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Abstract

Objectives: Studies have demonstrated immune dysfunction in adolescents with Myalgic 

Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS); however, evidence is varied. The 

current study used network analysis to examine relationships between cytokines among a sample 

of pediatric participants with ME/CFS.

Methods: 10,119 youth aged 5–17 in the Chicagoland area were screened for ME/CFS; 111 

subjects and controls were brought in for a physician examination and completed a blood draw. 

Youth were classified as controls (Cs, N = 43), ME/CFS (N = 23) or severe (S-ME/CFS, N = 45). 

Patterns of plasma cytokine networks were analyzed.
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Results: All participant groups displayed a primary network of interconnected cytokines. In 

the ME/CFS group, inflammatory cytokines IL-12p70, IL-17A, and IFN-γ were connected and 

included in the primary membership, suggesting activation of inflammatory mechanisms. The 

S-ME/CFS group demonstrated a strong relationship between IL-17A and IL-23, a connection 

associated with chronic inflammation. The relationships of IL-6 and IL-8 in ME/CFS and S-

ME/CFS participants also differed from Cs. Together, these results indicate pro-inflammatory 

responses in our illness populations.

Discussion: Our data imply biological differences between our three participant groups, 

with ME/CFS and S-ME/CFS participants demonstrating an inflammatory profile. Examining 

co-expression of cytokines may aid in the identification of a biomarker for pediatric ME/CFS.

Keywords

Myalgic encephalomyelitis/chronic fatigue syndrome; pediatrics; cytokine networks; network 
analysis

Introduction

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a complex illness that 

can cause significant impairment for adolescents, including severe exhaustion and disruption 

of social and academic activities.1,2 Several case definitions have been developed in attempts 

to recognize the illness in adults and some case definitions have been geared towards 

children and adolescents.3,4

There are multiple possible explanations regarding the cause of ME/CFS, and some studies 

have focused on immune dysfunction in adolescents with ME/CFS. For example, Sulheim 

et al. and Kristiansen et al. reported slightly elevated levels of C-reactive protein (CRP) 

in adolescents with ME/CFS, suggesting low-grade systemic inflammation.5,6 Additionally, 

ter Wolbeek et al. found increased expression of the anti-inflammatory cytokine IL-10, as 

well as reduced levels of pro-inflammatory cytokines IL-6 and TNF-α among adolescents 

with ME/CFS compared to controls and severely fatigued participants who did not meet 

criteria for ME/CFS.7 Others, however, have found no abnormalities in cytokine levels in 

adolescents with ME/CFS.8

While these studies have examined levels of individual cytokines, immune cells function as a 

distributed network.9 Several investigations have therefore used network analysis to examine 

cytokine relationships in adults with ME/CFS.10–12 With an adolescent sample, Wyller et 

al. found that plasma cytokine levels and cytokine network parameters were similar across 

ME/CFS and healthy control groups.13 However, participants with ME/CFS did show an 

upregulation of genes involved in inflammation compared to a healthy control group.14

Broderick et al. demonstrated the utility of cytokines as a biomarker to identify ME/CFS in 

a study analyzing the co-expression of cytokines in adolescents.15 Twenty-four months after 

infectious mononucleosis (IM), youth with ME/CFS showed higher levels of IL-2 and IL-6, 

lower levels of IL-23 and higher levels of IL-8 in those with ME/CFS than those without. 

The co-expression of these cytokines relative to the expression of IFN-γ was the basis for 
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a classification model, allowing researchers to identify participants as cases or recovered 

controls with over 80% accuracy.

The current study used network analysis to examine the relationships between cytokines 

among a sample of pediatric patients with ME/CFS. Through network analysis, patterns of 

cytokine expression may be found to identify those with ME/CFS versus healthy controls 

and thus may serve as a biomarker for diagnosis or provide insight into specific therapeutic 

strategies.

Methods

Participants

Details of enrollment for this study have been previously published.16 Briefly, a sample of 

10,119 youth aged 5–17 years from 5622 households in the Chicagoland area were screened 

for prolonged, unexplained fatigue and additional ME/CFS symptoms. Select participants 

were invited to the Ann & Robert H Lurie Children’s Hospital for a medical evaluation. 

Blood samples were taken from 68 screen-positive participants and 43 screen-negative, 

demographically matched controls. The average age of the sample was 13.75 years, 47.7% 

were white, and 57.7% were female. Serum and plasma were stored.

Cytokine analysis

For cytokine analysis, stored plasma was used. The following cytokines were evaluated 

using a multiple analyte platform and commercially customized kits from Millipore 

(Billerica, MA): IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-13, IL-15, 

IL-17A, IL-23, IFN-γ, TNF-α and TNF-β. Cytokine values below the detection limit were 

replaced with zero (792 of 1776 cytokine values; 44.6%). Cytokine concentrations were 

measured (pg/ml) and analyzed after logarithmic (x + 1) transformation. Two individuals 

had cytokine values outside of the limits of detection (2 of 1776 cytokine values; 0.1%) and 

these values were omitted from analyses.

ME/CFS diagnosis

Results from the DePaul Symptom Questionnaire (DSQ), the Child Health Questionnaire 

(CHQ), and a medical evaluation were used to determine whether participants met one 

or more of three case definitions of ME/CFS.17–21 The Fukuda et al. criteria is the least 

selective and brings in a wider number of patients.19,22–24 In addition, participants who met 

> 1 case definition for ME/CFS scored higher on the DSQ and CHQ than those who only 

met a single case definition. Participants who met no case definitions were labeled controls 

(Cs), those who met at least one case definition (almost always the Fukuda et al. criteria) 

were classified as having ME/CFS, and those who met more than one case definition (the 

Fukuda et al. criteria and at least either the Carruthers et al. criteria or the IOM criteria) were 

categorized as having severe ME/CFS (S-ME/CFS).19–21,25,26 There were 43 Cs, 23 with 

ME/CFS, and 45 participants with S-ME/CFS.
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Statistical analysis

As cytokine data are non-normally distributed, all correlations were conducted using 

Spearman’s Rho, and we used network statistics to detect patterns among these correlations. 

Network statistics were dependent upon what correlation threshold value is selected. 

Generally a threshold between 0 and 1 is selected, where correlations above the selected 

threshold are used to detect patterns and correlations below the threshold are set to 0 

(indicating no connection between cytokines).

In order to distinguish between the three participant groups (Cs, ME/CFS, S-ME/CFS), 

we created a distribution of scores for each group, as opposed to calculating a single 

score, using the leave-one-out-cross-validation (LOOCV) technique.27 A distribution of 

correlational matrices was thus created for each group by removing a single individual from 

each iteration and correlating the remaining values for each participant group. This created 

a sample of correlational matrices identical in number to the number of participants in each 

group: 45 for the S-ME/CFS group, 23 for the ME/CFS group, and 43 for the Cs group.

Patterns of networks were classified according to the following characteristics: membership, 

modularity, Eigen centrality, total centrality and mean degree. Network statistics were 

previously described.28 Memberships are calculated by the Louvain method for indicating 

how many groups of cytokines exist within each of the three groups of participants (Cs, 

ME/CFS, S-ME/CFS). If a group of participants has only one membership, all cytokines 

within that group are inter-connected, whereas if there are several memberships, then there 

are several distinct patterns or groups of cytokines. Modularity provides evidence of the 

validity of the membership categories. Modularity can range from 0 to 1, and scores that 

are higher indicate more validity for the grouping of the cytokines; a modularity closer to 1 

therefore indicates stronger connections within a group of cytokines but weaker connections 

between different cytokine groups. Eigen centrality, which is averaged for each cytokine, 

is a measure of the relative importance of a specific cytokine in connecting a network. 

Cytokines higher on Eigen centrality are those whose removal from the network would 

result in the most network fragmentation; in other words, such cytokines have a strong 

linking function in the network. For the network as a whole, Eigen centrality takes the 

value of 1.0 when one central cytokine is connected to all others, none of which are 

connected to each other, and zero when all cytokines serves as an intermediary for only one 

other cytokine. Total centrality, measuring the relative importance of a specific cytokine in 

connecting a network, is evaluated as a summation of the Eigen centralities of each cytokine 

in the overall network. Finally, mean degree indicates the average number of connections 

a specific cytokine forms with other cytokines. A cytokine with a mean degree of four 

indicates that the cytokine in question links to four other cytokines. These network statistics 

were compared across groups using a one-way analysis of variance (ANOVA) with post-hoc 

Bonferroni corrections.

Results

We used modularity statistics for each participant group in order to determine the most valid 

threshold value. As seen in Figure 1, correlations near 0.6 or 0.7 mark a change-in-slope for 

each of the three participant groups, indicating that the connection between the cytokines 
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in the groups appears significant around these points. Given the visual representation of 

network graphs using thresholds within this range, 0.65 provided the best differentiation of 

cytokines for the current analysis and gave a clear depiction of relationships; therefore, this 

correlational value was utilized in further analyses for all participant groups. Thicker lines 

in subsequent figures indicate stronger correlations. Supplementary Tables 1, 2 and 3 present 

the correlations (strengths of the associations) between the cytokines for the Cs, ME/CFS 

and S-ME-CFS groups, respectively.

Table 1 shows the network statistics results for each group. Cs and those with S-ME/CFS 

had similar memberships, but both groups had significantly more memberships than 

those with ME/CFS. All groups were significantly different from others on remaining 

network statistics. Cs had the highest modularity, followed by S-ME/CFS and ME/CFS, 

demonstrating stronger division between cytokine communities. ME/CFS participants had 

a significantly greater degree of centrality and a greater average number of connections 

(mean connectedness) between cytokines compared to controls. The S-ME/CFS group had 

measures intermediate between Cs and those with ME/CFS.

Figures 2, 3, and 4 show representative network graphs of Cs, ME/CFS, and S-ME/CFS 

participants. Cytokines are color coded according to each cytokine’s main functioning: 

pro-inflammatory colored in red, and anti-inflammatory colored in blue; cytokines not 

colored are multi-purpose. In the Cs group (Figure 2), a primary association of 10 cytokines 

is present. A secondary membership is formed involving a weak relationship between 

IL12p70, IFN-γ, and IL-17A, while IL-2, IL-1β, and TNF-α are not a part of the network. 

In the ME/CFS group (Figure 3), the association between IL-12p70, IFN-γ, and IL-17A is 

stronger than in Cs and they are now weakly connected to the primary membership, along 

with IL-1β. Only IL-2 is removed from the network. Note also the stronger association 

of IL-8 and IL-23 with IL-17A and the other cytokines in the network in the ME/CFS 

and especially in the S-ME/CFS groups (Supplementary Tables 1–3). The pattern between 

IL-12p70 and TNF-α observed in ME/CFS is lost in the participants with S-ME/CFS, 

as they are separated from the primary association network (Figure 4), where a primary 

membership of 13 cytokines is present; IL-17A, however, remains and is more strongly 

attached to the primary network in the S-ME/CFS group; IL-1β is also attached to the 

network in the S-ME/CFS as well as in the ME/CFS groups. As noted in Supplemental 

Table 3, there was also a stronger positive relationship between IL-6 and IL-23 as well 

as IL-5 and IL-8 in the S-ME/CFS (r = .84 and 0.83, respectively) and ME/CFS (r = .79 

and.84, respectively [Supplementary Table 2]) groups than Cs (r = .60 and.73, respectively 

[Supplementary Table 1]).

Figure 5 shows the differences in the Eigen centrality values of each cytokine across groups, 

and Figure 6 shows the average number of connections a specific cytokine forms with other 

cytokines across participant groups. A value of 0 indicates no differences.

Discussion

Children and adolescents in our ME/CFS and S-ME/CFS groups showed cytokine signatures 

indicative of inflammation that was not present in Cs. In the relatively healthy C group, the 
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main markers of pro-inflammatory differentiation, IL-2 and IL-12p70, were not linked to 

the primary cytokine network. A major protein involved in viral defense, IFN-γ, was also 

missing, as was IL-17A, a cytokine important for innate immunity, and TNF-α, another 

important pro-inflammatory cytokine; this would support the notion of an immune system 

that is not activated in Cs.

The patterns seen in the ME/CFS and S-ME/CFS groups, on the other hand, indicate 

linking and activation of pro-inflammatory pathways. In the ME/CFS group, the relationship 

between IL-12p70, IFN-γ, and IL-17A was strong and weakly associated with the primary 

grouping. This could reflect activation of inflammation, given the role of IL-12p70 

and IL-17A in the regulation of pro-inflammatory T cell lineage commitment. The pro-

inflammatory cytokine, TNF-α, was also more intrinsically linked in the ME/CFS group, 

again likely reflecting a greater inflammatory environment. Of note also were the new 

relationships between IL-17A and cytokines IL-8 and IL-23 seen in the S-ME/CFS 

group. IL-17A and IL-23 both have significantly greater centrality and significantly more 

connections in these illness group networks than in controls (Figures 5 and 6). The 

production of IL-17A can result in activation of a subset of T cells that then produce IL-23. 

IL-23 in turn can lead to the differentiation of naïve T cells into IL-17A producing cells. 

This IL-17A/IL-23 axis is associated with chronic inflammation, suggesting a persistent 

inflammatory response in the S-ME/CFS group.29

Interestingly, TNF-α and IL-12p70 were separated from the primary membership among 

S-ME/CFS participants, similar to the controls, implying that these major differentiation 

proteins are no longer tied to the immunologic response network in this group of 

participants. The disassociation of IL-12p70 is unexpected given the ability of this protein to 

activate Th1 cells in a manner that facilitates release of IFN-γ. IFN-γ and IL-17A, however, 

remained in the primary grouping of cytokines, with IL-17A being even more strongly 

connected. This provides additional evidence for disruption of immune-regulatory processes 

in those with S-ME/CFS.

The network associations within the primary ME/CFS and S-ME/CFS groups were also 

reflective of a pattern of ongoing inflammation. Of note were the stronger associations of 

IL-8 and IL-6, cytokines both linked to inflammation and dysregulated immune responses 

in the groups with ME/CFS and S-ME/CFS.30,31 A recent study by Russell and colleagues 

suggested that these cytokines, along with IL-1α, adjusted for illness duration, may serve as 

biomarkers for pediatric ME/CFS.32 The association of IL-8 with IL-5 was stronger in the 

ME/CFS and S-ME/CFS populations than in Cs. IL-5 is a Th2 associated protein, and this 

increased relationship is congruent with might be expected as part of a physiologic response 

to increased inflammation in the ME/CFS group. Similarly, there was a stronger positive 

relationship among IL-6 and IL-23 in the ME/CFS and S-ME/CFS populations than Cs. 

This new connection with an inflammatory cytokine may provide further evidence for an 

inflammatory involvement in ME/CFS and S-ME/CFS.

Research using network analyses to examine cytokine relationships in pediatric ME/CFS 

is scarce and has produced mixed results. Our results are consistent with prior research 

on individual cytokine levels indicating a pro-inflammatory environment in pediatric ME/

Jason et al. Page 6

Chronic Illn. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CFS.5,6,14,33 These results are also comparable to our previous study on cytokines networks 

among college students who developed ME/CFS following IM.28 In that study, young adults 

in the illness groups also showed distinct, more highly interconnected protein networks 

than observed in Cs even before the development of IM. While these two studies observed 

participants in different stages of illness (at the time of ME/CFS six months following IM 

in college students versus a random time point in younger adolescents with ME/CFS in this 

study), pro-inflammatory states were observed in both illness groups compared to healthy 

controls.

In the current study, using network analysis, we found noticeable shifts in cytokine 

connections and network structure between groups that are not observable when solely 

considering individual cytokine expression levels. Evaluating the co-expression of cytokines 

in this way implicates pro-inflammatory responses in youth with ME/CFS. Identifying 

biological components involved in the pathogenesis of pediatric ME/CFS, such as these 

patterns of cytokine expression and immune functioning, may lead to objective criteria for 

diagnosis and the identification of a potential therapeutic target.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Modularity by threshold criterion for each participant group.
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Figure 2. 
Cytokine network graph for Cs. Note. thicker lines indicate stronger correlations. Note. red 

= pro-inflammatory; blue = anti-inflammatory; not colored = multi-purpose.
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Figure 3. 
Cytokine network graph for participants with ME/CFS. Note. thicker lines indicate stronger 

correlations. Note. red = pro-inflammatory; blue = anti-inflammatory; not colored = multi-

purpose.
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Figure 4. 
Cytokine network graph for participants with S-ME/CFS. Note. thicker lines indicate 

stronger correlations. Note. red = pro-inflammatory; blue = anti-inflammatory; not colored = 

multi-purpose.
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Figure 5. 
Differences in eigen centrality values for each cytokine among patient and control groups. * 

S-ME/CFS is significantly different from Cs. ^ ME/CFS is significantly different from Cs. 

‘ ME/CFS is significantly different from S-ME/CFS.
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Figure 6. 
Differences in mean connections within cytokine groups for each cytokine among patient 

and control groups. * S-ME/CFS is significantly different from Cs. ^ ME/CFS is 

significantly different from Cs. ‘ ME/CFS is significantly different from S-ME/CFS.
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