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Background: Epstein-Barr virus (EBV) causes infectious mononucleosis (IM) that can
lead to chronic fatigue syndrome. The CEBA-project (Chronic fatigue following acute EBV
infection in Adolescents) has followed 200 patients with IM and here we present an
immunological profiling of adolescents with IM related to clinical characteristics.

Methods: Patients were sampled within 6 weeks of debut of symptoms and after 6
months. Peripheral blood mononuclear cells (PBMC) were cultured and stimulated in vitro
(n=68), and supernatants analyzed for cytokine release. Plasma was analyzed for
inflammatory markers (n=200). The Chalder Fatigue Questionnaire diagnosed patients
with and without chronic fatigue at 6 months (CF+ and CF- group, respectively) (n=32 and
n=91, in vitro and plasma cohorts, respectively.

Results: Broad activation of PBMC at baseline, with high levels of RANTES (Regulated on
activation, normal T-cell expressed and secreted) in the CF+ group, and broad
inflammatory response in plasma with high levels of T-cell markers was obeserved. At 6
months, there was an increased b-agonist response and RANTES was still elevated in
cultures from the CF+ group. Plasma showed decrease of inflammatory markers except
for CRP which was consistently elevated in the CF+ group.

Conclusion: Patients developing chronic fatigue after IM have signs of T-cell activation
and low-grade chronic inflammation at baseline and after 6 months.

Clinical Trial Registration: https://clinicaltrials.gov/, identifier NCT02335437.

Keywords: Epstein-Barr virus, EBV, infectious mononucleosis, fatigue, chronic fatigue syndrome, CFS,
RANTES, CRP
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INTRODUCTION

Epstein-Barr virus (EBV) is a gamma-herpes virus causing acute
infection and life-long latency in over 90% of the population (1).
The acute infection has a wide range of presentations, from
asymptomatic to life-threatening multi-organ involvement, with
infectious mononucleosis (IM) with fever, pharyngitis, malaise
and lymphadenopathy as a common manifestation in adolescence
(2). The virus is transmitted through saliva, and whereas the virus
enters the body through oropharyngeal epithelial cells it will
rapidly infect peripheral B-cells for massive viral replication (2).
This results in a powerful immune response from cytotoxic CD8+
T-cells but also NK-cells that are crucial for controlling the
infection, and it is now believed that this immune activation
rather than the viral infection cause the majority of signs and
symptoms (3, 4).

The heterogeneous nature of EBV infection is reflected within
the IM group, where severity and length of symptoms and viral
replication varies considerably. Fatigue is a particularly prominent
feature of acute EBV infection and can last for months and even
develop into Chronic Fatigue Syndrome (CFS) (5). The causes of
acute as well as long-lasting fatigue in EBV infection are unclear,
but the strong and sustained immune response suggests that
immunological mechanisms might be involved.

In support of this hypothesis, subtle immune alterations have
been reported in numerous CFS studies; the most consistent
finding appears to be a low-grade systemic inflammation, as
reflected in elevated serum C-reactive protein (CRP) (6–8),
elevated pro-inflammatory cytokines (9, 10) and increased
levels of innate immunity gene products (11). Although a
recent review failed to provide evidence for elevation of pro-
inflammatory cytokines in CFS (12), low-grade inflammation
has been hypothesized as a common pathophysiological
phenomenon across fatigue states in general (13).

The CEBA-project (Chronic fatigue following acute EBV
infection in Adolescents) has followed 200 patients with IM
meticulously recording cl inical and immunological
characteristics. Previous studies from the CEBA-project have
shown that high CRP level and T-cell count serve as baseline
predictors of fatigue development (7) as well as characteristics of
the chronic fatigue state 6 months after EBV infection (8).

Primary EBV infection is characterized by elevated serum
levels of pro- and anti-inflammatory cytokines like interferon
(IFN)-g, tumor necrosis factor (TNF), tumor growth factor
(TGF)-b and interleukin (IL)-10, while transcriptomic analyses
of peripheral blood mononuclear cells (PBMC) in primary EBV-
infection have shown a distinct genetic expression profile
associated with hyperinflammatory syndromes (14). The
consequences of these acute inflammatory changes on
functional properties of immune cells are not clear and could
be associated to important clinical features.

In this study from the CEBA-project, we wanted to do a
functional immunological profiling of adolescents with IM at
baseline and after 6 months and relate it to fatigue caseness. By
stimulating PBMC in cell cultures in vitro we could detect and
explore the activation of monocytes, T- and/or B-cells during
and after the acute EBV-infection. We hypothesized a) that EBV-
Frontiers in Immunology | www.frontiersin.org 2
infection would result in an immunological imprint detectable 6
months later, and b) that this imprint would differ according to
fatigue state at 6 months.
METHODS

Study Design
This study is a part of the CEBA-project (Chronic Fatigue
following acute EBV Infection in Adolescents; ClinicalTrial ID:
NCT02335437), embracing a prospective, cross-sectional and
randomized controlled design with a total follow-up time of 21
months. A detailed description has been provided elsewhere (7).
Here, only prospective results from the first six months are
reported. The project has been approved by the Norwegian
National Committee for Ethics in Medical research. All
participants provided written informed consent before inclusion.

Inclusion of participants lasted from March 2015 until
November 2016. EBV-infected individuals identified through
collaborating medical laboratories and fulfilling the following
criteria were eligible (7): (i) A serological pattern indicating acute
EBV infection; (ii) Age 12-20 years; and (iii) Living in the
Norwegian counties Oslo, Akershus or Buskerud. Exclusion
criteria were (i) More than six weeks since debut of symptoms
suggesting acute EBV infection; (ii) Chronic disease that needed
regular use of medication; and (iii) Pregnancy. Patients were
sampled at baseline (visit 1, V1) and after 6 months (visit 2, V2)
(Ref 7). 200 patients and 70 healthy controls were included in the
main CEBA study and used in the plasma analyses of this sub
study (cohort presented in ref 7). A smaller group (Patients: V1,
n=68; V2, n=67. Controls n=20) was randomly selected for the in
vitro assays of this sub study. Demographic, serologic,
immunologic and clinical characteristics of patients at baseline
and healthy controls included in the in vitro assays are presented
in Table 1.

Blood Samples
Peripheral blood was drawn from patients and serum and plasma
processed and frozen as described elsewhere (7).

In Vitro Stimulation of PBMC
PBMC were isolated from venous blood by Isopaque-Ficoll as
described elsewhere (15) from adolescent with EBV-infection
(V1 = 68, V2 = 67) and 20 healthy controls. PBMC was incubated
in flat-bottomed 48-well trays (5 ∙ 105 cells/well; Costar) inmedium
alone [RPMI-1640 with 2 mM L-glutamine and 25 mM HEPES
buffer (PAA Laboratories, Pasching, Austria) supplemented with
10% FCS (PAA Laboratories)] representing unstimulated cells or
stimulated for 20 hours with phytohemagglutinin (PHA, 90 µg/ml;
Remel, Dartford Kent, UK), pokeweed mitogen (PWM, 20 µg/ml;
Sigma, Saint Louis, Missouri, USA), isoprotenerol (20 µM,
Calbiochem, Merck Darmstadt Germany), Pam3CysSerLys4
(Pam3CSK4, 20 ng/ml; InVivoGen, San Diego, CA, USA),
Polyinosinic-polycytidylic acid-low molecular weight (Poly (I:C)-
LMW, 5 µg/ml; InVivoGen), Lipopolysaccharide (LPS, 20 ng/ml;
InVivoGen), orioribonucleotid (ORN R2336, 1 µM; MACS
Miltenyi Biotec, Bergisch Gladbach, Germany), CpG
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oligodeoxynucleotides (CpG ODN 2006, 3 µM; InVivoGen) and
PepTivator Epstein Barr Virus Epstein–Barr nuclear antigen 1
(PepTivator EBV EBNA-1, 0.6 nmol/ml; MACS Miltenyi Biotec).
Overview is shown in Table 2. Supernatant were harvested and
stored at -30°C for analysis.

Immunoassays
Cell culture supernatants were analyzed using a 27-Plex Panel
multiplex cytokine assay comprising IL-1b, IL-1 receptor
antagonist (IL-1Ra), IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10,
Frontiers in Immunology | www.frontiersin.org 3
IL-12 (p70), IL-13, IL-15, IL-17, IFN-g, TNF, Regulated on
activation, normal T cell expressed and secreted (RANTES),
Granulocyte colony-stimulating factor (G-CSF), Granulocyte-
macrophage colony-stimulating factor (GM-CSF), basic
fibroblast growth factor (bFGF), Platelet-derived growth factor
(PDGF)-BB, Vascular endothelial growth factor (VEGF) as well
as the chemokines IL-8/CXCL8, eotaxin1/CCL11, interferon-g-
inducing protein 10 (IP-10/CXCL10), monocyte chemotactic
protein-1 (MCP-1/CCL2), and macrophage inflammatory
proteins 1a (MIP-1a/CCL3) and 1b (MIP-1b/CCL4) by a
multiplex cytokine assay (Bio-Plex Human Cytokine 27-Plex
Panel; Bio-Rad Laboratories Inc., Hercules, CA, USA). The
following cytokines were below the detection limit of the assay
and therefore not included in further analyses: IL-4, IL-5, IL-7,
IL-9, IL-12, IL-13, IL-15, IL-17A, eotaxin 1, GM-CSF, bFGF and
PDGF-BB.

Concentrations of MCP-1/CCL2, IP-10/CXCL10, RANTES/
CCL5, TGF-b 1, IL-2Ra/CD25 and CRP were measured in
plasma from the whole patient cohort (V1 = 200, V2 = 195)
and from 70 healthy controls using enzyme immunoassays.
MCP-1 and IP-10 assays were purchased from Peprotech
(Rocky Hill, NJ, USA) and the other assays from R&D Systems
(Minneapolis, MN, USA). The inter- and intra-assay coefficients
of variation were <10% for all of the assays.

Questionnaires and Definition
of Chronic Fatigue
A questionnaire distributed to all participants included the
Chalder Fatigue Questionnaire (CFQ) (16). CFQ consists of 11
TABLE 2 | Stimulants in the in vitro assay.

Stimuli Receptor Target cell

US All
PHA TCR T-cell
PWM BCR B-cell, (T-cell)
Isoproterenol b-AR T-cell
Pam3CSK4 TLR1/2 Monocyte, (B-cell)
Poly I:C-LMW TLR3 T-cell
LPS TLR4 Monocyte
ORN TLR7 Monocyte, (B-cell)
CpG ODN TLR9 B-cell
PepTivator EBV EBNA-1 TCR/BCR T-cell, B-cell
b -AR, b -adrenerg ic receptor ; BCR, B-ce l l receptor ; CpG ODN, CpG
oligodeoxynucleotides; LPS, Lipopolysaccharide; ORN, orioribonucleotid; Pam3CSK4,
Pam3CysSerLys4; PepTivator EBV EBNA-1, PepTivator Epstein Barr Virus Epstein–Barr
nuclear antigen-1; PHA, phytohemagglutinin; Poly I:C-LMW, Polyinosinic-polycytidylic
acid-low molecular weight; PWM, pokeweed mitogen; TCR, T-cell receptor; TLR, Toll-
like receptor; US, unstimulated.
TABLE 1 | Demographic and clinical characteristics of EBV patients in the in vitro cohort at baseline.

EBV CF+ EBV CF- Healthy controls (HC) ANOVA Post-Hoc

n 32 36 20
Male/female 4/28 16/20 6/14 0.016*
Age, years 16.7 ± 1.5 16.7 ± 1.5 17.8 ± 1.8 0.016 CF+,CF-<HC
Days from symptoms 28.7 ± 5.9 32.0 ± 5.8 0.027**
Antibodies
EBV VCA IgM titer 120.1 ± 51.3 120.0 ± 51.5 1.4 ± 0.4 <0.001 CF+,CF->HC
EBV VCA IgG titer 92.3 ± 80.6 78.8 ± 34.2 81.9 ± 89.2 ns
EBNA IgG titer 1.0 ± 4.9 1.53 ± 6.2 175.3 ± 228 <0.001 CF+,CF-<HC
Microbiology
Blood PCR copies 1315 ± 1742 878 ± 933 199 ± 274 0.008 CF+,CF->HC
Throat swab PCR +/- 26/3 32/2 5/15 <0.001*
Lymphocytes and subsets
Lymphocytes, 109 cells/L 2.50 ± 1.0 2.32 ± 0.7 1.79 ± 0.4 0.006 CF+,CF->HC
CD4+, 106 cells/L 885 ± 282 799 ± 235 780 ± 194 ns
CD8+, 106 cells/L 1022 ± 585 893 ± 346 483 ± 146 <0.001 CF+,CF->HC
CD19, 106 cells/L 181 ± 90 210 ± 106 233 ± 58 ns
B-cell subpopulations (%)
Naive 80.8 ± 7.3 81.5 ± 7.5 77.7 ± 7.6 ns
Transitoric 4.9 ± 2.9 5.8 ± 3.4 2.5 ± 1.7 <0.001 CF+,CF->HC
IgM memory 8.4 ± 2.9 8.6 ± 4.7 10.9 ± 3.5 ns
T-cell subpopulations (%)
CD4+ naive 61.4 ± 10.6 60.7 ± 11.6 62.5 ± 10.0 ns
CD4+ memory 47.8 ± 10.3 51.5 ± 11.8 52.2 ± 10.6 ns
CD8+ naive 57.0 ± 12.9 60.0 ± 13.5 75.0 ± 15.2 <0.001 CF+,CF-<HC
CD8+ early eff mem 29.7 ± 12.0 26.8 ± 10.5 10.0 ± 3.3 <0.001 CF+,CF->HC
CD8+ late eff mem 7.18 ± 5.2 7.0 ± 5.5 12.7 ± 13.1 0.025 CF+,CF-<HC
NK-cell function (%) 25.8 ± 7.3 27.8 ± 7.7 23.4 ± 7.5 n.s
December 2
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items scored on four-point Likert scales. In the present study,
chronic fatigue caseness at 6 months follow-up were defined as a
CFQ total dichotomous score of 4 or higher (each item scored 0-
0-1-1), in accordance with previous clinical studies (17). Patients
with and without chronic fatigue were termed EBV CF+ and
EBV CF-, respectively.

Statistics
Baseline demographics in patients and controls were compared
using appropriate parametric and non-parametric analysis
depending on characteristic type (categorical or continuous) and
distribution. For comparison of cytokine levels at a given time-
point between groups (i.e. plasma cytokines or in vitro responses),
multivariate ANOVA was performed on log transformed levels
with Bonferroni-adjusted post-hoc tests if appropriate (i.e. >2
groups). For paired analysis (i.e. comparison of temporal profile
of plasma cytokines according to CF status), repeated measures
ANOVA was utilized and p-values for the group- and time-effect
are reported as well as their interaction. P-values are two-sided and
considered significant when < 0.05.
RESULTS

Serologic and Virologic Characteristics of
the In Vitro Cohort
At baseline, patients had higher levels of EBV VCA IgM and
lower levels of EBNA IgG antibodies, as well as higher frequency
of EBV PCR+ throat swabs and higher number of EBV copies in
peripheral blood, as compared to healthy controls (Table 1).
There were no significant differences between the EBV CF+ and
EBV CF- group.

In Vitro Stimulation of PBMC at Baseline
Cell cultures with PBMC from IM-patients and healthy controls
were stimulated with agents targeting monocytes, T- and/or B-
cells, and supernatants were analyzed for read-outs associated with
the same cell populations (Table 2). Overall, these analyses showed
clear activation of PBMC in patients as compared to healthy
controls, but also significant differences between the EBV CF+
and EBV CF- group (Figures 1, 2 and Supplemental Table 1).

Several findings were notable when looking at differences
between IM-patients and controls. Targeting monocytes with the
TLR-4 ligand LPS we found higher levels of the upstream
inflammatory mediator IL-1b in patients compared to controls
(Figure 1). PHA binds to sugars on glycosylated surface proteins,
including T-cell receptor (TCR), and thereby crosslinks them.
PHA showed a strong response in secretion of TNF, IL-1b and
the specific T-cell derived cytokine IFN-g in cell cultures from
patients as compared to controls (Figures 1 and 2). Interestingly,
the important anti-inflammatory cytokine IL-10 was secreted in
significantly lower levels in PBMC cultures from patients
compared to controls when stimulated with PHA (Figure 1).
Stimulating PBMC with the broad and unspecific mitogen PWM
associated with B-cell activation we found increased levels of IL-
1b but lower levels of IL-1RA and VEGF in patients as compared
to controls (Figure 1). ODN is a ligand of TLR9 present in B-
Frontiers in Immunology | www.frontiersin.org 4
cells and showed a decreased response of MCP-1 and IP-10 in
patients compared to healthy controls (Figure 2). EBV-antigen
could theoretically stimulate both T- and B-cells and we observed
a decrease in IP-10 secretion from patient cells compared to
healthy control cells (Figure 2).

The two patient groups differed in response to several stimuli.
ORN and Pam-3-Cys are ligands to the mainly monocyte
expressed TLR7 and TLR1/2, respectively, and induced higher
secretion of RANTES in the EBVCF+ group compared to both the
EBV CF- group and healthy controls, discriminating between the
two patient groups (Figure 1). T-cells were stimulated using
the TLR3-ligand Poly I:C showing higher levels of RANTES in
supernatants from EBV CF+ patients as compared to controls
(Figure 1). There was an increased response of RANTES in the
EBV CF+ group compared to both healthy controls and the EBV
CF- group when stimulating with ODN (Figure 2). Stimulating
with EBV-antigen there was an increase in RANTES secretion
from EBV CF+ cells compared to healthy control cells (Figure 2).

Taken together, the in vitro stimulation assay at baseline
showed a broad activation of PBMC in patients with particularly
effect on levels of RANTES, TNF, IFN-g and IL-1b. There was
also a significant difference in RANTES levels between patient
groups with higher levels in the EBV CF+ group.

Plasma Cytokine Profile at Baseline
Plasma from patients with acute IM were analyzed for cytokines
and inflammatory markers and compared to healthy controls.
Overall, patients had a broad inflammatory response involving
monocyte and T-cell associated markers (Table 3).

The T-cell markers sCD25 and sTIM-3 were significantly
elevated in plasma from IM-patients at baseline compared to
controls, with no apparent difference between the EBV CF+ and
the EBV CF- group. CRP showed significantly higher levels in the
EBV CF+ than the EBV CF- group and healthy controls
(Table 3). In contrast, RANTES was equally present in plasma
from all patients and controls at baseline, but importantly
platelets and not T-cells are the major cellular source of
RANTES in plasma.

MCP-1 and IP-10 are considered markers of monocyte
activation and there were significantly higher levels of both
cytokines in patients compared to controls with no difference
between the EBV CF+ and the EBV CF- group (Table 3).

In Vitro Stimulation of PBMC at 6 Months
Cell cultures were repeated in all IM-patients after 6 months
under the same condition as at baseline. Supernatant levels were
compared to those of healthy controls at baseline. These analyses
showed a long-lasting immunological imprint that was related to
both the infection itself and symptoms of fatigue.

At 6 months, there were still notable differences between IM-
patients and controls. The monocyte-associated ligand ORN
targeting TLR7 showed raised levels of TNF secreted from
both patient groups compared to healthy control cells
(Figure 2). In contrast, Pam-3-Cys and LPS targeting TLR1/2
and TLR4, respectively, did not show any significantly different
stimulatory effect between patient groups or healthy controls at 6
months, except from IP-10 that in response to LPS was secreted
December 2021 | Volume 12 | Article 715102
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FIGURE 1 | Supernatant levels of IL-1b, IL-1Ra, IL-2, IL-6, IL-8, IL-10, MIP-1a, MIP-1b, VEGF and mGSF in cell cultures of PBMC from healthy controls (CTR)
and EBV-patients with and without chronic fatigue (CF+ and CF-, respectively) at baseline and after 6 months. *p<0.05, **p<0.01, CF+ and CF- vs HC. †p<0.05,
CF+ vs CF-.
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in significantly lower levels from EBV CF+ patients cells
compared to control cells (Figure 2). Activation of T-cells with
PHA showed consistently higher secretion of TNF, RANTES and
IL-2 at 6 months for patients compared to controls, with no
difference between the EBV CF+ and the EBV CF- group
(Figures 1 and 2). TLR9-stimulation with ODN had a strong
positive effect on the secretion of TNF at 6 months in patients
compared to controls with no difference between the two patient
groups (Figure 2). When stimulating the widely expressed beta-
adrenergic receptor with isoproterenol, IM-patients showed
lower levels of IL-1b, IL-2 and IL-10 compared to healthy
controls (Figure 1)

EBV CF+ and EBV CF- patients had significantly different
responses to a number of stimuli also at 6 months. Using ORN to
stimulate TLR7, RANTES came out with significantly higher
Frontiers in Immunology | www.frontiersin.org 6
levels secreted from EBV CF+ cells compared to cells from the
EBV CF- group and healthy controls (Figure 2). Stimulating
PBMC with the T-cell associated TLR3-ligand Poly I:C, RANTES
again seemed to discriminate between EBV CF- and EBV CF+
group, showing significantly higher levels in the latter group
(Figure 2). The same was the case for VEGF upon Poly I:C
stimulation (Figure 1). Further, there was a decrease in secretion
of IFN- g from both groups of patient cells compared to controls,
while IL-2, IL-8 and IL-10 were lower in the EBV CF- group only
(Figures 1, 2). The EBV CF+ group was characterized by
significantly lower levels of IL-6 and IP-10 compared to
healthy controls when stimulating with Poly I:C (Figures 1, 2).
PHA induced higher secretion of VEGF from EBV CF+ cells
compared to control cells, but with no difference between cells
from the different patient groups (Figure 2).
FIGURE 2 | Supernatant levels of TNF, IFN- g, RANTES, MCP-1 and IP-10 in cell cultures of PBMC from healthy controls (CTR) and EBV-patients with and without
chronic fatigue (CF+ and CF-, respectively) at baseline and after 6 months. *p<0.05, **p<0.01, ***p<0.001 CF+ and CF- vs HC. †p<0.05, ††p<0.01 CF+ vs CF-.
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Upon ODN stimulation, the secretion of RANTES was
significantly higher in the EBV CF+ group compared to both
healthy controls and the EBV CF- group (Figure 2). When
stimulating the beta-adrenergic receptor with isoproterenol,
the EBV CF+ group presented lower levels of TNF, IFN- g, IL-
6 and MIP-1 a than healthy controls (Figures 1, 2). For TNF,
there were significantly lower levels in the EBV CF+ group
compared to the EBV CF- (Figure 2). RANTES was secreted
in lower levels from EBV CF- cells compared to EBV CF+
cells, with no significant difference to cells from healthy
controls (Figure 2).

Overall, at 6 months, TNF was shown to be elevated in the
EBV CF-/CF+ group compared to healthy controls, while there
were significantly higher levels of RANTES secreted from EBV
CF+ cells compared to EBV CF- cells. Isoproterenol induced a
decrease in secretion of cytokines from all patient cells, but in
particular the EBV CF+ group.

Plasma Cytokine Profile at 6 Months
Analyzing cytokines in plasma, the monocyte markers IP-10 and
MCP-1 as well as the T-cell markers sCD25 and sTIM-3 showed
significantly lower levels in all patients after 6 months compared
to baseline (Figure 3). There were no clear differences between
patients in the EBV CF+ and EBV CF- group, but CRP was
consistently elevated in EBV CF+ patients both at baseline and
after 6 months.

Comparing In Vitro and Plasma Samples
Cytokine levels in plasma and supernatants from cell cultures
will both reflect immune activation and conditioning of immune
cells. There was a significant correlation between plasma levels of
the monocyte marker IP-10 and supernatant levels of IP-10 in
patient cells when stimulated with Pam-3-Cys targeting
monocyte expressed TLR1/2 (r=0.271, p=0.026). No such
correlation was seen after 6 months or among healthy controls.
There were no significant correlations between other monocyte
or T-cell markers in the in vivo and in vitro samples (data
not shown).
DISCUSSION

This study of acute infectious mononucleosis shows a broad and
long-lasting inflammatory response in all patients, but with
specific findings related to T-cell activation, low-grade
Frontiers in Immunology | www.frontiersin.org 7
inflammation and b-adrenergic response in patients developing
chronic fatigue.

Firstly, the in vitro stimulation of PBMCs from IM-patients
and healthy controls at baseline revealed signs of a clear T-cell
response in all patients with increased supernatant levels of TNF,
IFN-g and RANTES to a range of stimuli. In plasma, the T-cell
markers sCD25 and sTIM3 were similarly significantly raised in
all patients. Repeating the in vitro stimulation after 6 months
showed a continued increased T-cell response to PHA with
elevated supernatant levels of TNF and IFN-g, while none of
the circulatory T-cell markers were elevated in the patient group
after 6 months. Activation of T-cells, and in particular CD8+ T-
cells, is an important factor in combating EBV-infection as
shown by increased risk of EBV-associated pathologies in
immunodeficiencies characterized by T-cell dysfunction (18).
Clinically, IM is characterized by a long convalescence after the
acute infection has subsided. The continued conditioning of T-
cells from IM-patients observed here points to a corresponding
long-lasting immunological imprint even if there were no signs
of continued T-cell activation in plasma. Attenuated T-cell
responses, possible related to immune exhaustion, has been
implicated in the pathophysiology of chronic fatigue following
infection (19). However, the results of the present paper do not
support this hypothesis; rather the increased secretion of
RANTES upon specific T-cell stimulation counts against an
exhaustion paradigm.

Both in vitro and in vivo analyses showed signs of monocyte
activation at baseline with increased response to monocyte
stimulants like the TLR4-ligand LPS and the TLR7-ligand
ORN, and raised levels of monocyte-associated markers like
TNF and IL-1b, with a more blunted response after 6 months.
Correspondingly, plasma levels of the monocyte markers IP-10
and MCP-1 were elevated in all patients at baseline but not
after 6 months. Based on these findings, monocytes seem to
exhibit a more contained response to EBV-infection than
T-cells.

Secondly, even if the impact of the EBV-infection dominates
the patient group as a whole, interesting findings were done in
patients developing chronic fatigue (Table 4). The T-cell marker
RANTES was significantly elevated in the EBV CF+ group
compared to the EBV CF- group both at baseline and after 6
months, pointing to an early and persistent T-cell activation in
these patients even if there were no difference in levels of the
circulatory markers sTIM-3 and sCD25. In contrast, none of the
monocyte markers in vitro or in vivo showed any discriminatory
TABLE 3 | Plasma cytokines and inflammatory markers at baseline.

Controls CF- CF+ p-value

CRP, mg/L 0.66 (0.26, 1.22) 0.69 (0.25, 1.46) 1.04 (0.37, 3.37)*†† 0.001
IP-10, pg/mL 29 (21, 48) 73 (48, 113)*** 76 (53, 125)*** <0.001
MCP-1, pg/mL 132 (104, 172) 156 (116, 196)* 152 (124, 194)* 0.049
RANTES, ng/mL 1.33 (0.8, 2.05) 1.25 (0.65, 2.55) 1.4 (0.88, 2.83) 0.633
sTIM-3, ng/mL 5.92 (4.92, 7.32) 7.08 (5.92, 9.56)** 7.6 (5.8, 9.96)*** <0.001
sCD25, ng/mL 0.38 (0.26, 0.56) 0.5 (0.34, 0.85)* 0.48 (0.34, 0.83)** 0.016
TGF-b1, ng/L 2.06 (1.26, 2.6) 2.08 (1.52, 3) 2.38 (1.38, 3.11) 0.116
December 2021 | Volume 12 | Article
Data are shown as median and (25th, 75th) percentile. *p<0.05, **p<0.01, ***p<0.001 vs Controls. ††p<0.01 vs CF-.
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effect between patients with or without fatigue, suggesting T-cells
rather than monocytes is associated to the development
of fatigue.

b-adrenergic receptors are present in immune cells,
including T-cells, and generally dampen immune responses in
vitro (20). There seemed to be an increased response to the
inhibitory effect of the b-agonist isoproterenol in the EBV CF+
group at 6 months with lower levels of both T-cell and
Frontiers in Immunology | www.frontiersin.org
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monocyte associated cytokines. This could point to a
dysregulation of adrenergic receptors or down-stream
pathways in immune cells of IM-patients with fatigue.
In contrast to signs of T-cell activation being present in
the EBV CF+ group at an early stage, this increased b-
adrenergic response seem to develop later. Interestingly,
previous research has provided evidence of increased
catecholamine levels as well as enhanced sympathetic nervous
activity in chronic fatigue (6, 8, 21–23). Downregulation of the
b-agonist receptor is a commonly observed phenomenon in
hyperadrenergic states, but our findings do not seem to support
a decrease in response in this patient group (24, 25).

CRP is a downstream inflammatory marker and mediator
associated with activation of both T-cells and monocytes.
Analyses of CRP in plasma in this study confirm previous
findings of elevated levels in patients with chronic fatigue
FIGURE 3 | Plasma levels of cytokines and inflammatory markers in healthy controls (HC) and EBV patients with and without fatigue (CF+ and CF-, respectively) at
baseline and after 6 months. Black p-value group effect, CF+ vs CF- irrespective of time. Red p-value time effect irrespective of group. Green p-value interaction of
time vs group. Levels of controls with 95% CI marked in light green.
TABLE 4 | Summary of findings in the EBV CF+ patient group.

Baseline 6 months

In vitro ↑ RANTES ↑ RANTES
↑ b-agonist response

Plasma ↑ CRP ↑ CRP
December 2021 | Volume 12 | Article 715102
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compared to not only healthy controls but also IM-patients without
fatigue (7, 8).

Taken together, the results from the present study show that
the general impact of EBV-infection on immune functions is
more pronounced than the immunological differences associated
with the development of chronic fatigue. In other words, there is
a disproportional relationship between the substantial differences
in symptoms and functions between the EBV CF+ and EBV CF-
group, and the subtler immunological differences. Notably,
baseline immunologic and serologic characteristics were
indifferent between the two groups.

That said, we did observe statistical differences suggesting a slight
inflammatory enhancement in the EBV CF+ group, corroborating
previous reports (6–11). Interestingly, the differences were present
already at baseline, indicating that low-grade inflammation is a risk
factor for chronic fatigue after 6 months. The underlying
mechanism for fatigue development, as well as the causes of the
initial inflammatory enhancement, remain to be understood, and
should be addressed in further research.

There are some limitations to our study, most notably related
to the in vivo relevance of our in vitro findings. Even if
experiments were done on a mixed cell population of PBMC
we do not know the behavior of these cells in a natural setting.
However, plasma levels of inflammatory markers seemed to
correspond to our in vitro findings suggesting the experimental
model to be of clinical relevance.
CONCLUSION

In this sub study of the CEBA-project, analyses of in vitro and in
vivo markers of inflammation and immune activation showed a
broad response to acute EBV-infection. While most markers
gradually normalized we could still detect significant signs of T-
cell activation in all patients after 6 months. Patients developing
chronic fatigue showed additional signs of T-cell activation and
low-grade chronic inflammation at both baseline and after 6
months, as well as attenuated b-adrenergic response at 6 months.
Levels of RANTES discriminated between patients with and
without fatigue at an early stage of disease, and may represent
an important focus point for further research efforts.
Frontiers in Immunology | www.frontiersin.org 9
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