p≤0.1 when adjusting for multiple comparisons. (E) To better understand the relationship between cytokine responses
and nutritional status in hospitalized participants, a model was created using the cytokine signature (G-CSF, GM-CSF, MCP-3, IL-6, Mip-1-beta) that best
discriminated between hospitalized (discharge time point) and CP cohorts. Here, the model adjusted for participant sex, age, and recruitment site, and the predictive
strength of the model to reflect recent hospitalization (Y-axis) was plotted against participant MUJAC as measured at hospital discharge (X-axis).
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Uebelhoer et al. TLR-Induced Immune Responses in Children
Wenext visualized hownutritional status interacts with CL075-
inducedhost cytokine signatureduring the early convalescentphase
of illness. A model was created using the whole blood cytokine
signature best discriminating between hospitalized and community
children (IFN-g only), and compared to MUAC at hospital
discharge among hospitalized children. We observed no clear
relationship between the predictive value of CL075-induced IFN-
g responses for recent hospitalization and nutritional status as
reflected by MUAC (Figure 3E).
Frontiers in Immunology | www.frontiersin.org 6
Staphylococcus Enterotoxin B-Induced
T Cell Responses in Whole Blood of
Hospitalized Children Are Impaired
During Acute Illness but Improve During
Convalescence
To assess T cell responses to polyclonal activation, we stimulated
whole blood with the superantigen staphylococcus enterotoxin B
(SEB). As compared to children in the community, T cell
responses to SEB were transiently impaired at hospital
A B D EC

FIGURE 3 | Children hospitalized for severe illness show impaired Th-1 and innate responses to TLR-7/8 stimulation when compared to children in the community
that persist into convalescence. CL075-stimulated whole blood cytokine and chemokine responses were assessed in hospitalized participants at admission to
hospital (n=43, A), hospital discharge (n=60, B), and 180 days-post-discharge (n=51, C), and compared to community participants (CP) at enrollment (n=41) using
logistic regression taking into account age, sex, recruitment site, and MUAC (at relevant time point). Odds ratios denote higher or lower responses in hospitalized
cohort compared to CP cohort. (D) Whole blood cytokine and chemokine responses were compared to nutritional status, as measured by MUAC, in hospitalized
participants at discharge (n=60) using linear regression taking into account age, sex, and recruitment site. Parameter estimate refers to the slope of the relationship
between MUAC and cytokine or chemokine responses; negative and positive parameter estimates denote an indirect or direct relationship, respectively. For (A–D),
filled circles indicate significance of p≤0.05; open circles indicate significance of p≤0.1 when adjusting for multiple comparisons. (E) To better understand the
relationship between cytokine responses and nutritional status in hospitalized participants, a model was created using IFNg, a cytokine that best discriminated
between hospitalized (discharge time point) and CP cohorts. Here, the model adjusted for participant sex, age, and recruitment site, and the predictive strength of
the model to reflect recent hospitalization (Y-axis) was plotted against participant MUAC as measured at hospital discharge (X-axis).
A B D EC

FIGURE 2 | Children hospitalized for severe illness show impaired Th-1 responses and increased innate responses to LPS when compared to children in the
community that persist into convalescence. LPS-stimulated whole blood cytokine and chemokine responses were assessed in hospitalized participants at admission
to hospital (n=43, A), hospital discharge (n=60, B), and 180 days-post-discharge (n=51, C), and compared to community participants (CP) at enrollment (n=41) using
logistic regression taking into account age, sex, recruitment site, and MUAC (at relevant time point). Odds ratios denote higher or lower responses in hospitalized
cohort compared to CP cohort. (D) Whole blood cytokine and chemokine responses were compared to nutritional status, as measured by MUAC, in hospitalized
participants at discharge (n=60) using linear regression taking into account age, sex, and recruitment site. Parameter estimate refers to the slope of the relationship
between MUAC and cytokine or chemokine responses; negative and positive parameter estimates denote an indirect or direct relationship, respectively. For (A–D),
filled circles indicate significance of p≤0.05; open circles indicate significance of p≤0.1 when adjusting for multiple comparisons. (E) To better understand the
relationship between cytokine responses and nutritional status in hospitalized participants, a model was created using the cytokine signature (G-CSF, IFNg, Mip-1-
beta, IL-6, IL-8) that best discriminated between hospitalized (discharge time point) and CP cohorts. Here, the model adjusted for participant sex, age, and
recruitment site, and the predictive strength of the model to reflect recent hospitalization (Y-axis) was plotted against participant MUAC as measured at hospital
discharge (X-axis).
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admission, as indicated by decreased IFN-g, IL-2, IL-9, and IL-17A
(Figure 4A). However, all T cell responses, except for IFN-g, had
recovered to that seen in CP by hospital discharge (Figure 4B).
Further, when assessed at 6-month follow-up, these responses
were equivalent to those observed in CP (Figure 4C). Notably,
innate cytokine responses (IL-6, IL-8, MCP-1 and Mip-1b) were
elevated during the last convalescence phase of illness as compared
to children in the community (Figure 4C).

We examined the relationship between nutritional status and
SEB-induced immune profile among hospitalized children
during the early convalescent phase of illness when acute
illness has resolved (hospital discharge), looking at each
cytokine individually. Comparing the relationship between
MUAC and SEB-induced cytokine response, we observed a
direct relationship between SEB-induced IL-4 and sCD40L; no
other direct or indirect relationships were observed (Figure 4D).

We next visualized how nutritional status interacts with SEB-
induced host cytokine signature during the early convalescent
phase of illness. A model was created using the whole blood
cytokine signature best discriminating between hospitalized and
community children (IFN-g only), and compared to MUAC at
hospital discharge among hospitalized children. Here we
observed no clear relationship between the predictive value of
SEB-induced IFN-g responses for recent hospitalization and
nutritional status as reflected by MUAC (Figure 4E).

White Blood Cell Counts and IL-7
Production Are Altered Among Children
With Post-Discharge Events
Children who experienced post-discharge events of hospital re-
admission or death showed significantly lower total white blood
cell counts, including absolute lymphocyte and monocyte counts,
when compared to children who did not experience post-
Frontiers in Immunology | www.frontiersin.org 7
discharge events throughout 6-months of follow-up. This effect
remained significant when the data was adjusted using a linear
model taking into account MUAC, age, sex and site (Figure 5).
No difference in absolute neutrophil count was noted in this
analysis (Figure 5D). In addition, whole blood immune
responses to TLRs and SEB were compared between children
with and without post-discharge events (Figure 6). Increased IL-
7 production to all tested stimuli among children with post-
discharge events was observed. This increase in IL-7 responses
was associated with increased odds of a post-discharge event
(Figures 6B–D). No significant association between IL-7 levels
and absolute lymphocyte counts were found in children with
post-discharge events (data not shown). There was no significant
impairment in cytokine production to any tested stimuli
observed when comparing children with and without post-
discharge events (Figures 6A–D).
DISCUSSION

In this study we examined resting and stimulated whole blood
cytokine responses among young children living in LMICs,
including children who required hospitalization for severe illness
and well children recruited from local communities. The TLR
agonists utilized in this study served as a method of interrogating
functional host immune responses that may have been deranged as
a result of severe acute illness and undernutrition, both common
among children in LMICs. We specifically selected LPS, an agonist
for TLR-4, to model innate responses to gram-negative pathogens
that commonly cause severe illness in this population (58). CL075, a
dual agonist for TLR-7 and TLR-8 that mimics single-stranded
RNA,was selected for studygiven thehighburdenof viral infections
in young children.
A B D EC

FIGURE 4 | Children hospitalized for severe illness exhibit an impaired T cell response to polyclonal stimulation when compared to children in the community that
improves during convalescence. SEB-stimulated whole blood cytokine and chemokine responses were assessed in hospitalized participants at admission to hospital
(n=43, A), hospital discharge (n=60, B), and 180 days-post-discharge (n=51, C), and compared to community participants (CP) at enrollment (n=41) using logistic
regression taking into account age, sex, recruitment site, and MUAC. Odds ratios denote higher or lower responses in hospitalized cohort compared to CP cohort.
(D) Whole blood cytokine and chemokine responses were compared to nutritional status, as measured by MUAC, in hospitalized participants at discharge (n=60)
using linear regression taking into account age, sex, and recruitment site. Parameter estimate refers to the slope of the relationship between MUAC and cytokine or
chemokine responses; negative and positive parameter estimates denote an indirect or direct relationship, respectively. For (A–D), filled circles indicate significance of
p≤0.05; open circles indicate significance of p≤0.1 when adjusting for multiple comparisons. (E) To better understand the relationship between cytokine responses
and nutritional status in hospitalized participants, a model was created using IFNg, a cytokine that best discriminated between hospitalized (discharge time point) and
CP cohorts. Here, the model adjusted for participant sex, age, and recruitment site, and the predictive strength of the model to reflect recent hospitalization (Y-axis)
was plotted against participant MUAC as measured at hospital discharge (X-axis).
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Based on prior studies of severely ill adults and children
performed in well-resourced settings (40, 59–62), we anticipated
that hospitalized children would exhibit limited pro-inflammatory
cytokine/chemokine responses to the tested stimuli, with
malnourished children and children who experience post-
discharge events exhibiting the most muted responses. Our data
revealed that the immune response to each stimulus was distinct,
with heightened innate cytokine responses to LPS among
hospitalized children that persisted through late convalescence,
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while cytokine responses to CL075 were compromised during
both acute and early convalescent stages of illness. Responses to
the T cell mitogen SEB demonstrated compromised production of
several T-cell-associated cytokines (IFN-g, IL-17A, IL-2, and IL-9)
during acute illness, with exaggerated production of pro-
inflammatory innate cytokines continuing through late
convalescence. Our data suggest that the hospitalized cohort
studied here may in fact not be suffering innate immune cell
deficits; rather, the innate immune compartment in these children
is primed for heightened responses to LPS. Children with post-
discharge readmission or death were found to have significant
depression in total white blood cell counts at the time of discharge,
as well as lymphocyte and monocyte counts, a finding that mirrors
similar observations made in adult sepsis cohorts from well-
resourced settings (34, 40, 63). Surprisingly, there was no
evidence of a compromised pro-inflammatory cytokine response
at discharge among children with post-discharge events; rather,
heightened production of IL-7 was observed against all tested
stimuli. Although we did not identify a statistically significant
correlation between IL-7 production and absolute lymphocyte
counts in our limited sample size, our findings suggest a
heightened drive to restore T cell homeostasis among children
who would go on to have poor outcomes.

Our comparison of resting (unstimulated) and stimulated
innate cytokine profiles among hospitalized children revealed
unexpected findings. Specifically, unstimulated samples from
hospitalized children exhibited lower levels of numerous innate
cytokines during both acute and convalescent phases of illness as
compared to children in the community. Interestingly, innate
responses to LPS in this same cohort were elevated throughout
the length of this study. This contrasts with a previously
published study in a well-resourced setting suggesting that
children with severe illness experience immunoparalysis and
innate immune deficiencies (64). We also found no evidence
for “LPS tolerance,” a phenomenon where innate immune cells
undergo metabolic and epigenetic alterations due to repeat
immune challenge, resulting in cellular reprogramming and an
overall reduction in the pro-inflammatory response (65–68).
A B DC

FIGURE 6 | IL-7 responses to multiple stimuli are altered among hospitalized children who experience post-discharge adverse events. Whole blood cytokine and
chemokine responses at hospital discharge were compared between participants who experienced a post-hospital-discharge event of death or re-admission (n=22)
and those who completed 6-months of follow-up with no event (n=41). Shown are odds ratios of experiencing post-discharge event in unstimulated (A) and PAMP-
stimulated (B–D) whole blood, using logistic regression taking into account age, sex, recruitment site, and MUAC. Filled circles indicate significance of p≤0.05; open
circles indicate significance of p≤0.1 when adjusting for multiple comparisons.
A B

DC

FIGURE 5 | Total lymphocyte, leukocyte, and monocyte counts are associated
with post-discharge adverse events in children hospitalized for severe illness.
Complete blood counts with differential were performed at hospital discharge
and compared between participants with (n=20) and without (n=41) post-
discharge events of death or re-admission to hospital. Shown are median values
with interquartile range for white blood cell counts (A), absolute lymphocyte
counts (B), absolute monocyte counts (C), and absolute neutrophil counts
(D), displayed as cell number x10 3/ml of blood. P-values were calculated
using Mann-Whitney test. Filled circles and open circles indicate participants
from Kilifi, Kenya and Kampala, Uganda sites, respectively.
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Rather, the sustained, altered innate cytokine responses to TLR-4
stimulation in our current young cohort is suggestive of the
phenomenon of trained immunity. Trained immunity has been
described following immunization with Bacillus Calmette-
Guérin, as well as exposure to PAMPs including LPS (69) and
b-glucan. Trained immunity refers to epigenetic reprogramming
of innate cells that develops following an infectious insult or
vaccination, leading to long term alterations in functional
responses to subsequent stimuli (70, 71). We hypothesize that
some hospitalized children in this cohort may have experienced
an acute infection with a gram-negative pathogen that altered
their long-term response to subsequent in vitro LPS-
stimulations. In support of this, de Laval and colleagues
recently demonstrated persistent immune alterations in mice
after LPS stimulation that increased responsiveness of associated
immune genes to secondary stimulation (69).

CL075 is a dual stimulant of endosomal TLR-7/8, targeting
TLR-7-expressing plasmacytoid dendritic cells (pDCs) and B
cells, and TLR-8-expressing monocytes and myeloid dendritic
cells (mDCs) (72). TLR-7 activation in pDCs classically drives
intracellular signaling via MyD88, induction of IRF-7, and
endpoint secretion of IFN-a for anti-viral defense. Conversely,
activation of TLR-8 in mDCs via the same signaling cascade
results in secretion of IL-12p70, which polarizes activated naïve
T cells towards IFN-g-secreting Th-1 subsets. When compared to
community counterparts, hospitalized children exhibited a
sustained impairment in the secretion of all 3 cytokines (IFN-
a, IL-12p70 & IFN-g; Figures 3A–C), suggesting an upstream
impact of illness and malnutrition on DC function. Furthermore,
our data showed that IL-12p70 secretion was directly linked to
MUAC (Figure 3D) even after adjusting for multiple
comparisons, indicating that poor nutritional status may
directly exacerbate poor DC function. A previous study
assessing the impact of malnutrition on DC function in 81
Zambian children reported decreased total numbers and low
activation during acute infection, which improved after recovery
from illness. However, a subset of children (17%) with
endotoxemia had ‘anergic’ type immature IL-10-secreting DCs
which failed to drive T cell proliferation (73). DCs are pivotal
regulators of immunity, performing individual innate functions
and playing a key role in kick-starting adaptive immune
responses. Failure of upstream DC responses thus have an
obvious negative impact on downstream T cell responses, and
we hypothesize that the altered response to LPS, low levels of
IFN-g in hospitalized children, and dysregulated IL-7 secretion
could be a consequence of impaired DC responses to TLR-
stimulation. Our evidence highlights the DC-T cell activation
axis as a novel immune pathway for target therapies aiming to
improve both innate and adaptive immunity among
young children.

The hospitalized cohort presented here is potentially
confounded by differences in nutritional status, with many
children experiencing severe wasting in addition to severe,
acute illness. Examining cytokine/chemokine responses in our
whole blood assay among hospitalized children only (children in
CP cohort were predominantly not wasted), we found that
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higher cytokines responses were directly related to improved
nutritional status, as determined by MUAC. The notable
exception to this was monocyte-chemotactic protein 3 (MCP-
3), which showed an inverse relationship with MUAC. Both
MCP-1 and MCP-3 are readily produced by adipocytes which
are highly responsive to metabolic status and able to secrete
bioactive molecules with downstream effects on immunity (74).
Although MCP-1 is known to be increased in obese adults (75),
as well as malnourished Ugandan children who have undergone
re-feeding therapy (76), MCP-3 was not assessed in these prior
studies. To our knowledge, this is the first report of MCP-3
expression in the context of infant nutritional status.

In addition to assessing the relationship between production
of individual cytokines and nutritional status, we developed a
cytokine signature to each tested stimulus and examined its
relationship with MUAC. Here we observed that the resting and
LPS-induced cytokine signatures were highly variable in their
ability to predict recent acute illness among children, and this
was not altered or improved by nutritional status. When only
one dominant cytokine was utilized (IFN-g), as when examining
the relationship between CL075- and SEB-induced cytokine
response and MUAC, the ability of the cytokine response to
predict recent hospitalization was more consistent regardless of
nutritional status. Our analysis indicates that composite cytokine
and chemokine signature modeling in the context of
nutritionally diverse severely ill pediatric cohorts may not be
ideal for small sample sizes, as was available in this analysis.

Despite implementation of international guidelines,
undernourished young children in LMICs with acute illness
continue to have a markedly increased risk of death during
hospital admission that persists following discharge. To further
define risk factors that contribute to these post-discharge events,
we analyzed the immune responses in our hospitalized cohort by
separating children who died or were re-admitted to hospital
from those who successfully completed 6-months of follow-up.
Of all cytokines and chemokines analyzed, only increased IL-7
responses were associated with post-discharge events. IL-7 is a
master regulator of both the naïve and memory T cell
compartments; signaling through the IL-7 receptor is necessary
for death, survival, and turnover of both CD4+ and CD8+ T cells
(77). Low levels of IL-7 are detectable in human serum, and
increased IL-7 production is thought to be a compensatory effect
of lymphopenia in numerous disease states (78–82). Notably, IL-
7 replacement therapy was recently studied in a Phase IIb trial
among adults with sepsis (83). Although the study was not
powered to observe difference in mortality, and baseline IL-7
levels were not reported, patients who received IL-7 therapy had
significant increases in CD4+ and CD8+ T cell counts, and the
treatment was well tolerated. We reviewed complete blood
counts in our hospitalized cohort, and found significant
decreases in total white blood cell, lymphocyte, and monocyte
counts. It is likely that increased IL-7 production seen in children
with post-discharge events reflects an increased drive for T cell
proliferation and reduction in T cell apoptosis in an effort to
restore adaptive immune homeostasis. Given these children had
poor outcomes, this IL-7 compensatory response may have been
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insufficient. Future studies in larger cohorts of young children
are critical to identify specific targets for immune-based
therapeutics that improve outcomes from severe infection.

Our study provides a longitudinal assessment of immune
responses in an East African cohort of young children, with
varied nutritional and illness status. It is important to note that
this pilot study had a limited sample size, and children were
hospitalized with a diversity of serious illnesses that limited our
capacity to interrogate immune function in the context of specific
presenting illness. Our study did not include cell phenotyping by
flow cytometry, and thus we were unable to assess cellular
phenotype and its association with disease state and outcome.
However, the longitudinal nature of our study with defined
clinical outcomes and access to a reference population of well
children from the same community, combined with interrogation
of two distinct TLR pathways and the mitogen SEB, has provided
comprehensive insight into how serious acute illness in early
childhood is associated with perturbations in both acute and
long-term immune function and clinical outcomes. Importantly,
our data suggest that the immune system of a child hospitalized for
severe illness in LMICs is altered during the acute illness phase, as
well as the early and convalescent phases of recovery. Notably,
heightened innate responses to LPS and reduced Th-1 responses to
CL075 persisted for up to 6 months following hospitalization, and
may predispose children to a dysregulated immune response to
subsequent infectious challenge. We have also shown that children
who go on to have poor outcomes following hospitalization exhibit
leukopenia at hospital discharge, as previously reported in well-
resourced settings, and a trend towards heightened IL-7 response to
all tested stimuli. These findings suggest that acute severe illness
during early childhood may have a lasting impact on immune
function, and emphasizes the importance of performing
longitudinal studies to better understand how illness-associated
immune dysregulation can be corrected to promote
healthy outcomes.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
Frontiers in Immunology | www.frontiersin.org 10
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Oxford Tropical Research Ethics Committee
(OxTREC), the Scientific and Ethics Review Unit (SERU) of the
Kenya Medical Research Institute (KEMRI), and the Makerere
University College of Health Sciences, School of Biomedical
Sciences Research and Ethics Committee. Written informed
consent to participate in this study was provided by the
participants’ legal guardian/next of kin.
AUTHOR CONTRIBUTIONS

LU and AG contributed equally to the study. LU, AG, JB, and
CLL contributed to conception and design of the study. LU, AG,
SN, JG, EN, JM, CL, GD, AM, SM, and EM contributed to assay
development and validation, performed and/or processed
material for experiments, or were directly involved with
participant enrollment and/or collection of essential materials
or data. BT performed all statistical analyses. LU, CLL, AG, and
JB contributed to writing the manuscript. All authors reviewed
the manuscript and approved the submitted version.
FUNDING

This work was supported, in whole or in part, by the Bill &
Melinda Gates Foundation [OPP 1131320]. Under the grant
conditions of the Foundation, a Creative Commons Attribution
4.0 Generic License has already been assigned to the Author
Accepted Manuscript version that might arise from
this submission.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.748996/
full#supplementary-material
REFERENCES
1. Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, Pinsky MR.

Epidemiology of Severe Sepsis in the United States: Analysis of Incidence,
Outcome, and Associated Costs of Care. Crit Care Med (2001) 29(7):1303–10.
doi: 10.1097/00003246-200107000-00002

2. Balamuth F, Weiss SL, Neuman MI, Scott H, Brady PW, Paul R, et al.
Pediatric Severe Sepsis in U.S. Children’s Hospitals. Pediatr Crit Care Med
(2014) 15(9):798–805. doi: 10.1097/PCC.0000000000000225

3. Lagu T, Rothberg MB, Shieh MS, Pekow PS, Steingrub JS, Lindenauer PK.
Hospitalizations, Costs, and Outcomes of Severe Sepsis in the United States
2003 to 2007. Crit Care Med (2012) 40(3):754–61. doi: 10.1097/
CCM.0b013e318232db65

4. Lima LM, McCracken CE, Fortenberry JD, Hebbar KB. Use of Plasma
Exchange in Pediatric Severe Sepsis in Children’s Hospitals. J Crit Care
(2018) 45:114–20. doi: 10.1016/j.jcrc.2018.01.028
5. Ranieri VM, Thompson BT, Barie PS, Dhainaut JF, Douglas IS, Finfer S, et al.
Drotrecogin Alfa (Activated) in Adults With Septic Shock. N Engl J Med
(2012) 366(22):2055–64. doi: 10.1056/NEJMoa1202290

6. Ruth A, McCracken CE, Fortenberry JD, Hall M, Simon HK, Hebbar KB.
Pediatric Severe Sepsis: Current Trends and Outcomes From the Pediatric
Health Information Systems Database. Pediatr Crit Care Med (2014) 15
(9):828–38. doi: 10.1097/PCC.0000000000000254

7. Wooldridge G, Murthy S, Kissoon N. Core Outcome Set in Paediatric Sepsis
in Low- and Middle-Income Countries: A Study Protocol. BMJ Open (2020)
10(4):e034960. doi: 10.1136/bmjopen-2019-034960

8. W.H.O.Children: ImprovingSurvival andWell-Being (2020).Available at: https://
www.who.int/news-room/fact-sheets/detail/children-reducing-mortality.

9. Page AL, de Rekeneire N, Sayadi S, Aberrane S, Janssens AC, Rieux C, et al.
Infections in Children Admitted With Complicated Severe Acute
Malnutrition in Niger. PLoS One (2013) 8(7):e68699. doi: 10.1371/
journal.pone.0068699
February 2022 | Volume 12 | Article 748996

https://www.frontiersin.org/articles/10.3389/fimmu.2021.748996/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.748996/full#supplementary-material
https://doi.org/10.1097/00003246-200107000-00002
https://doi.org/10.1097/PCC.0000000000000225
https://doi.org/10.1097/CCM.0b013e318232db65
https://doi.org/10.1097/CCM.0b013e318232db65
https://doi.org/10.1016/j.jcrc.2018.01.028
https://doi.org/10.1056/NEJMoa1202290
https://doi.org/10.1097/PCC.0000000000000254
https://doi.org/10.1136/bmjopen-2019-034960
https://www.who.int/news-room/fact-sheets/detail/children-reducing-mortality
https://www.who.int/news-room/fact-sheets/detail/children-reducing-mortality
https://doi.org/10.1371/journal.pone.0068699
https://doi.org/10.1371/journal.pone.0068699
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Uebelhoer et al. TLR-Induced Immune Responses in Children
10. Berkley JA, Ngari M, Thitiri J, Mwalekwa L, Timbwa M, Hamid F, et al. Daily
Co-Trimoxazole Prophylaxis to Prevent Mortality in Children With
Complicated Severe Acute Malnutrition: A Multicentre, Double-Blind,
Randomised Placebo-Controlled Trial. Lancet Glob Health (2016) 4(7):
e464–73. doi: 10.1016/S2214-109X(16)30096-1

11. Attia S, Versloot CJ, Voskuijl W, van Vliet SJ, Di Giovanni V, Zhang L, et al.
Mortality in ChildrenWith Complicated Severe Acute Malnutrition Is Related
to Intestinal and Systemic Inflammation: An Observational Cohort Study. Am
J Clin Nutr (2016) 104(5):1441–9. doi: 10.3945/ajcn.116.130518

12. Keusch GT, Rosenberg IH, Denno DM, Duggan C, Guerrant RL, Lavery JV,
et al. Implications of Acquired Environmental Enteric Dysfunction for
Growth and Stunting in Infants and Children Living in Low- and Middle-
Income Countries. Food Nutr Bull (2013) 34(3):357–64. doi: 10.1177/
156482651303400308

13. Keusch GT, Plaut AG, Troncale FJ. Subclinical Malabsorption in Thailand. II.
Intestinal Absorption in American Military and Peace Corps Personnel. Am J
Clin Nutr (1972) 25(10):1067–79. doi: 10.1093/ajcn/25.10.1067

14. Keusch GT. Subclinical Malabsorption in Thailand. I. Intestinal Absorption in
Thai Children. Am J Clin Nutr (1972) 25(10):1062–6. doi: 10.1093/ajcn/
25.10.1062

15. Humphrey JH. Child Undernutrition, Tropical Enteropathy, Toilets, and
Handwashing. Lancet (2009) 374(9694):1032–5. doi: 10.1016/S0140-6736
(09)60950-8

16. Lindenbaum J, Gerson CD, Kent TH. Recovery of Small-Intestinal Structure
and Function After Residence in the Tropics. I. Studies in Peace Corps
Volunteers. Ann Intern Med (1971) 74(2):218–22. doi: 10.7326/0003-4819-
74-2-218

17. Field CJ, Johnson IR, Schley PD. Nutrients and Their Role in Host Resistance
to Infection. J Leukoc Biol (2002) 71(1):16–32.

18. Chacko CJ, Paulson KA, Mathan VI, Baker SJ. The Villus Architecture of the
Small Intestine in the Tropics: A Necropsy Study. J Pathol (1969) 98(2):146–
51. doi: 10.1002/path.1710980209

19. Syed S, Ali A, Duggan C. Environmental Enteric Dysfunction in Children. J
Pediatr Gastroenterol Nutr (2016) 63(1):6–14. doi: 10.1097/MPG.
0000000000001147

20. Keusch GT, Denno DM, Black RE, Duggan C, Guerrant RL, Lavery JV, et al.
Environmental Enteric Dysfunction: Pathogenesis, Diagnosis, and Clinical
Consequences. Clin Infect Dis (2014) 59(Suppl 4):S207–12. doi: 10.1093/cid/
ciu485

21. Bourke CD, Jones KDJ, Prendergast AJ. Current Understanding of Innate
Immune Cell Dysfunction in Childhood Undernutrition. Front Immunol
(2019) 10:1728. doi: 10.3389/fimmu.2019.01728

22. Beisel WR. Nutrition in Pediatric HIV Infection: Setting the Research Agenda.
Nutrition and Immune Function: Overview. J Nutr (1996) 126(10
Suppl):2611S–5S. doi: 10.1093/jn/126.suppl_10.2611S

23. Savino W. The Thymus Gland Is a Target in Malnutrition. Eur J Clin Nutr
(2002) 56(Suppl 3):S46–9. doi: 10.1038/sj.ejcn.1601485

24. Campbell DI, Elia M, Lunn PG. Growth Faltering in Rural Gambian Infants Is
Associated With Impaired Small Intestinal Barrier Function, Leading to
Endotoxemia and Systemic Inflammation. J Nutr (2003) 133(5):1332–8.
doi: 10.1093/jn/133.5.1332

25. Solomons NW. Environmental Contamination and Chronic Inflammation
Influence Human Growth Potential. J Nutr (2003) 133(5):1237. doi: 10.1093/
jn/133.5.1237

26. Campbell DI, Elia M, Lunn PG. Intestinal Inflammation Measured by Fecal
Neopterin in Gambian Children With Enteropathy: Association With Growth
Failure, Giardia Lamblia, and Intestinal Permeability. J Pediatr Gastroenterol
Nutr (2004) 39(2):153–7. doi: 10.1097/00005176-200408000-00005

27. Schaible UE, Kaufmann SH. Malnutrition and Infection: Complex
Mechanisms and Global Impacts. PLoS Med (2007) 4(5):e115. doi: 10.1371/
journal.pmed.0040115

28. Black RE, Allen LH, Bhutta ZA, Caulfield LE, de Onis M, Ezzati M, et al.
Maternal and Child Undernutrition: Global and Regional Exposures and
Health Consequences. Lancet (2008) 371(9608):243–60. doi: 10.1016/S0140-
6736(07)61690-0

29. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG,
Contreras M, et al. Human Gut Microbiome Viewed Across Age and
Geography. Nature (2012) 486(7402):222–7. doi: 10.1038/nature11053
Frontiers in Immunology | www.frontiersin.org 11
30. Subramanian S, Huq S, Yatsunenko T, Haque R, Mahfuz M, Alam MA, et al.
Persistent Gut Microbiota Immaturity in Malnourished Bangladeshi Children.
Nature (2014) 510(7505):417–21. doi: 10.1038/nature13421

31. John CC, Black MM, Nelson CA3rd. Neurodevelopment: The Impact of
Nutrition and Inflammation During Early to Middle Childhood in Low-
Resource Settings. Pediatrics (2017) 139(Suppl 1):S59–71. doi: 10.1542/
peds.2016-2828H

32. Abraham E, Reinhart K, Opal S, Demeyer I, Doig C, Rodriguez AL, et al.
Efficacy and Safety of Tifacogin (Recombinant Tissue Factor Pathway
Inhibitor) in Severe Sepsis: A Randomized Controlled Trial. JAMA (2003)
290(2):238–47. doi: 10.1001/jama.290.2.238

33. Opal SM, Garber GE, LaRosa SP, Maki DG, Freebairn RC, Kinasewitz GT,
et al. Systemic Host Responses in Severe Sepsis Analyzed by Causative
Microorganism and Treatment Effects of Drotrecogin Alfa (Activated). Clin
Infect Dis (2003) 37(1):50–8. doi: 10.1086/375593

34. Rimmele T, Payen D, Cantaluppi V, Marshall J, Gomez H, Gomez A, et al.
Immune Cell Phenotype and Function in Sepsis. Shock (2016) 45(3):282–91.
doi: 10.1097/SHK.0000000000000495

35. Angus DC, van der Poll T. Severe Sepsis and Septic Shock. N Engl J Med
(2013) 369(9):840–51. doi: 10.1056/NEJMra1208623

36. van der Poll T, Opal SM. Host-Pathogen Interactions in Sepsis. Lancet Infect
Dis (2008) 8(1):32–43. doi: 10.1016/S1473-3099(07)70265-7

37. Takeuchi O, Akira S. Pattern Recognition Receptors and Inflammation. Cell
(2010) 140(6):805–20. doi: 10.1016/j.cell.2010.01.022

38. Chan JK, Roth J, Oppenheim JJ, Tracey KJ, Vogl T, Feldmann M, et al.
Alarmins: Awaiting a Clinical Response. J Clin Invest (2012) 122(8):2711–9.
doi: 10.1172/JCI62423

39. Njunge JM, Gwela A, Kibinge NK, Ngari M, Nyamako L, Nyatichi E, et al.
Biomarkers of Post-Discharge Mortality Among Children With Complicated
Severe Acute Malnutrition. Sci Rep (2019) 9(1):5981. doi: 10.1038/s41598-
019-42436-y

40. Jensen IJ, Sjaastad FV, Griffith TS, Badovinac VP. Sepsis-Induced T Cell
Immunoparalysis: The Ins and Outs of Impaired T Cell Immunity. J Immunol
(2018) 200(5):1543–53. doi: 10.4049/jimmunol.1701618

41. Donnelly JP, Hohmann SF, Wang HE. Unplanned Readmissions After
Hospitalization for Severe Sepsis at Academic Medical Center-Affiliated
Hospitals. Crit Care Med (2015) 43(9):1916–27. doi: 10.1097/
CCM.0000000000001147

42. Kutza AS, Muhl E, Hackstein H, Kirchner H, Bein G. High Incidence of Active
Cytomegalovirus Infection Among Septic Patients. Clin Infect Dis (1998) 26
(5):1076–82. doi: 10.1086/520307

43. Limaye AP, Kirby KA, Rubenfeld GD, Leisenring WM, Bulger EM, Neff MJ,
et al. Cytomegalovirus Reactivation in Critically Ill Immunocompetent
Patients. JAMA (2008) 300(4):413–22. doi: 10.1001/jama.300.4.413

44. Torgersen C, Moser P, Luckner G, Mayr V, Jochberger S, Hasibeder WR, et al.
Macroscopic Postmortem Findings in 235 Surgical Intensive Care Patients
With Sepsis. Anesth Analg (2009) 108(6):1841–7. doi: 10.1213/
ane.0b013e318195e11d

45. Walton AH, Muenzer JT, Rasche D, Boomer JS, Sato B, Brownstein BH, et al.
Reactivation of Multiple Viruses in Patients With Sepsis. PLoS One (2014) 9
(2):e98819. doi: 10.1371/journal.pone.0098819

46. Wiens MO, Pawluk S, Kissoon N, Kumbakumba E, Ansermino JM, Singer J,
et al. Pediatric Post-Discharge Mortality in Resource Poor Countries: A
Systematic Review. PLoS One (2013) 8(6):e66698. doi: 10.1371/
journal.pone.0066698

47. The CHAIN Network (2021). Available at: www.chainnetwork.org.
48. Childhood Acute Illness and Nutrition (CHAIN) Network: A Protocol for a

Multi-Site Prospective Cohort Study to Identify Modifiable Risk Factors for
Mortality Among Acutely Ill Children in Africa and Asia. BMJ Open (2019) 9
(5):e028454. doi: 10.1136/bmjopen-2018-028454

49. Diallo AH, Sayeem Bin Shahid ASM, Khan AF, Saleem AF, Singa BO,
Gnoumou BS, et al. Childhood Mortality During and After Acute Illness in
Sub-Saharan Africa and South Asia - The CHAIN Cohort Study. medRxiv
(2021), 2021.11.24.21266806. doi: 10.1101/2021.11.24.21266806

50. Bellete B, Coberly J, Barnes GL, Ko C, Chaisson RE, Comstock GW, et al.
Evaluation of a Whole-Blood Interferon-Gamma Release Assay for the
Detection of Mycobacterium Tuberculosis Infection in 2 Study Populations.
Clin Infect Dis (2002) 34(11):1449–56. doi: 10.1086/340397
February 2022 | Volume 12 | Article 748996

https://doi.org/10.1016/S2214-109X(16)30096-1
https://doi.org/10.3945/ajcn.116.130518
https://doi.org/10.1177/156482651303400308
https://doi.org/10.1177/156482651303400308
https://doi.org/10.1093/ajcn/25.10.1067
https://doi.org/10.1093/ajcn/25.10.1062
https://doi.org/10.1093/ajcn/25.10.1062
https://doi.org/10.1016/S0140-6736(09)60950-8
https://doi.org/10.1016/S0140-6736(09)60950-8
https://doi.org/10.7326/0003-4819-74-2-218
https://doi.org/10.7326/0003-4819-74-2-218
https://doi.org/10.1002/path.1710980209
https://doi.org/10.1097/MPG.0000000000001147
https://doi.org/10.1097/MPG.0000000000001147
https://doi.org/10.1093/cid/ciu485
https://doi.org/10.1093/cid/ciu485
https://doi.org/10.3389/fimmu.2019.01728
https://doi.org/10.1093/jn/126.suppl_10.2611S
https://doi.org/10.1038/sj.ejcn.1601485
https://doi.org/10.1093/jn/133.5.1332
https://doi.org/10.1093/jn/133.5.1237
https://doi.org/10.1093/jn/133.5.1237
https://doi.org/10.1097/00005176-200408000-00005
https://doi.org/10.1371/journal.pmed.0040115
https://doi.org/10.1371/journal.pmed.0040115
https://doi.org/10.1016/S0140-6736(07)61690-0
https://doi.org/10.1016/S0140-6736(07)61690-0
https://doi.org/10.1038/nature11053
https://doi.org/10.1038/nature13421
https://doi.org/10.1542/peds.2016-2828H
https://doi.org/10.1542/peds.2016-2828H
https://doi.org/10.1001/jama.290.2.238
https://doi.org/10.1086/375593
https://doi.org/10.1097/SHK.0000000000000495
https://doi.org/10.1056/NEJMra1208623
https://doi.org/10.1016/S1473-3099(07)70265-7
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1172/JCI62423
https://doi.org/10.1038/s41598-019-42436-y
https://doi.org/10.1038/s41598-019-42436-y
https://doi.org/10.4049/jimmunol.1701618
https://doi.org/10.1097/CCM.0000000000001147
https://doi.org/10.1097/CCM.0000000000001147
https://doi.org/10.1086/520307
https://doi.org/10.1001/jama.300.4.413
https://doi.org/10.1213/ane.0b013e318195e11d
https://doi.org/10.1213/ane.0b013e318195e11d
https://doi.org/10.1371/journal.pone.0098819
https://doi.org/10.1371/journal.pone.0066698
https://doi.org/10.1371/journal.pone.0066698
http://www.chainnetwork.org
https://doi.org/10.1136/bmjopen-2018-028454
https://doi.org/10.1101/2021.11.24.21266806
https://doi.org/10.1086/340397
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Uebelhoer et al. TLR-Induced Immune Responses in Children
51. Dammermann W, Bentzien F, Komorowski L, Steinhagen K, Ullrich S, et al.
CMV Specific Cytokine Release Assay in Whole Blood Is Optimized by
Combining Synthetic CMV Peptides and Toll Like Receptor Agonists.
J Immunol Methods (2014) 414:82–90. doi: 10.1016/j.jim.2014.10.011

52. Desch CE, Kovach NL, Present W, Broyles C, Harlan JM. Production of
Human Tumor Necrosis Factor From Whole Blood Ex Vivo. Lymphokine Res
(1989) 8(2):141–6.

53. Duffy D, Rouilly V, Libri V, Hasan M, Beitz B, David M, et al. Functional
Analysis via Standardized Whole-Blood Stimulation Systems Defines the
Boundaries of a Healthy Immune Response to Complex Stimuli. Immunity
(2014) 40(3):436–50. doi: 10.1016/j.immuni.2014.03.002

54. HanekomWA, Hughes J, Mavinkurve M, Mendillo M, Watkins M, Gamieldien
H, et al. Novel Application of a Whole Blood Intracellular Cytokine Detection
Assay to Quantitate Specific T-Cell Frequency in Field Studies. J Immunol
Methods (2004) 291(1-2):185–95. doi: 10.1016/j.jim.2004.06.010

55. Ida JA, Shrestha N, Desai S, Pahwa S, Hanekom WA, Haslett PA. A Whole
Blood Assay to Assess Peripheral Blood Dendritic Cell Function in Response
to Toll-Like Receptor Stimulation. J Immunol Methods (2006) 310(1-2):86–99.
doi: 10.1016/j.jim.2005.12.008

56. May L, van Bodegom D, Kuningas M, Meij JJ, de Craen AJ, Frolich M, et al.
Performance of the Whole-Blood Stimulation Assay for Assessing Innate
Immune Activation Under Field Conditions. Cytokine (2009) 45(3):184–9.
doi: 10.1016/j.cyto.2008.12.010

57. Petrovsky N, Harrison LC. Cytokine-Based Human Whole Blood Assay for
the Detection of Antigen-Reactive T Cells. J Immunol Methods (1995) 186
(1):37–46. doi: 10.1016/0022-1759(95)00127-V

58. Berkley JA, Lowe BS, Mwangi I, Williams T, Bauni E, Mwarumba S, et al.
Bacteremia Among Children Admitted to a Rural Hospital in Kenya. N Engl J
Med (2005) 352(1):39–47. doi: 10.1056/NEJMoa040275

59. Antonakos N, Tsaganos T, Oberle V, Tsangaris I, Lada M, Pistiki A, et al.
Decreased Cytokine Production by Mononuclear Cells After Severe Gram-
Negative Infections: Early Clinical Signs and Association With Final
Outcome. Crit Care (2017) 21(1):48. doi: 10.1186/s13054-017-1625-1

60. Boomer JS, To K, Chang KC, Takasu O, Osborne DF, Walton AH, et al.
Immunosuppression in Patients Who Die of Sepsis and Multiple Organ
Failure. JAMA (2011) 306(23):2594–605. doi: 10.1001/jama.2011.1829

61. Hall MW, Greathouse KC, Thakkar RK, Sribnick EA, Muszynski JA.
Immunoparalysis in Pediatric Critical Care. Pediatr Clin North Am (2017)
64(5):1089–102. doi: 10.1016/j.pcl.2017.06.008

62. Hibbert JE, Currie A, Strunk T. Sepsis-Induced Immunosuppression in
Neonates. Front Pediatr (2018) 6:357. doi: 10.3389/fped.2018.00357

63. Drewry AM, Samra N, Skrupky LP, Fuller BM, Compton SM, Hotchkiss RS.
Persistent Lymphopenia After Diagnosis of Sepsis Predicts Mortality. Shock
(2014) 42(5):383–91. doi: 10.1097/SHK.0000000000000234

64. Hall MW, Knatz NL, Vetterly C, Tomarello S, Wewers MD, Volk HD, et al.
Immunoparalysis and Nosocomial Infection in ChildrenWith Multiple Organ
Dysfunction Syndrome. Intensive Care Med (2011) 37(3):525–32.
doi: 10.1007/s00134-010-2088-x

65. Cavaillon JM, Adib-Conquy M. Bench-To-Bedside Review: Endotoxin
Tolerance as a Model of Leukocyte Reprogramming in Sepsis. Crit Care
(2006) 10(5):233. doi: 10.1186/cc5055

66. Novakovic B, Habibi E, Wang SY, Arts RJW, Davar R, Megchelenbrink W, et al.
Beta-Glucan Reverses the Epigenetic State of LPS-Induced Immunological
Tolerance. Cell (2016) 167(5):1354–68.e14. doi: 10.1016/j.cell.2016.09.034

67. Saeed S, Quintin J, Kerstens HH, Rao NA, Aghajanirefah A, Matarese F, et al.
Epigenetic Programming of Monocyte-to-Macrophage Differentiation and
Trained Innate Immunity. Science (2014) 345(6204):1251086. doi: 10.1126/
science.1251086

68. van der Poll T, van de Veerdonk FL, Scicluna BP, Netea MG. The
Immunopathology of Sepsis and Potential Therapeutic Targets. Nat Rev
Immunol (2017) 17(7):407–20. doi: 10.1038/nri.2017.36

69. de Laval B, Maurizio J, Kandalla PK, Brisou G, Simonnet L, Huber C, et al. C/
EBPbeta-Dependent Epigenetic Memory Induces Trained Immunity in
Hematopoietic Stem Cells. Cell Stem Cell (2020) 26(5):793. doi: 10.1016/
j.stem.2020.03.014
Frontiers in Immunology | www.frontiersin.org 12
70. Foster SL, Hargreaves DC, Medzhitov R. Gene-Specific Control of
Inflammation by TLR-Induced Chromatin Modifications. Nature (2007)
447(7147):972–8. doi: 10.1038/nature05836

71. Netea MG, Dominguez-Andres J, Barreiro LB, Chavakis T, Divangahi M,
Fuchs E, et al. Defining Trained Immunity and Its Role in Health and Disease.
Nat Rev Immunol (2020) 20(6):375–88. doi: 10.1038/s41577-020-0285-6

72. Kadowaki N, Ho S, Antonenko S, Malefyt RW, Kastelein RA, Bazan F, et al.
Subsets of Human Dendritic Cell Precursors Express Different Toll-Like
Receptors and Respond to Different Microbial Antigens. J Exp Med (2001)
194(6):863–9. doi: 10.1084/jem.194.6.863

73. Hughes SM, Amadi B, Mwiya M, Nkamba H, Tomkins A, Goldblatt D.
Dendritic Cell Anergy Results From Endotoxemia in Severe Malnutrition.
J Immunol (2009) 183(4):2818–26. doi: 10.4049/jimmunol.0803518

74. Alwarawrah Y, Kiernan K, MacIver NJ. Changes in Nutritional Status Impact
Immune Cell Metabolism and Function. Front Immunol (2018) 9:1055.
doi: 10.3389/fimmu.2018.01055

75. Kim CS, Park HS, Kawada T, Kim JH, Lim D, Hubbard NE, et al. Circulating
Levels of MCP-1 and IL-8 Are Elevated in Human Obese Subjects and
Associated With Obesity-Related Parameters. Int J Obes (Lond) (2006) 30
(9):1347–55. doi: 10.1038/sj.ijo.0803259

76. Bartz S, Mody A, Hornik C, Bain J, Muehlbauer M, Kiyimba T, et al. Severe
Acute Malnutrition in Childhood: Hormonal and Metabolic Status at
Presentation, Response to Treatment, and Predictors of Mortality. J Clin
Endocrinol Metab (2014) 99(6):2128–37. doi: 10.1210/jc.2013-4018

77. Bradley LM, Haynes L, Swain SL. IL-7: Maintaining T-Cell Memory and
Achieving Homeostasis. Trends Immunol (2005) 26(3):172–6. doi: 10.1016/
j.it.2005.01.004

78. Fry TJ, Connick E, Falloon J, Lederman MM, Liewehr DJ, Spritzler J, et al. A
Potential Role for Interleukin-7 in T-Cell Homeostasis. Blood (2001) 97
(10):2983–90. doi: 10.1182/blood.V97.10.2983

79. Kovacs JA, Lempicki RA, Sidorov IA, Adelsberger JW, Herpin B, Metcalf JA,
et al. Identification of Dynamically Distinct Subpopulations of T Lymphocytes
That Are Differentially Affected by HIV. J Exp Med (2001) 194(12):1731–41.
doi: 10.1084/jem.194.12.1731

80. Lundstrom W, Fewkes NM, Mackall CL. IL-7 in Human Health and Disease.
Semin Immunol (2012) 24(3):218–24. doi: 10.1016/j.smim.2012.02.005

81. Mavroukakis SA, Muehlbauer PM, White RLJr., Schwartzentruber DJ, et al.
Clinical Pathways for Managing Patients Receiving Interleukin 2. Clin J Oncol
Nurs (2001) 5(5):207–17.

82. Napolitano LA, Grant RM, Deeks SG, Schmidt D, De Rosa SC, Herzenberg
LA, et al. Increased Production of IL-7 Accompanies HIV-1-Mediated T-Cell
Depletion: Implications for T-Cell Homeostasis. Nat Med (2001) 7(1):73–9.
doi: 10.1038/83381

83. Francois B, Jeannet R, Daix T, Walton AH, Shotwell MS, Unsinger J, et al.
Interleukin-7 Restores Lymphocytes in Septic Shock: The IRIS-7 Randomized
Clinical Trial. JCI Insight (2018) 3(5). doi: 10.1172/jci.insight.98960

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Uebelhoer, Gwela, Thiel, Nalukwago, Mukisa, Lwanga, Getonto,
Nyatichi, Dena, Makazi, Mwaringa, Mupere, Berkley and Lancioni. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
February 2022 | Volume 12 | Article 748996

https://doi.org/10.1016/j.jim.2014.10.011
https://doi.org/10.1016/j.immuni.2014.03.002
https://doi.org/10.1016/j.jim.2004.06.010
https://doi.org/10.1016/j.jim.2005.12.008
https://doi.org/10.1016/j.cyto.2008.12.010
https://doi.org/10.1016/0022-1759(95)00127-V
https://doi.org/10.1056/NEJMoa040275
https://doi.org/10.1186/s13054-017-1625-1
https://doi.org/10.1001/jama.2011.1829
https://doi.org/10.1016/j.pcl.2017.06.008
https://doi.org/10.3389/fped.2018.00357
https://doi.org/10.1097/SHK.0000000000000234
https://doi.org/10.1007/s00134-010-2088-x
https://doi.org/10.1186/cc5055
https://doi.org/10.1016/j.cell.2016.09.034
https://doi.org/10.1126/science.1251086
https://doi.org/10.1126/science.1251086
https://doi.org/10.1038/nri.2017.36
https://doi.org/10.1016/j.stem.2020.03.014
https://doi.org/10.1016/j.stem.2020.03.014
https://doi.org/10.1038/nature05836
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1084/jem.194.6.863
https://doi.org/10.4049/jimmunol.0803518
https://doi.org/10.3389/fimmu.2018.01055
https://doi.org/10.1038/sj.ijo.0803259
https://doi.org/10.1210/jc.2013-4018
https://doi.org/10.1016/j.it.2005.01.004
https://doi.org/10.1016/j.it.2005.01.004
https://doi.org/10.1182/blood.V97.10.2983
https://doi.org/10.1084/jem.194.12.1731
https://doi.org/10.1016/j.smim.2012.02.005
https://doi.org/10.1038/83381
https://doi.org/10.1172/jci.insight.98960
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Toll-Like Receptor-Induced Immune Responses During Early Childhood and Their Associations With Clinical Outcomes Following Acute Illness Among Infants in Sub-Saharan Africa
	Introduction
	Materials and Methods
	Participant Recruitment and Ethics Statement
	Study Design and Participant Demographics
	Whole Blood Cytokine Assay
	Multiplex Cytokine Analysis
	Research Blood Analysis
	Statistical Approach

	Results
	Participants
	Children Hospitalized for Severe Illness Have a Reduced Innate Resting Cytokine Profile as Compared to Children in the Community During Both Acute and Convalescent Phases of Illness
	Impaired Adaptive Th-1 Responses and Elevated Innate Responses to LPS Are Observed Among Hospitalized Children During the Acute and Convalescent Phases of Illness
	Innate and Th-1-Specific Adaptive Cytokine Responses to Thiazoquinoline, a TLR-7 and -8 Agonist, Are Impaired During the Acute and Convalescent Phases of Illness
	Staphylococcus Enterotoxin B-Induced T Cell Responses in Whole Blood of Hospitalized Children Are Impaired During Acute Illness but Improve During Convalescence
	White Blood Cell Counts and IL-7 Production Are Altered Among Children With Post-Discharge Events

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


