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AbsTrACT
Objectives Vertical transmission of hepatitis c virus 
(hcV) is rare compared with other chronic viral infections, 
despite that newborns have an immature, and possibly 
more susceptible, immune system. it further remains 
unclear to what extent prenatal and perinatal exposure to 
hcV affects immune system development in neonates.
Design To address this, we studied B cells, innate 
immune cells and soluble factors in a cohort of 62 
children that were either unexposed, exposed uninfected 
or infected with hcV. Forty of these infants were 
followed longitudinally from birth up until 18 months of 
age.
results as expected, evidence for B cell maturation was 
observed with increased age in children, whereas few 
age- related changes were noticed among innate immune 
cells. hcV- infected children had a high frequency of 
hcV- specific igg- secreting B cells. such a response was 
also detected in some exposed but uninfected children 
but not in uninfected controls. consistent with this, both 
hcV- exposed uninfected and hcV- infected infants had 
evidence of early B cell immune maturation with an 
increased proportion of iga- positive plasma cells and 
upregulated cD40 expression. in contrast, actual hcV 
viraemia, but not mere exposure, led to alterations within 
myeloid immune cell populations, natural killer (nK) cells 
and a distinct soluble factor profile with increased levels 
of inflammatory cytokines and chemokines.
Conclusion Our data reveal that exposure to, and 
infection with, hcV causes disparate effects on adaptive 
B cells and innate immune cell such as myeloid cells and 
nK cells in infants.

InTrODuCTIOn
Globally, approximately 1% of all women have 
chronic hepatitis C virus (HCV) infection and 
mother- to- child transmission (MTCT) of HCV 
is the major cause of paediatric hepatitis C.1 In 
children and adolescents, the prevalence of HCV 
has been calculated to be around 0.3% to 0.6%, 
resulting in approximately 3.5 million cases world-
wide.2 Estimation of the risk for MTCT of HCV 
in pregnant women with viraemic HCV infection 
has shown varying results with an approximate risk 
of 5%. However, the underlying mechanisms of 
MTCT of HCV are poorly understood.

The majority of transmission is possibly occur-
ring perinatally, since most infants with diagnosed 
MTCT do not become HCV RNA positive in 

significance of this study

What is already known on this subject?
 ► Mother- to- child transmission of HCV is the 
major source for paediatric chronic hepatitis C.

 ► Interestingly, unlike other viral pathogens that 
are also successful in establishing chronic 
infection, such as HBV and HIV, HCV has a low 
rate of vertical transmission.

 ► In a proportion of uninfected children born 
to HCV viraemic mothers, HCV- specific T cell 
responses have been observed suggesting 
that the immune system of the exposed 
infants possibly are contributing to the low 
transmission rates. However, it is not known if B 
cell- mediated immune responses develop after 
vertical HCV exposure.

What are the new findings?
 ► Anti- HCV IgG secreting B cells are present in 
children after vertical HCV- infection.

 ► Low, but clearly detectable, levels of anti- HCV 
IgG secreting B cells are observed in HCV- 
exposed uninfected children and prenatal 
and perinatal HCV- exposure induces early 
maturation of the B cell compartment as well 
as B cell activation.

 ► In contrast, alterations within myeloid immune 
cells, natural killer cells or inflammatory serum 
cytokines are only visible in HCV- infected 
children.

How might it impact on clinical practice in the 
foreseeable future?

 ► These findings of HCV- specific memory B cells 
and an altered B cell subset composition in 
some HCV- exposed but uninfected children 
illustrate that in utero HCV- exposure impacts 
the development of an adaptive B cell response.

 ► This response might be of importance for 
protection against vertical transmission of HCV 
and stresses the importance of identifying and 
treating women of childbearing age before they 
become pregnant.
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Figure 1 Overview of cohort design. Overview of prospective (A) and cross- sectional (B) study cohorts. For prospectively followed mothers and 
children, each column represents a mother- child dyad. Colours for adults indicate HCV- infection status and for children exposure status as per legends. 
(C) Flowchart of samples analysed from the different cohorts subdivided into samples from newborns (left part), children (middle part) and adults 
(left part). For inter- group comparisons, observations obtained longitudinally from the same unexposed, exposed uninfected or infected subject were 
pooled together within the respective study group.

blood until several weeks after birth.3 4 Higher risk for MTCT 
has been observed in women with HIV co- infection,5 intrave-
nous drug use6 and high HCV viral load.7 Additionally, inva-
sive procedures during delivery (eg, fetal scalp monitors, forceps 
delivery, episiotomy, etc) in women with high HCV viral load 
may contribute to increased MTCT.7 8 Furthermore, less potent 
maternal neutralising antibody responses as well as immunoreg-
ulatory changes during pregnancy leading to reduced cytotoxic 
T lymphocyte (CTL) pressure on the virus, might also contribute 
to increased transmission.9 10 Protection from MTCT of HCV 
likely requires coordination of multiple components of both 
the maternal and the neonate’s immune response. However, the 
precise mechanisms as to how HCV is controlled in exposed but 
uninfected children are still unclear. Furthermore, it is poorly 
understood whether the low rate of vertical infection is related 
to successful immune protection or if an effective placental 
barrier rather prevents HCV to enter the fetal blood circulation.

It has been suggested that actual vertical transmission of the 
virus occurs more frequently than in the 5% of the infants who 
develop chronic HCV infection. Indeed, it has been reported 
that in up to 20% of exposed children (ie, born to HCV RNA 
positive women), HCV RNA can be detected within 3 months 
postpartum.11 However, this does not lead to chronic HCV 
infection suggesting the existence of mechanisms for viral clear-
ance.11 Indeed, in utero priming of HCV- specific T- cells has 
been shown for HCV12 13 in line with what has been shown for 
other pathogens such as hepatitis B virus (HBV),14 cytomegalo-
virus (CMV)15 and malaria16 in the MTCT setting. Despite that 
neutralising antibodies have been found in self- limited courses 
of HCV- infections in adults,17–19 little is known regarding how 
prenatal and perinatal HCV- exposure affects the B cell immune 
compartment in young children. Even less is known about the 
impact on innate immune cells, but it is interesting to note that 
in infants of mothers with HBV- infection, myeloid immune cells 

are in a state of trained immunity.14 Furthermore, natural killer 
(NK) cells have been extensively studied in HCV- infection in 
adults where they contribute to resolving acute infection20 but 
also present with reduced diversity in the chronic phase.21

Here, we report that prenatal and perinatal HCV- exposure 
leads to a similar degree of B cell maturation in exposed unin-
fected children as was noted in children with HCV viraemia. 
In contrast, only minor changes were observed among innate 
immune cells in HCV- exposed uninfected children, while HCV 
viraemia was associated with distinct alterations in these cells 
as well as in the inflammatory soluble factor profile of those 
children.

resulTs
study participants
To study the effect of intrauterine exposure as well as vertical 
transmission of HCV on the neonatal and paediatric B cell 
immune responses, anti- HCV antibody- positive (anti- HCV+) 
mothers and their children (n=55) were prospectively recruited 
at Maternity Hospital 16 (Saint Petersburg, Russia) and at the 
Clinic of Pediatric Research and Clinical Center for Infectious 
Diseases(Saint Petersburg, Russia). They were followed longitu-
dinally from time of delivery until 18 months post delivery and 
study participants were recruited from June 2012 to December 
2016 (figure 1A). All mothers were HBV and HIV negative. Out 
of the 55 anti- HCV+ mothers recruited, 40 were HCV- RNA+ 
at time of birth, whereas 15 were HCV- RNA- and, thus, had 
previously cleared the virus (online supplementary table 1). The 
children were sampled for peripheral blood mononuclear cells 
(PBMC) and plasma at birth and longitudinally approximately 6, 
12 and 18 months after birth (n=42, 20, 6 and 23 respectively) 
(figure 1A). The 15 children of anti- HCV+ HCV- RNA- mothers 
were considered unexposed, since their mothers had previously 
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Figure 2 Detection of HCV- specific antibody production in young 
children. (A) Representative images from the FluoroSpot analysis of 
total IgM, total IgG and anti- HCV specific IgG secreting B cells for the 
indicated groups. (B, C) Summary of anti- HCV IgG- secreting B cells for 
all HCV negative adults (HCV- pooled, n=16), all HCV- RNA positive 
adults (HCV+ pooled, n=42) as well as for anti- HCV positive HCV- RNA 
negative and HCV- RNA positive mothers (HCV- mothers, n=6; and HCV+ 
mothers, n=21) and HCV- RNA negative and HCV- RNA positive unrelated 
adult individuals (HCV- adults, n=10; HCV+ adults, n=21), presented as 
(B) absolute number of anti- HCV IgG- secreting cells or (C) as anti- HCV 
IgG secreting cells relative to total number of IgG secreting cells. (D, 
E) Summary of anti- HCV IgG- secreting B cells for healthy cord blood, 
HCV- unexposed, exposed uninfected and infected children, presented as 
(D) absolute number of anti- HCV IgG- secreting cells or (E) as anti- HCV 
IgG secreting cells relative to total number of IgG secreting cells. For 
inter- group comparisons, data obtained from longitudinal time points 
from the same individuals were pooled together in the same study 
group. Bars indicate median; ns, not significant; *p<0.05; **p<0.01; 
***p<0.001; Mann- Whitney test with Bonferroni correction for multiple 
comparisons. SFU, spot forming unit.

experienced HCV but were HCV- RNA- at time of birth. The 40 
children of anti- HCV+ HCV- RNA+ mothers were considered to 
be exposed to HCV. All 40 children were HCV RNA- at birth, 
but three became HCV- RNA+ during follow- up and were thus 
exposed and infected with HCV (online supplementary table 1). 
The remaining 37 infants were HCV- RNA– during follow- up 
and were considered HCV- exposed but uninfected. To increase 
the cohort size, cross- sectional samples of HCV- infected chil-
dren (range 0.3 to 5.3 years, n=18) were also included in the 
exposed and infected cohort. Eight of these 18 children were 
born to HCV/HIV- coinfected mothers. However, none of those 
eight children developed HIV infection, and were thus only 
perinatally exposed to HIV (online supplementary table 1). As 
controls, blood samples from healthy newborns (n=11), adult 
healthy controls (n=11) and HCV- infected (n=23) adults were 
collected (figure 1B). Figure 1C depicts the composition of the 
main study goups.

Detecting of anti-HCV specific b cell responses in exposed 
uninfected and infected children
To detect HCV- specific B- cell mediated immune responses, we 
established a dual colour IgM/IgG FluoroSpot assay measuring 
B cells specifically secreting anti- HCV IgG (figure 2A) and first 
validated it in the adult cohorts. In the experiments, total IgM 
served as an additional experimental quality control for popu-
lations with low or lacking IgG- secreting cells (eg, in newborns 
with few to none IgG- secreting B cells, figure 2A, online supple-
mentary figure 1A,B).22 23 Between HCV- infected and uninfected 
adult controls, the numbers of total IgM and IgG secreting cells 
were comparable, but the HCV- infected adults responded with 
strong anti- HCV IgG secretion. On the other hand, few, if 
any, anti- HCV IgG secreting cells were observed in uninfected 
controls (figure 2B,C, online supplementary figure 1C, D). As 
expected, no IgG- secreting B cells were detected in cord blood 
samples whereas numbers of total IgM and IgG secreting cells 
were similar between HCV- unexposed, exposed uninfected and 
infected children (figure 2A, online supplementary figure 1A,B).

HCV- specific IgG- secreting B cells were detected in HCV- 
infected children and these levels were significantly higher than 
those from HCV- exposed uninfected and HCV- unexposed chil-
dren (figure 2A,D,E). Interestingly, whereas the mean level of 
HCV- specific IgG- secreting B cells from HCV- exposed unin-
fected children were similar to unexposed children, we did detect 
robust responses that were clearly above background in several 
individuals (figure 2A,D,E). Taken together, circulating HCV- 
specific IgG- secreting B cells could be detected in a substantial 
proportion of vertically HCV- infected children and in a smaller 
subgroup of HCV- exposed uninfected children.

b cell maturation in relation to age in young children
Next, we explored the effect of exposure and vertical trans-
mission of HCV on the circulating B cell compartment using 
multicolour flow cytometry (figure 3A,B). We assessed the rela-
tive abundance of IgD+CD27- naïve, IgD+CD27+ non- switched 
memory (NSM), IgD-CD27+ switched memory (SM) and IgD-

CD27- double- negative (DN) B cells. As expected, we found 
significantly more memory B cells in adults compared with 
children (figure 3C). Given the differences in B cell maturation 
between newborns, children and adults, we assessed the develop-
ment of the B cell compartment in more detail within the paedi-
atric cohort in relation to age (range 0.3 to 5.3 years, figure 3D, 
online supplementary figure 2). The analysis showed a negative 
correlation between age and frequency of naïve B cells as well as 

copyright.
 on A

pril 29, 2020 at B
iblioteca U

niv B
arcelona C

am
pus de B

ellvitge. P
rotected by

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2019-320269 on 27 A
pril 2020. D

ow
nloaded from

 

https://dx.doi.org/10.1136/gutjnl-2019-320269
https://dx.doi.org/10.1136/gutjnl-2019-320269
https://dx.doi.org/10.1136/gutjnl-2019-320269
https://dx.doi.org/10.1136/gutjnl-2019-320269
https://dx.doi.org/10.1136/gutjnl-2019-320269
https://dx.doi.org/10.1136/gutjnl-2019-320269
https://dx.doi.org/10.1136/gutjnl-2019-320269
http://gut.bmj.com/


4 lutckii a, et al. Gut 2020;0:1–11. doi:10.1136/gutjnl-2019-320269

Hepatology

Figure 3 Evidence for early B cell maturation in children exposed to HCV. (A) Representative flow cytometry gating scheme for identification 
of B cell subpopulations (Naïve, naïve B- cells; NSM, non- switched memory B- cells; SM, switched memory B- cells; DN, double- negative B cells; PC, 
plasma cells; PB, plasmablasts). (B) Representative histograms of the indicated markers. (C) Summary of B cell subpopulations based on CD27 and 
IgD expression for neonatal, paediatric and adult cohorts (see figure 1C for cohort composition). (D) Median/mean age of the indicated cohort. 
(E) Correlation analysis between age and frequency of the indicated B cell populations. Bar size indicates Spearman r value, bar colour indicates p 
value and significant correlations after false discovery rate (FDR) control are indicated with stars. (F) Heatmap summarising the median fold change 
of either frequency of B cells and B cell subpopulation (left) or mean fluorescence intensity (MFI, right) of selected phenotypic markers in exposed 
uninfected, or HCV- infected children relative to unexposed group. Stars in the unexposed row indicate significance for comparing unexposed with 
exposed uninfected, in the infected row for comparing exposed uninfected with infected children. (G to H) Summary of frequency of (G) IgA+ plasma 
cells, (H) CD40 MFI on switched memory B cells for HCV- unexposed, exposed uninfected and infected children. For inter- group comparisons, data 
obtained from longitudinal time points from the same individuals were pooled together in the same study group. Bars indicate median. (I) Frequency 
of IgA+ plasma cells for HCV- unexposed, exposed uninfected and infected children studied longitudinally at the indicated time points. Connecting 
lines indicate follow- up time points from the same individuals. In D, F, G- H, comparisons were made by Mann- Whitney test with Bonferroni correction 
for multiple comparisons between unexposed against exposed uninfected as well as between exposed uninfected against infected, ns, not significant; 
*p<0.05; **p<0.01.
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positive correlations between age and total memory, NSM and 
SM B cells as well as for IgA- expressing and IgG- expressing B 
cells (figure 3E). In summary, obtained data indicates that early 
development of the major B- cell subpopulations, such as IgA+ 
and IgG+ memory B cells, is age dependent, while HCV does not 
seem to interfere with the overall maturation kinetics of major 
B cell subsets.

Intrauterine HCV-exposure causes early maturation of plasma 
cells and b cell activation in children
We next performed a more in- depth analysis of switched 
memory B cells, such as CD38+CD20-CD138+ plasma cells 
(PC), CD38+CD20-CD138- plasmablasts (PB) and CD38-CD20+ 
memory B- cells (M), as well as their IgA and IgG expressing 
subsets comparing unexposed with HCV- exposed uninfected 
and infected children (figure 3F). Interestingly, we found a 
significantly increased proportion of IgA- positive plasma cells 
in exposed uninfected children compared with unexposed 
(29.7% and 15.1%, respectively, p=0.01, figure 3G). Yet, no 
further increase in the proportion of IgA- positive plasma cells 
was observed in infected children (28.9%), despite their slightly 
higher age (figure 3D). A similar trend was observed for IgG 
positive plasma cell (1.87%, 3.15% and 1.95% for unexposed, 
exposed uninfected and infected children, figure 3F). Finally, we 
determined the activation status of the different B cell subpop-
ulations by evaluating expression of Ki67, CD40, BAFF- R, 
CD19, HLA- DR, CD40 and IL6R (figure 3A,B). Here, we 
found CD40- expression to be increased within all investigated 
memory B cell subpopulations in exposed uninfected children as 
compared with unexposed (figure 3F,H). This increase was not 
further elevated in the HCV- infected children but at a similar 
level as in the exposed uninfected children for most analysed 
subsets (figure 3F). Comparative longitudinal analysis showed 
that the increase in proportion of IgA- positive plasma cells as 
well as CD40- expression in exposed uninfected children could 
be observed already at 6 months of age and was still evident at 
18 months and later (figure 3I, online supplementary figure 2).

Together, it can be concluded that certain B cell subpopula-
tions mature earlier and display signs of activation on vertical 
exposure to HCV.

Association between anti-HCV IgG production and b cell 
phenotypic alterations in HCV-exposed children
Next, we performed a subgroup analysis dividing HCV- exposed 
uninfected as well as HCV- infected children into anti- HCV IgG 
antibody producers or non- producers (figure 4A). The clin-
ical characteristics of these subgroups were similar within the 
exposed uninfected and infected groups, respectively (online 
supplementary table 2). With a cut- off of two SDs above mean of 
all unexposed individuals, only one out of 28 unexposed subjects 
was classified as an anti- HCV IgG- producer whereas roughly 
26% of the HCV- exposed uninfected children as well as 74% 
and 64%, respectively, of HCV- infected children and adults were 
classified as anti- HCV IgG- producers. Similar groups of patients 
were identified when the relative numbers of HCV IgG secreting 
cells out of total IgG secreting cells instead were analysed (online 
supplementary figure 1E). Taking the detection of anti- HCV 
IgG secreting cells as factor, we evaluated B cell subset compo-
sition as well as B cell phenotype of anti- HCV IgG- producers 
compared with non- producers within HCV- exposed uninfected 
and infected children.

The previously observed increase in IgA- positive plasma cells 
was evenly distributed among anti- HCV IgG- producing and 

non- producing exposed uninfected children (figure 4B). Within 
anti- HCV IgG producing exposed uninfected children, there 
was a decrease in the proportion of non- switched memory cells, 
plasmablasts and IgA- positive plasmablasts (figure 4B and C–D), 
and a trend towards higher levels of IgG- positive plasma cells/
plasmablasts (figure 4B). Interestingly, the increase in CD40 MFI 
that we previously detected for the entire HCV- exposed unin-
fected paediatric cohort was primarily confined to anti- HCV 
IgG- producing exposed uninfected children (figure 4E–F). 
Taken together, HCV- exposed uninfected children that secrete 
anti- HCV IgG antibodies on stimulation display an altered B cell 
phenotype as compared with non- producers.

Detailed assessment of innate immune cells reveals HCV-
induced alterations in infected children
We also set off to determine the impact of HCV- exposure on 
monocyte, dendritic cell and NK cell subsets online supplemen-
tary figure 3. In contrast to the strong shifts within the B cell 
compartment during childhood and in comparison to adults 
(figure 3C,E), fewer differences were observed within the major 
myeloid immune cell (figure 5A,B) and NK cell (online supple-
mentary figure 4A, B) populations in relation to age. This was 
the case both when comparing the cohorts between each other 
as well as for correlation analysis in relation to age within the 
paediatric cohort.

When assessing the impact of HCV exposure without infec-
tion, slightly more activated myeloid immune cells could be 
observed as compared with unexposed children, with slightly 
higher levels of CD40, CD80 and IL6R expression (figure 5C). 
On infection, on the other hand, we found larger alterations 
within the myeloid compartment with an increased frequency of 
classical monocytes but reduced frequencies of the plasmocytoid, 
myeloid and BDCA3+ dendritic cell (DC) subsets (figure 5C). 
Similar to the findings for myeloid immune cells, only minor 
changes in the NK cell phenotype could be observed in HCV- 
exposed uninfected children as compared with unexposed chil-
dren whereas NK cell activation with elevated levels of Ki67 and 
HLA- DR was noted in HCV- infected children (figure 5D). Few 
alterations were observed within myeloid cells or NK cells when 
comparing anti- HCV IgG- producing and non- producing chil-
dren in all cohorts (online supplementary figure 5A,B).

In summary, compared with the phenotypic alterations within 
the B cell compartment that were evident not only in HCV- 
infected children but also in HCV- exposed uninfected children, 
the innate immune compartment appeared to be primarily 
affected by actual HCV- infection.

HCV-infection, but not exposure, associate with an 
inflammatory cytokine signature in children
Finally, we performed a proximity extension assay to simultane-
ously determine 92 inflammatory cytokines in plasma of HCV- 
unexposed, exposed uninfected and infected children. We could 
not detect significant correlations between plasma cytokine 
levels and age (figure 6A). When comparing HCV- exposed unin-
fected to unexposed children, we observed a significant down-
regulation of CCL20, SLAMF1 and IL- 17A, but no significantly 
elevated cytokines (figure 6B). In contrast to these few changes, 
infected children had a strongly altered profile with upregula-
tion of molecules such as PD- L1, CXCL10 (IP10) and IL-10 
and a decrease of anti- inflammatory FGF-21 (figure 6B). This 
may represent an early sign of the immune dysfunction seen in 
chronic HCV. A subgroup analysis revealed minor differences 
between anti- HCV IgG- producing and non- producing exposed 
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Figure 4 Association between anti- HCV IgG secretion and B cell phenotype. (A) Number of anti- HCV IgG- secreting B cells for the indicated groups, 
the dotted line indicates the cut- off at two SDs above the mean of the all unexposed cases (healthy cord blood n=11; unexposed children n=7, 
healthy adult controls n=10). Numbers of individuals with anti- HCV IgG- secreting B cell numbers above the cut- off/total number of individuals per 
groups are indicated above each group. (B) Heatmap displaying the median fold change of either frequency (top) or mean fluorescence intensity (MFI) 
of B populations or selected phenotypic markers. Median fold differences compared with HCV- unexposed children are displayed for the anti- HCV IgG- 
producers (HCV IgG ASC+) or non- producers (HCV IgG ASC+) in either HCV- exposed uninfected or infected groups. (C) Frequency of plasmablasts or 
(D) IgA+ plasmablasts stratified for the indicated groups. (E) Frequency of CD40+ B cells or (F) MFI of CD40 on plasmablasts for the indicated groups. 
For inter- group comparisons, data obtained from longitudinal time points from the same individuals were pooled together in the same study group. 
Bars indicate median. Comparisons were made by Mann- Whitney test with Bonferroni correction for multiple comparisons between anti- HCV IgG- 
producers and non- producers within HCV- exposed uninfected or infected children; ns, not significant; *p<0.05; **p<0.01. SFU, spot forming unit; 
Naïve, naïve B- cells; NSM, non- switched memory B- cells; SM, switched memory B cells; PC, plasma cells; PB, plasmablasts; M, memory B cells; DN, 
double negative B cells.

uninfected or infected children (online supplementary figure 
5C). In conclusion, few differences were observed in soluble 
inflammatory factors in relation to age or on HCV- exposure. 
Instead, established HCV- infection presented with a distinct 
soluble factor profile with an alteration of several inflammatory 
cytokines and chemokines.

DIsCussIOn
The underlying reasons for the observed low HCV vertical trans-
mission rates during pregnancy remains elusive. To address this 
question from an immunological point of view, we assessed the 
impact of intrauterine HCV- exposure and vertical infection on 
the B cell and innate immune compartment as well as on soluble 
immune- related factors. To this end, we utilised multicolour flow 
cytometry, and anti- HCV IgG/IgM FluoroSpot, and a proximity 
extension assay to capture the whole of immune composition, its 
phenotype and function. We could herein show that exposure to 
HCV compared with established infection has distinct impacts 
on the immune system.

Here, we found upregulation of the costimulatory molecule 
CD40 on B cells from HCV- exposed but uninfected children, as 
well as on B cells from HCV IgG- producers. Little is known about 
how HCV- exposure or infection affects CD40 expression on B 
cells. However, increased expression of CD40 was previously 
found on peripheral blood and intrahepatic pDCs and mDCs 
of HCV- infected patients.24 25 The CD40- CD40L pathway is 
involved in initiation of primary immune responses, proinflam-
matory cytokine secretion, T- cell dependent humoral immune 
responses, and was suggested as a key factor in several autoim-
mune diseases.26 Furthermore, CD40- expression can be elevated 
by type I interferons,27 28 tumour necrosis factor (TNF)29 and the 
HCV E2 protein itself,30 indicating that both contact- dependent 
and cytokine- driven mechanisms could explain the altered 
CD40 levels seen both in HCV exposed uninfected and infected 
but not in uninfected children. In B cells, CD40- signalling have 
been shown to suppress terminal differentiation to antibody 
secreting plasma cells but instead promote memory cell genera-
tion programmes.31 It remains to be determined if the observed 
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Figure 5 Impact on the innate immune compartment in HCV- infected children. (A) Summarised frequency of myeloid subpopulations for the 
indicated neonatal, paediatric and adult cohorts (see figure 1C for cohorts composition). (B) Correlation analysis between age and frequency of the 
indicated myeloid subpopulations. Bar size indicates Spearman r value, bar colour indicates p value and significant correlations after false discovery 
rate (FDR) control are indicated with stars. (C) Heatmap summarising the median fold change of frequency of myeloid subpopulations and expression 
of markers within these either as frequency (left) or MFI (right) compared with the unexposed group. Significance indicated in the unexposed row is 
for comparing unexposed to exposed uninfected, and in the infected row for comparing exposed uninfected with infected. (D) Heatmap summarising 
the median fold change in frequencies of the indicated natural killer (NK) subpopulations compared with the unexposed group. Significance 
indicated in the unexposed row is for comparing unexposed to exposed uninfected, and in the infected row for comparing exposed uninfected with 
infected. For inter- group comparisons, data obtained from longitudinal time points from the same individuals were pooled together in the same 
study group. *p<0.05; **p<0.01; ***p<0.001. Comparisons were made by Mann- Whitney test with Bonferroni correction for multiple comparisons. 
MC, monocytes; CMC, classical monocytes; IMC, intermediate monocytes; N- CMC, non- classical monocytes; DCs, dendritic cells; pDCs, plasmocytoid 
dendritic cells; mDCs, monocytoid dendritic cells; G2A, NKG2A.

increase is related to HCV- specific B cells or if the response is a 
sign of bystander B cells activation.

It has previously been unknown if prenatal or perinatal HCV- 
exposure in infants is sufficient for de novo development of an 
anti- HCV antibody response. Using total IgG, purified from 
serum of intravenous drug users, Swann et al were able to iden-
tify anti- HCV E1/E2- specific IgG in up to 47% of tested HCV- 
exposed uninfected adult subjects.32 The presence of anti- HCV 
IgG secreting cells in peripheral blood of HCV infected adults 
and even in subjects who successfully cleared the virus was 
previously reported.33–35 In case of paediatric HCV, it may be 
hypothesised, that among cases of HCV- exposed yet uninfected 
children, some might develop HCV- infection but are able to clear 
it. Here, we provide evidence along these lines, as we identified 
HCV- exposed children who produced anti- HCV IgG antibodies 
on stimulation and displayed an altered B cell compartment as 
compared with non- producers. Thus, it is possible that, in some 
individuals, HCV- exposure can occur already in utero and lead 
to a priming of HCV- specific immune responses that favour viral 

clearance. The activated HCV- specific B cells may play a key role 
in antigen presentation and viral neutralisation.

Several studies have reported development of T cell- mediated 
immune responses in non- infected children that were exposed to 
HCV during the intrauterine period, with a broad range of 27% 
to 71% of the infants showing specific responses.12 13 36 37 These 
findings are in line with our results on anti- HCV specific B cell 
responses showing that in some, but not all individuals, exposure 
results in mounting of a specific immune response against the 
virus.

In contrast to B cells, innate immune cells appeared to not 
be as affected by HCV- exposure as compared with actual HCV- 
infection. Indeed, the presence of HCV was associated with a 
skewing among dendritic cell populations, decreased frequencies 
of all dendritic cell subsets and signs of ongoing proliferation 
evident by increased expression of Ki-67. DCs have been shown 
to interact with the plasma cell pool.38 39 Diminished numbers of 
dendritic cells were previously observed in blood40 41 and liver42 
of HCV infected adults, but not in HBV- exposed but uninfected 
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Figure 6 Vertical HCV- infection, but not exposure, causes imprint on inflammatory plasma cytokines. (A) Correlation analysis between age and 
plasma concentrations of indicated soluble factors. Bar size indicates Spearman r value, bar colour indicates p value and significant correlations 
after false discovery rate (FDR) control are indicated with stars. (B) Heatmap summarising the median fold change of plasma concentration from 
exposed uninfected (n=21) or infected (n=10) cohorts compared with unexposed (n=9). For inter- group comparisons, data obtained from longitudinal 
time points from the same individuals were pooled together in the same study group. Significance indicated in the unexposed row is for comparing 
unexposed with exposed uninfected, in the infected group for comparison to exposed uninfected. *p<0.05; **p<0.01. Comparisons were made by 
Mann- Whitney test with Bonferroni correction for multiple comparisons.

children.43 Yet, DCs are short- lived44 and their levels of apop-
tosis have been reported to increase in chronic HCV infection.45 
Furthermore, NK cells presented with signs of activation and 
proliferation only in HCV- infected, but not exposed, children. 
NK cells have rarely been investigated in adults with acute HCV- 
infection but from a plethora of work on NK cells from chronic 
HCV- infected patients it is clear that their function as well as 
phenotype is affected (online supplementary figure 6).21 46 Thus, 
and in contrast to adaptive B cells, possible alterations induced 
by early- life HCV exposure might not be preserved over a 
prolonged period of time in innate immune cells. In line with 
the observed alterations within the innate immune cells, soluble 
proinflammatory cytokines appeared to be increased only in 
HCV- infected, but not in exposed uninfected children.

In the present study it was not possible to assess for pheno-
typic alterations in HCV- specific B cells but only in subsets of 
B cells defined by differentiation status. This raises the question 
whether the observed phenotypic alterations were confined to 
HCV- specific B cells or rather a sign of bystander activation. 
Bystander activation is well described for T cells both in acute 
and chronic viral infections.47 48 Interestingly, for B cells, several 
studies, in the settings of vaccination or acute infection, have 
shown that less bystander activation is occurring and that most 
of the responding cells are antigen- specific antibody secreting 
cells.49–51 Nevertheless, after polyclonal T cell stimulation in 
vitro, bystander B cell activation have been shown to occur via 
the CD40- CD40L pathway.52 However, and compared with 
adults, we show that the vast majority of B cells in young chil-
dren are naïve. Thus, the likelihood for bystander activation of B 
cells specific for another pathogen should be considerably lower 
in children compared with in adults. It should further be noted 
that pregnant women to both HCV unexposed as well as to 
exposed but uninfected children all were anti- HCV+ with only 
the latter group also being HCV- RNA+. Thus, both cohorts of 
pregnant women presumably shared similar risk behaviours that 
caused a past or current HCV infection. This study design makes 

it less likely that the phenotypic alterations we observe in HCV- 
exposed but uninfected children, as well as in HCV- infected chil-
dren, merely are bystander activated B cells. Nevertheless, future 
studies should strive towards assessing the phenotype of HCV- 
specific B cells in vertically exposed and/or infected children.

To this end, the long- term consequences of prenatal and 
perinatal exposure to HCV remain unclear. Studies assessing 
direct- acting antivirals- mediated clearance of chronic HCV have 
reported that certain immune- phenotypes normalise,53 whereas 
other traits seem to persist over a prolonged period of time after 
clearance.21 Furthermore, extrahepatic manifestations linked to 
HCV that involve B cells, such as mixed cryoglobulineamia and 
non- Hodgkin’s lymphoma, seem to remain for a significant time 
even after HCV clearance in adults.54 55 Hence, further studies 
are wanted investigating possible long- term effects of intra-
uterine HCV- exposure and the accompanied immune system 
alteration.

Another question deals with the protective role of B cell- 
mediated immune responses in HCV- exposed but uninfected 
subjects. There is growing evidence that despite its immaturity, 
the fetal immune system might be capable of handling certain 
pathogens.14 56 Here we deliver evidence that also B cells from 
neonates can mount a specific immune response. However, it 
was only observed in a subgroup of exposed uninfected individ-
uals and future investigations should aim at exploring its diver-
sity in responsiveness. The immune system is rapidly developing 
after birth and with age in young children.57 Of note, we could 
not detect clear differences in time kinetics of immune develop-
ment when comparing the three HCV infected children that we 
followed from birth with the larger exposed uninfected cohort. 
However, our analysis was limited by the small sample size and 
future work should aim at longitudinally studying even larger 
cohorts of HCV- exposed newborns. Next, we had a significant, 
yet minor, age difference between infected and unexposed/
exposed uninfected children that could represent a confounding 
factor in our analysis. To account for this, we carefully analysed 

copyright.
 on A

pril 29, 2020 at B
iblioteca U

niv B
arcelona C

am
pus de B

ellvitge. P
rotected by

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2019-320269 on 27 A
pril 2020. D

ow
nloaded from

 

https://dx.doi.org/10.1136/gutjnl-2019-320269
http://gut.bmj.com/


9lutckii a, et al. Gut 2020;0:1–11. doi:10.1136/gutjnl-2019-320269

Hepatology

changes within B cells in relation to age and could show that 
only composition within major B cell subpopulations were 
related to age. Thus, based on this analysis, it was possible to 
delineate alterations that were HCV- specific. Another possible 
confounding factor was that 40% of the HCV- infected children 
in the cross- sectional cohort was born to HIV/HCV co- infected 
mothers. HIV infection in children was an exclusion criteria in 
our study and, thus, only HIV- exposed (but not infected) chil-
dren were included. In a subgroup analysis comparing the HCV- 
infected children based on HIV exposure, few, if any, differences 
were noted among the immune cells or in the soluble factor anal-
ysis suggesting that intrauterine HIV- exposure does not affect 
our results (online supplementary figure 7). Of note the primary 
aim of our study was to compare unexposed and exposed unin-
fected children. Importantly, these groups did not differ in terms 
of age, and none of those children had been exposed to HIV, 
thus excluding age and HIV exposure as possible biasses to the 
results.

In conclusion, our study reveals that the B- cell compartment is 
affected by perinatal HCV- exposure even if vertical HCV trans-
mission of HCV does not occur. The presence of HCV- specific 
memory B cells and an altered B cell subset composition was 
found in some, but not all, HCV- exposed but uninfected chil-
dren. In contrast, innate immune cells, as well as proinflamma-
tory cytokines, as part of the innate immune response, appeared 
to be less affected by HCV- exposure and were primarily found 
to be altered after actual HCV- infection. Thus, we report that 
vertical HCV- infection is needed to mount an innate immune 
response whereas HCV- exposure, by itself, leads to the develop-
ment of an adaptive B cell response against the virus and early B 
cell maturation and activation.

MATerIAl AnD MeTHODs
Human blood samples
In total 2.5 to 18 mL of venous blood were obtained depending 
on the age of the subject. Vacutainers with EDTA or heparin 
were used to collect blood for plasma and PBMC separa-
tion, respectively. Plasma was separated and stored at −80°C. 
Leucosep tubes were used for PBMC separation from whole 
blood on Ficoll density gradient. Collected PBMCs were stored 
in liquid nitrogen until analysis. Buffy coats from human 
cord blood samples from the cord blood biobank and blood 
donors from the blood donor biobank at Karolinska Univer-
sity Hospital, Stockholm, Sweden, were obtained. PBMCs 
from those were isolated via Ficoll density gradient separation, 
washed and frozen as above. PBMC samples from adult HCV- 
infected patients was recruited at the Department of Infectious 
Diseases, Karolinska University Hospital. The blood samples 
were acquired in heparinised tubes and processed and frozen as 
above. Oral and written informed consent in accordance with 
the Declaration of Helsinki was obtained from all study partic-
ipants prior to blood sample and clinical data collection. From 
paediatric study participants, consent was obtained from their 
mothers.

Virological and genetic assays
HCV- RNA quantification was performed at the clinical routine 
laboratory at Karolinska University Hospital, Stockholm, 
Sweden, by TaqMan real- time PCR (Roche Molecular Diag-
nostics, Branchburg, New Jersey, USA) with a detection limit of 
15 IU/mL. HCV genotyping was performed with a line probe 
assay (Inno- LiPA HCV II, Innogenetics NV, Gent, Belgium).

Flow cytometric staining and analysis
Cells were thawed and washed with complete Roswell Park 
Memorial Institute Medium (RPMI) (+10% FCS, +2 mM 
L- Glutamin, +Penicillin/Streptomycin). Approximately 1×106 
cells were plated per well in a 96 V- bottom and washed with 
FACS buffer (phosphate- buffered saline (PBS)+2% fetal calf 
serum (FCS)+4 mM EDTA). Next, cells were stained for 20 min 
with antibody mix, for antibody specification (see online supple-
mentary table 3). For viability staining, the Live/Dead fixable 
Green or Aqua dye (Invitrogen) was used in a second staining 
step for 15 min. Cells were fixed and permeabilised with the 
Foxp3/Transcription Factor Staining Buffer set (eBioscience) for 
30 min. For intracellular staining, cells were stained for 30 min 
(see online supplementary table 3 for list of markers used for 
staining). Finally, cells were washed with FACS buffer and anal-
ysed on a BD LSR Fortessa equipped with five lasers (355 nm, 
405 nm, 488 nm, 561 nm and 640 nm). Flow cytometric files 
were analysed with Flowjo 9.9.6 and 10.5.

Dual colour IgM / IgG Fluorospot
PBMCs were thawed, washed with complete RPMI (as above). 
Next, the cells were pre- stimulated in complete CTL medium 
(RPMI 1640; FBS 10%; sodium pyruvate; HEPES buffer; non- 
essential a.a.; Penicillin- Streptomycin; 2- mercaptoethanol) 
containing R848 and rIL-2 for 72 hours at 37°C in 5% CO2. A 
Human IgG/IgM FluoroSpot kit (Mabtech, #FS- 05R17G-2) was 
used to detect total IgG/IgM secreting cells as well as anti- HCV 
IgG/IgM secreting cells according to the instruction of manu-
facturer. In brief, IPFL plates were covered either by capture 
antibody (mAbs MT91/145, 15 ug/mL +anti IgM, 15 ug/mL) or 
capture antigen (pool of recombinant HCV Core, NS3, NS4, 
NS5A and NS5B proteins, Mikrogen, 10 µg/mL, each) incubated 
overnight at +4°C, then blocked with complete CTL media. Pre- 
stimulated PBMCs were plated in duplicates at concentration of 
2×105 cells per HCV protein- coated well or at 5×104 cells per 
anti- IgG/IgM- coated well and incubated for 24 hours at 37°C in 
5% CO2. To detect spots anti- human IgG-550 and anti- Human 
IgM 490 were used. The spots were counted by an automated 
FluoroSpot reader (AID) equipped with Cy3 filter for IgG detec-
tion and FITC filter for IgM detection.

Proximity extension assay
For assessment of soluble factors, 90 samples (40 paediatric) 
representative for the groups have been included. Serum samples 
were thawed and 30 uL per sample plated in a 96/well plate for 
later analysis. Proximity extension assay was performed by the 
Clinical Biomarkers National facility (SciLifeLab, Sweden) with 
the Olink Inflammation panel (Olink Proteomics, Sweden). 
Eighty- seven out of 90 samples passed quality control and were 
included in the analysis. The results below the limit of quantifi-
cation were set as lower limit of quantification prior to the data 
analysis.

statistical analysis
Data visualisation and statistical analysis was performed using 
GraphPad Prism 8.1.1. Between group comparisons were made 
by Mann- Whitney U test with Bonferroni correction for multiple 
comparisons, in cases where more than two group were anal-
ysed. Spearman’s rank correlations with Benjamini- Yekutieli’s 
false discovery rate (FDR) control was used to assess relation-
ship between analysed parameters. A p value of less than 0.05 
was considered statistically significant. The FDR control was set 
at 5%.

copyright.
 on A

pril 29, 2020 at B
iblioteca U

niv B
arcelona C

am
pus de B

ellvitge. P
rotected by

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2019-320269 on 27 A
pril 2020. D

ow
nloaded from

 

https://dx.doi.org/10.1136/gutjnl-2019-320269
https://dx.doi.org/10.1136/gutjnl-2019-320269
https://dx.doi.org/10.1136/gutjnl-2019-320269
https://dx.doi.org/10.1136/gutjnl-2019-320269
http://gut.bmj.com/


10 lutckii a, et al. Gut 2020;0:1–11. doi:10.1136/gutjnl-2019-320269

Hepatology

Author affiliations
1Department of laboratory Medicine, Karolinska institutet, stockholm, sweden
2Pediatric research and clinical center for infectious Diseases, saint Petersburg, 
russian Federation
3center for infectious Medicine, Department of Medicine huddinge, Karolinska 
institutet, Karolinska University hospital, stockholm, sweden
4north- Western state Medical University named after i.i.Mechnikov, saint 
Petersburg, russian Federation
5Maternity hospital no 16, saint Petersburg, russian Federation
6Department of Pediatrics, gynecology and Female reproductology, saint Petersburg 
state Pediatric Medical University, saint Petersburg, russian Federation
7center for Prevention and control of aiDs and infectious Diseases, saint Petersburg, 
russian Federation
8Department of clinical science, intervention and Technology (clinTec), Karolinska 
institutet, stockholm, sweden
9Department of Pediatrics, Karolinska University hospital, stockholm, sweden
10Department of infectious Diseases, Karolinska University hospital, stockholm, 
sweden
11Department of Medicine huddinge, Karolinska institutet, stockholm, sweden

Twitter niklas K Björkström @bjorkstrom_lab

Acknowledgements The authors would like to thank all participating children 
and parents and the personnel at Department of Viral hepatitis and liver Diseases at 
Pediatric research and clinical center for infectious Diseases in saint Petersburg for 
help to enrol the patients in the study and the nurses at the participating centres for 
collecting the venous blood samples. Thanks to Drs Valentina Markova and alexandra 
romashova for help to enrol the patients in the study and to Dr Maria Belopolskaya 
and administration of s.P. Botkin’s hospital for infectious Diseases for help in 
study preparation. The authors would like to acknowledge support of the clinical 
Biomarker Facility at scilifelab sweden for providing assistance in protein analyses.

Contributors all authors contributed to study concept, set up and design, as 
well as interpretation of data. al and Bs planned experiments, and acquired and 
analysed data. aZ, OF, sa, er, Dg, Yl and BF contributed to subject enrolment, 
sample collection, project administration and supervision. Ms and nKB supervised 
the study. al and nKB drafted the manuscript. all authors contributed to critical 
revisions and approved the final version of the manuscript.

Funding This work was funded by the swedish research council, the swedish 
cancer society, the swedish Foundation for strategic research, the cancer research 
Foundations of radiumhemmet, Knut and alice Wallenberg Foundation, the novo 
nordisk Foundation, the center for innovative Medicine at Karolinska institutet, 
region stockholm, srP Diabetes Karolinska institutet and Karolinska institutet.

Competing interests none declared.

Patient and public involvement Patients and/or the public were not involved in 
the design, or conduct, or reporting or dissemination plans of this research.

Patient consent for publication not required.

ethics approval The study protocol was approved by local ethical committees 
at rici, saint Petersburg, russia, and by the regional ethical board of stockholm, 
sweden.

Provenance and peer review not commissioned; externally peer reviewed.

Data availability statement all data relevant to the study are included in the 
article or uploaded as supplementary information.

OrCID iDs
Matti sällberg http:// orcid. org/ 0000- 0002- 8858- 5132
niklas K Björkström http:// orcid. org/ 0000- 0002- 0967- 076X

RefeRences
 1 ly Kn, Jiles rB, Teshale eh, et al. hepatitis c virus infection among reproductive- 

aged women and children in the United states, 2006 to 2014. Ann Intern Med 
2017;166:775–82.

 2 indolfi g, easterbrook P, Dusheiko g, et al. hepatitis c virus infection in children and 
adolescents. Lancet Gastroenterol Hepatol 2019;4:477–87.

 3 Mok J, Pembrey l, Tovo Pa, et al. european paediatric hepatitis cVn. when does 
mother to child transmission of hepatitis c virus occur? Arch Dis Child Fetal Neonatal 
Ed 2005;90:F156–60.

 4 Polywka s, Pembrey l, Tovo P- a, et al. accuracy of hcV- rna Pcr tests for diagnosis 
or exclusion of vertically acquired hcV infection. J Med Virol 2006;78:305–10.

 5 Benova l, Mohamoud Ya, calvert c, et al. Vertical transmission of hepatitis c virus: 
systematic review and meta- analysis. Clin Infect Dis 2014;59:765–73.

 6 resti M, azzari c, galli l, et al. Maternal drug use is a preeminent risk factor for 
mother- to- child hepatitis c virus transmission: results from a multicenter study of 
1372 mother- infant pairs. J Infect Dis 2002;185:567–72.

 7 Murakami J, nagata i, iitsuka T, et al. risk factors for mother- to- child transmission 
of hepatitis c virus: maternal high viral load and fetal exposure in the birth canal. 
Hepatol Res 2012;42:648–57.

 8 garcia- Tejedor a, Maiques- Montesinos V, Diago- almela VJ, et al. risk factors for 
vertical transmission of hepatitis c virus: a single center experience with 710 hcV- 
infected mothers. Eur J Obstet Gynecol Reprod Biol 2015;194:173–7.

 9 honegger Jr, Kim s, Price aa, et al. loss of immune escape mutations during 
persistent hcV infection in pregnancy enhances replication of vertically transmitted 
viruses. Nat Med 2013;19:1529–33.

 10 larouche a, Milton Mcsween K- a, calderon V, et al. Quasispecies diversity is a major 
risk factor for vertical hepatitis c virus transmission. J Infect Dis 2019;219:760–71.

 11 Ketzinel- gilad M, colodner sl, hadary r, et al. Transient transmission of 
hepatitis c virus from mothers to newborns. Eur J Clin Microbiol Infect Dis 
2000;19:267–74.

 12 Psaros einberg a, Brenndörfer eD, Frelin l, et al. neonatal exposure to hepatitis c 
virus antigens in uninfected children born to infected mothers. J Pediatr Gastroenterol 
Nutr 2018;66:106–11.

 13 Della Bella s, riva a, Tanzi e, et al. hepatitis c virus- specific reactivity of cD4+-
lymphocytes in children born from hcV- infected women. J Hepatol 2005;43:394–402.

 14 hong M, sandalova e, low D, et al. Trained immunity in newborn infants of hBV- 
infected mothers. Nat Commun 2015;6:6588.

 15 Dantoft W, Martínez- Vicente P, Jafali J, et al. genomic Programming of human 
neonatal Dendritic cells in congenital systemic and In Vitro cytomegalovirus 
infection reveal Plastic and robust immune Pathway Biology responses. Front 
Immunol 2017;8:1146.

 16 Odorizzi PM, Jagannathan P, Mcintyre Ti, et al. in utero priming of highly functional 
effector T cell responses to human malaria. Sci Transl Med 2018;10:eaat6176.

 17 Kinchen VJ, Zahid Mn, Flyak ai, et al. Broadly neutralizing antibody mediated 
clearance of human hepatitis c virus infection. Cell Host Microbe 2018;24:717–30.

 18 Bankwitz D, Pietschmann T. hepatitis c virus plays hide and seek with neutralizing 
antibodies. Hepatology 2016;64:1840–2.

 19 Kinchen VJ, Massaccesi g, Flyak ai, et al. Plasma deconvolution identifies broadly 
neutralizing antibodies associated with hepatitis c virus clearance. J Clin Invest 
2019;130:4786–96.

 20 Khakoo si, Thio cl, Martin MP, et al. hla and nK cell inhibitory receptor genes in 
resolving hepatitis c virus infection. Science 2004;305:872–4.

 21 strunz B, hengst J, Deterding K, et al. chronic hepatitis c virus infection irreversibly 
impacts human natural killer cell repertoire diversity. Nat Commun 2018;9:2275.

 22 ehrenstein Mr, notley ca. The importance of natural igM: scavenger, protector and 
regulator. Nat Rev Immunol 2010;10:778–86.

 23 Baumgarth n. how specific is too specific? B- cell responses to viral infections reveal 
the importance of breadth over depth. Immunol Rev 2013;255:82–94.

 24 Mengshol Ja, golden- Mason l, castelblanco n, et al. impaired plasmacytoid dendritic 
cell maturation and differential chemotaxis in chronic hepatitis c virus: associations 
with antiviral treatment outcomes. Gut 2009;58:964–73.

 25 Velazquez VM, hon h, ibegbu c, et al. hepatic enrichment and activation of 
myeloid dendritic cells during chronic hepatitis c virus infection. Hepatology 
2012;56:2071–81.

 26 huber aK, Finkelman FD, li cW, et al. genetically driven target tissue overexpression 
of cD40: a novel mechanism in autoimmune disease. J Immunol 2012;189:3043–53.

 27 Bauvois B, nguyen J, Tang r, et al. Types i and ii interferons upregulate the 
costimulatory cD80 molecule in monocytes via interferon regulatory factor-1. 
Biochem Pharmacol 2009;78:514–22.

 28 Wiesemann e, Deb M, Trebst c, et al. effects of interferon- beta on co- signaling 
molecules: upregulation of cD40, cD86 and PD- l2 on monocytes in relation to 
clinical response to interferon- beta treatment in patients with multiple sclerosis. Mult 
Scler 2008;14:166–76.

 29 Wagner ah, gebauer M, Pollok- Kopp B, et al. cytokine- inducible cD40 expression 
in human endothelial cells is mediated by interferon regulatory factor-1. Blood 
2002;99:520–5.

 30 hammerstad ss, stefan M, Blackard J, et al. hepatitis c virus e2 protein induces 
upregulation of il-8 pathways and production of heat shock proteins in human 
thyroid cells. J Clin Endocrinol Metab 2017;102:689–97.

 31 Basu s, Kaw s, D’souza l, et al. constitutive cD40 signaling calibrates differentiation 
outcomes in responding B cells via multiple molecular pathways. J Immunol 
2016;197:761–70.

 32 swann re, Mandalou P, robinson MW, et al. anti- envelope antibody responses 
in individuals at high risk of hepatitis c virus who resist infection. J Viral Hepat 
2016;23:873–80.

 33 Boisvert M, Zhang W, elrod eJ, et al. novel e2 glycoprotein tetramer detects hepatitis 
c virus- specific memory B cells. J Immunol 2016;197:4848–58.

 34 Umemura T, Wang rY- h, schechterly c, et al. Quantitative analysis of anti- hepatitis 
c virus antibody- secreting B cells in patients with chronic hepatitis c. Hepatology 
2006;43:91–9.

 35 sugalski JM, rodriguez B, Moir s, et al. Peripheral blood B cell subset skewing is 
associated with altered cell cycling and intrinsic resistance to apoptosis and reflects 
a state of immune activation in chronic hepatitis c virus infection. J Immunol 
2010;185:3019–27.

copyright.
 on A

pril 29, 2020 at B
iblioteca U

niv B
arcelona C

am
pus de B

ellvitge. P
rotected by

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2019-320269 on 27 A
pril 2020. D

ow
nloaded from

 

https://twitter.com/bjorkstrom_lab
http://orcid.org/0000-0002-8858-5132
http://orcid.org/0000-0002-0967-076X
http://dx.doi.org/10.7326/M16-2350
http://dx.doi.org/10.1016/S2468-1253(19)30046-9
http://dx.doi.org/10.1002/jmv.20540
http://dx.doi.org/10.1093/cid/ciu447
http://dx.doi.org/10.1086/339013
http://dx.doi.org/10.1111/j.1872-034X.2012.00968.x
http://dx.doi.org/10.1016/j.ejogrb.2015.09.009
http://dx.doi.org/10.1038/nm.3351
http://dx.doi.org/10.1093/infdis/jiy581
http://dx.doi.org/10.1007/s100960050474
http://dx.doi.org/10.1097/MPG.0000000000001755
http://dx.doi.org/10.1097/MPG.0000000000001755
http://dx.doi.org/10.1016/j.jhep.2005.03.022
http://dx.doi.org/10.1038/ncomms7588
http://dx.doi.org/10.3389/fimmu.2017.01146
http://dx.doi.org/10.3389/fimmu.2017.01146
http://dx.doi.org/10.1126/scitranslmed.aat6176
http://dx.doi.org/10.1016/j.chom.2018.10.012
http://dx.doi.org/10.1002/hep.28760
http://dx.doi.org/10.1172/JCI130720
http://dx.doi.org/10.1126/science.1097670
http://dx.doi.org/10.1038/s41467-018-04685-9
http://dx.doi.org/10.1038/nri2849
http://dx.doi.org/10.1111/imr.12094
http://dx.doi.org/10.1136/gut.2008.168948
http://dx.doi.org/10.1002/hep.25904
http://dx.doi.org/10.4049/jimmunol.1200311
http://dx.doi.org/10.1016/j.bcp.2009.05.005
http://dx.doi.org/10.1177/1352458507081342
http://dx.doi.org/10.1177/1352458507081342
http://dx.doi.org/10.1182/blood.V99.2.520
http://dx.doi.org/10.1210/jc.2016-3403
http://dx.doi.org/10.4049/jimmunol.1600077
http://dx.doi.org/10.1111/jvh.12568
http://dx.doi.org/10.4049/jimmunol.1600763
http://dx.doi.org/10.1002/hep.20917
http://dx.doi.org/10.4049/jimmunol.1000879
http://gut.bmj.com/


11lutckii a, et al. Gut 2020;0:1–11. doi:10.1136/gutjnl-2019-320269

Hepatology

 36 Babik JM, cohan D, Monto a, et al. The human fetal immune response to hepatitis c 
virus exposure in utero. J Infect Dis 2011;203:196–206.

 37 hashem M, el- Karaksy h, shata MT, et al. strong hepatitis c virus (hcV)- specific 
cell- mediated immune responses in the absence of viremia or antibodies 
among uninfected siblings of hcV chronically infected children. J Infect Dis 
2011;203:854–61.

 38 Watanabe M, Fujihara c, radtke aJ, et al. co- stimulatory function in primary germinal 
center responses: cD40 and B7 are required on distinct antigen- presenting cells. J Exp 
Med 2017;214:2795–810.

 39 Jego g, Palucka aK, Blanck J- P, et al. Plasmacytoid dendritic cells induce plasma cell 
differentiation through type i interferon and interleukin 6. Immunity 2003;19:225–34.

 40 Kanto T, inoue M, Miyatake h, et al. reduced numbers and impaired ability of myeloid 
and plasmacytoid dendritic cells to polarize T helper cells in chronic hepatitis c virus 
infection. J Infect Dis 2004;190:1919–26.

 41 crosignani a, riva a, Della Bella s. analysis of peripheral blood dendritic cells as 
a non- invasive tool in the follow- up of patients with chronic hepatitis c. World J 
Gastroenterol 2016;22:1393–404.

 42 lai WK, curbishley sM, goddard s, et al. hepatitis c is associated with perturbation 
of intrahepatic myeloid and plasmacytoid dendritic cell function. J Hepatol 
2007;47:338–47.

 43 Koumbi lJ, Papadopoulos ng, anastassiadou V, et al. Dendritic cells in uninfected infants 
born to hepatitis B virus- positive mothers. Clin Vaccine Immunol 2010;17:1079–85.

 44 Zhan Y, chow KV, soo P, et al. Plasmacytoid dendritic cells are short- lived: reappraising 
the influence of migration, genetic factors and activation on estimation of lifespan. Sci 
Rep 2016;6:25060.

 45 Kubicka- sierszen a, grzegorczyk Janina Ł. The influence of infectious factors on 
dendritic cell apoptosis. Arch Med Sci 2015;11:1044–51.

 46 heim Mh, Thimme r. innate and adaptive immune responses in hcV infections. J 
Hepatol 2014;61:s14–25.

 47 sandalova e, laccabue D, Boni c, et al. contribution of herpesvirus specific cD8 T 
cells to anti- viral T cell response in humans. PLoS Pathog 2010;6:e1001051.

 48 Mcnally JM, Zarozinski cc, lin MY, et al. attrition of bystander cD8 T cells during 
virus- induced T- cell and interferon responses. J Virol 2001;75:5965–76.

 49 lee Fe- h, halliley Jl, Walsh ee, et al. circulating human antibody- secreting cells 
during vaccinations and respiratory viral infections are characterized by high specificity 
and lack of bystander effect. J Immunol 2011;186:5514–21.

 50 Benson MJ, elgueta r, schpero W, et al. Distinction of the memory B cell 
response to cognate antigen versus bystander inflammatory signals. J Exp Med 
2009;206:2013–25.

 51 Di genova g, roddick J, Mcnicholl F, et al. Vaccination of human subjects expands 
both specific and bystander memory T cells but antibody production remains vaccine 
specific. Blood 2006;107:2806–13.

 52 Jasiulewicz a, lisowska Ka, Pietruczuk K, et al. homeostatic ’bystander’ proliferation 
of human peripheral blood B cells in response to polyclonal T- cell stimulation in vitro. 
Int Immunol 2015;27:579–88.

 53 Bengsch B, Martin B, Thimme r. restoration of hBV- specific cD8+ T cell function by 
PD-1 blockade in inactive carrier patients is linked to T cell differentiation. J Hepatol 
2014;61:1212–9.

 54 Bonacci M, lens s, Mariño Z, et al. long- Term outcomes of patients with hcV- 
associated cryoglobulinemic vasculitis after virologic cure. Gastroenterology 
2018;155:311–5.

 55 Visentini M, Del Padre M, colantuono s, et al. long- lasting persistence of large 
B- cell clones in hepatitis c virus- cured patients with complete response of mixed 
cryoglobulinaemia vasculitis. Liver Int 2019;39:628–32.

 56 Pou c, nkulikiyimfura D, henckel e, et al. The repertoire of maternal anti- viral 
antibodies in human newborns. Nat Med 2019;25:591–6.

 57 Olin a, henckel e, chen Y, et al. stereotypic immune system development in newborn 
children. Cell 2018;174:1277–92.

copyright.
 on A

pril 29, 2020 at B
iblioteca U

niv B
arcelona C

am
pus de B

ellvitge. P
rotected by

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2019-320269 on 27 A
pril 2020. D

ow
nloaded from

 

http://dx.doi.org/10.1093/infdis/jiq044
http://dx.doi.org/10.1093/infdis/jiq123
http://dx.doi.org/10.1084/jem.20161955
http://dx.doi.org/10.1084/jem.20161955
http://dx.doi.org/10.1016/S1074-7613(03)00208-5
http://dx.doi.org/10.1086/425425
http://dx.doi.org/10.3748/wjg.v22.i4.1393
http://dx.doi.org/10.3748/wjg.v22.i4.1393
http://dx.doi.org/10.1016/j.jhep.2007.03.024
http://dx.doi.org/10.1128/CVI.00074-10
http://dx.doi.org/10.1038/srep25060
http://dx.doi.org/10.1038/srep25060
http://dx.doi.org/10.5114/aoms.2015.54860
http://dx.doi.org/10.1016/j.jhep.2014.06.035
http://dx.doi.org/10.1016/j.jhep.2014.06.035
http://dx.doi.org/10.1371/journal.ppat.1001051
http://dx.doi.org/10.1128/JVI.75.13.5965-5976.2001
http://dx.doi.org/10.4049/jimmunol.1002932
http://dx.doi.org/10.1084/jem.20090667
http://dx.doi.org/10.1182/blood-2005-08-3255
http://dx.doi.org/10.1093/intimm/dxv032
http://dx.doi.org/10.1016/j.jhep.2014.07.005
http://dx.doi.org/10.1053/j.gastro.2018.04.024
http://dx.doi.org/10.1111/liv.14053
http://dx.doi.org/10.1038/s41591-019-0392-8
http://dx.doi.org/10.1016/j.cell.2018.06.045
http://gut.bmj.com/

	Evidence for B cell maturation but not trained immunity in uninfected infants exposed to hepatitis C virus
	Abstract
	Introduction
	Results
	Study participants
	Detecting of anti-HCV specific B cell responses in exposed uninfected and infected children
	B cell maturation in relation to age in young children
	Intrauterine HCV-exposure causes early maturation of plasma cells and B cell activation in children
	Association between anti-HCV IgG production and B cell phenotypic alterations in HCV-exposed children
	Detailed assessment of innate immune cells reveals HCV-induced alterations in infected children
	HCV-infection, but not exposure, associate with an inflammatory cytokine signature in children

	Discussion
	Material and methods
	Human blood samples
	Virological and genetic assays
	Flow cytometric staining and analysis
	Dual colour IgM / IgG FluoroSpot
	Proximity extension assay
	Statistical analysis

	References


