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INFECTIOUS DISEASE

Early symptom-associated inflammatory responses
shift to type 2 responses in controlled human
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Schistosomiasis is an infection caused by contact with Schistosoma-contaminated water and affects more than
230 million people worldwide with varying morbidity. The roles of T helper 2 (T42) cells and regulatory immune
responses in chronic infection are well documented, but less is known about human immune responses during
acute infection. Here, we comprehensively map immune responses during controlled human Schistosoma mansoni
infection using male or female cercariae. Immune responses to male or female parasite single-sex infection were
comparable. An early Ty1-biased inflammatory response was observed at week 4 after infection, which was par-
ticularly apparent in individuals experiencing symptoms of acute schistosomiasis. By week 8 after infection, in-
flammatory responses were followed by an expansion of T2 and regulatory cell subsets. This study demonstrates
the shift from Ty1 to both T2 and regulatory responses, typical of chronic schistosomiasis, in the absence of egg
production and provides immunological insight into the clinical manifestations of acute schistosomiasis.

INTRODUCTION

Globally, more than 230 million people are infected with schistosomes,
mainly Schistosoma mansoni and Schistosoma haematobium (1). Schis-
tosomes undergo multiple developmental stages in the human host,
causing stage-specific morbidity. Cercarial dermatitis occurs upon skin
invasion, followed by acute schistosomiasis syndrome (Katayama fe-
ver) 2 to 7 weeks later, in response to migrating and maturing schisto-
somes (2-5). Severe disease manifestations occur in up to 10% of infected
individuals during patent (egg-producing) infection, with eggs released
into the vasculature becoming lodged in multiple organs, inducing a
granulomatous response and varied clinical presentations (6). Steriliz-
ing immunity does not develop against schistosomes, such that indi-
viduals can be rapidly reinfected upon exposure to contaminated water
even after successful treatment with the schistosomocidal drug praziqu-
antel (7). There is no approved vaccine for schistosomiasis, and vaccine
design is hindered by a lack of understanding of natural immune re-
sponses to schistosomes, particularly during acute stages of infection,
despite data in preclinical models identifying larval antigens as key vac-
cine targets (8). A better understanding of human immune responses
during acute infection is critical to define correlates of protection and
inform vaccine development.

Our understanding of immune responses in acute human schistoso-
miasis has been guided by a limited number of clinical and immuno-
logical studies. Clinical manifestations of acute schistosomiasis include
fever, fatigue, cough, and eosinophilia (2). One endemic study looking at
individuals with acute schistosomiasis (4 to 8 weeks after exposure) has
shown enhanced production of Ty1 (T helper 1) cytokines [interleukin-
1 (IL-1), tumor necrosis factor-o (TNFa), and interferon-y (IFN-
v)] compared with patients with chronic schistosomiasis, who have
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enhanced production of the Ty2-associated cytokine IL-5 (9). In mu-
rine models, egg production is the major driver of type 2 immune
responses in schistosomiasis (10), with a mixed type 1/type 2 response
present in prepatent or single-sex S. mansoni infection (11-13). Schis-
tosome worms exhibit marked morphological and transcriptional dif-
ferences dependent on sex; however, whether this translates to altered
immune phenotypes is unclear (14-18).

Precise mapping of human immune responses over time has only
become possible after the establishment of a controlled S. mansoni
infection model (3, 5). In these studies, volunteers are infected with 10
to 30 single-sex cercariae before treatment at weeks 8 and 12 (female
cercariae) or week 12 (male cercariae) with praziquantel (3, 5). Acute
schistosomiasis symptoms, including fever, headache, and myalgia,
were observed in 14 of 30 participants between weeks 3 and 7 after
infection, with 9 of these symptomatic participants experiencing a se-
vere adverse event (3, 5). Similar immune responses were found in
both studies, with an increased serum concentration of the inflamma-
tory chemokine CXCL10 at week 4 and increased schistosome-specific
Tyl (IFN-y) and Ty2 (IL-4/IL-5/IL-13) cytokines (3, 5). Although
informative, these studies lacked both depth and breadth of the im-
mune outputs measured, focusing on a few circulating cytokines, and
antigen-specific cytokine production by CD4" T cells. Further im-
mune profiling is therefore required to understand cellular and cyto-
kine changes during the initial phases of schistosome infection.

Here, we used mass cytometry to broadly and specifically pro-
file cellular immune responses, including B cells, T cells, innate
lymphoid cells (ILCs), and myeloid cells, in the first months of
S. mansoni infection. Alterations in frequency and phenotype of
peripheral blood mononuclear cells (PBMCs) were measured at
weeks 4, 8, and 12 after infection with cellular responses supported
by multiplex serum cytokine analysis. Comparisons with baseline
participant samples and between symptomatic and asymptomatic
participants were performed to deepen our understanding of the
pathogenesis of acute schistosomiasis syndrome.
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RESULTS

Symptom severity, and not cercarial sex or dose, explains
most variation in cellular phenotype during infection

To understand immune changes during schistosome infection, PBMC
and serum samples were analyzed from two independent studies, infec-
tion with male S. mansoni cercariae (n = 14, samples analyzed at weeks
0, 4, and 8 after infection) or infection with female S. mansoni cercariae
(n = 13, samples analyzed at weeks 0, 4, 8, and 12 after infection)
(Fig. 1A) (3, 5). The choice of time points was informed by clinical find-
ings, with acute schistosomiasis symptoms occurring between weeks
3 and 7 after infection (Fig. 1A) (3, 5). Because these were parts of dose-
escalating clinical safety trials, volunteers were experimentally ex-
posed to 10 male or female cercariae (n = 6), 20 male or female
cercariae (n = 18), or 30 male cercariae (n = 3) (3, 5). PBMCs were
stained with a comprehensive panel encompassing 35 phenotyping
markers, acquired, preprocessed, and then clustered via self-organizing
map (SOM), followed by hierarchical clustering (Fig. 1B). We were
able to categorize 70 immune cell clusters (Fig. 1C) on the basis of
marker expression. These clusters were segregated into seven lineages:
CD4" T cells, CD8" T cells, ¥ T cells, unconventional T cells, B cells,
ILCs, and myeloid cells (Fig. 1D).

We performed principal components analysis (PCA) on the clus-
ter frequencies, whereby we included all individuals on all time points.
The first two principal components were able to explain 33% of the
variation in the data (Fig. 1E). Notably, a group of 12 data points, all
from week 4 (depicted as green points), were separated from the rest
on both axes (Fig. 1E). Coloring the data points by key clinical fac-
tors, including cercarial sex, dose, time, and symptoms, allowed us to
investigate their relative contributions to the principal components.
Neither cercarial sex (Fig. 1F) nor dose (fig. S1) seemed to explain
the largest block of variance. We formally tested for cercarial sex, with
only two cell clusters changing differently over time between male
and female infections (fig. S2). These were cluster 25 (¢25), basophils,
which were increased at week 8 in male but not female infection, and
c49, CD14~CD16 HLA-DR* conventional dendritic cells, which in-
creased at week 4 in female but not male infection (fig. S2).

Next, we checked whether symptoms were associated with spe-
cific samples that were grouped separately in the PCA at week 4. In-
dividuals who experienced only mild/moderate symptoms of acute
schistosomiasis clustered with the asymptomatic group, whereas
most individuals who experienced at least one severe symptom clus-
tered separately (Fig. 1G). For further analysis, we grouped individu-
als with only mild or moderate symptoms with the asymptomatic
participants, as explained in Fig. 1H. These groups will be referred
to as volunteers with either severe symptoms or no/mild symp-
toms. This categorization provides increased confidence in a cor-
rect diagnosis of acute schistosomiasis syndrome, which consists of a
variety of nonspecific symptoms, including headache, fever, and mal-
aise (3, 5).

Inflammatory cellular responses, enhanced in individuals
with severe symptoms, are observed at week 4

We next asked how immune responses changed during infection,
taking into account whether individuals had experienced acute
schistosomiasis symptoms. At the lineage level, no differences
were seen over time in individuals with no/mild symptoms. How-
ever, in individuals with severe symptoms at week 4, an altered
immune composition is readily apparent. Myeloid cells tend to
increase, whereas CD8 T and B cell lineages decrease, with other

Houlder et al., Sci. Inmunol. 9, eadl1965 (2024) 5 July 2024

time points remaining relatively stable compared with baseline
(Fig. 2A).

To formally test changes in the immune cell composition, we
used a generalized linear mixed model to inquire how immune
cell clusters changed over time and whether these changes dif-
fered between symptom severity groups. Notably, changes were
only observed at the cluster level, with a later investigation reveal-
ing no significant changes when clusters were combined into clas-
sical immune cell subsets (fig. S3). Two CD4 T cell clusters, c10
and cl1, increased significantly [false discovery rate (FDR) = 0.03
and 0.01] in all volunteers (Fig. 2B, left); however, a significantly
stronger increase (FDR = 0.002 and 0.002) in the abundance of
these clusters was found for volunteers with severe symptoms
(Fig. 2B, right) in comparison with volunteers with no/mild
symptoms. Clusters c10 and c11 have similar phenotypic immune
markers and appear to be activated HLA-DR" effector memory
(EM; CD45RA™CCR7 - CD45RO") CD4 T cells that differ in ex-
pression of CD38 (Figs. 1C and 2C). Alongside EM cluster expan-
sion, we detected the beginnings of a regulatory response, with
increased HLA-DR' CD4 regulatory T cells (Thegs) (c6) (Fig. 2D),
although the magnitude of this expansion was less compared with
the EM T cells.

Innate inflammatory responses were also apparent in the severe
symptomatic participants in contrast with the volunteers with no/
mild symptoms. Expansion of an activated CD38* HLA-DRM8" clas-
sical monocyte (CD14*CD16") cluster (c34) was observed in severe
symptomatic individuals (Fig. 2E). Accompanying this was a decrease
in a CD38~ HLA-DR™¢ classical monocyte (CD14YCD167) cluster
(c30), suggestive of a transition toward greater activation in the classi-
cal monocyte compartment in those developing severe symptoms
(Fig. 2E and figs. S4A and S5). PCA loadings (fig. S1) reveal these
myeloid and CD4 T cell clusters (c10, c11, ¢34, and ¢6) to be respon-
sible for the observed separation of severe symptomatic week 4 sam-
ples in Fig. 1G. Last, cytotoxic CD56"™ CD16" natural killer (NK)
cells (19), which tended to decrease in volunteers with no/mild symp-
toms, were significantly increased (FDR = 0.001) at week 4 in severe
symptomatic individuals (Fig. 2F).

In addition to increases in the aforementioned clusters, a num-
ber of lymphocyte clusters decreased at week 4 in symptomatic
individuals. Potentially, in response to chemokine signals, there
was a reduction in CXCR5"CD38~ memory B cells (c13) at week
4 in individuals with severe symptoms (Fig. 2G). In addition, a
modest reduction in two CD127" EM CD4 T cell clusters at week
4 was observed in severely symptomatic individuals (Fig. 2H and
fig. S4E). An NK and y3 T cell cluster also decreased (fig. S4, C
and D). Most notable was a decrease in multiple CD8 T cell clus-
ters (c50, ¢35, 65, ¢58, c41, and ¢26) (Fig. 21, individually in fig
S$4B). To understand this reduction, we checked whether these
clusters expressed similar phenotypic markers. The reduced CD8
T cell clusters had heterogeneous expression of memory and na-
ive markers (CD45R0O, CCR7, and CD45RA); however, all were
killer cell lectin-like receptor G1 (KLRG1)*, with the majority
expressing CXCR3, which binds interferon-inducible ligands in-
cluding CXCL9 and CXCL10 (20). It is possible, therefore, that
the reduction in CD8 T cell clusters was in response to increases
in circulating CXCR3 ligands during the inflammatory response,
observed in serum. Together, cellular changes at week 4 are char-
acterized by alterations in clusters from multiple cell lineages in
symptomatic individuals, with expansion of mainly CD4 T cell
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Fig. 1. Overview of study design and cellular changes during controlled S. mansoni infection. (A) Graphical representation of the trial design and (B) analysis pipe-
line. (C) Top: Heatmap of identified cell clusters after CyTOF analysis of unstimulated samples based on SOMs and hierarchical clustering. Each tile depicts the median
expression of a given marker (y axis) for a specific cluster (x axis) across all time points. Bottom: Percentage of the total cells of a given cluster divided by total CD45* cells.
Clusters that were found significantly different from the linear mixed model are underscored for readability. (D) Binned representation of the t-SNE map with CD45" cells,
colored by lineage of most cells in the bin. (E to G) A multilevel PCA was applied to individual samples, one sample being one participant at a specific time point, based
on cluster frequencies (scaled to unit variance). The PCA was colored on the basis of (E) time point, (F) sex, or (G) symptoms, with time points 0, 8, and 12 shown at 15%
transparency in (F) and (G) to highlight week 4 (opaque). (H) Flow chart for classification of individuals into two groups; volunteers with severe symptoms or no/mild
symptoms. All analyses were performed on n = 27 individual participants.
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Fig. 2. Characterization of cellular kinetics at week 4 of S. mansoni infection. (A) Stacked bar chart of lineage frequencies in individuals with no/mild symptoms or
severe symptoms. Each bar section represents the mean frequency of that cell lineage for the corresponding group. (B) Volcano plots showing the model estimates and
corresponding adjusted P values [—log;o(FDR)] of the week 4 time point term (left) and the interaction term between week 4 and symptoms (right). Estimates are derived
from a binomial linear mixed model, where each cluster is modeled separately. All analyses were performed on n = 27 individual participants. Each point represents a
cluster, and clusters with FDR values of <0.05 are colored by lineage and labeled with cluster ID. (C to 1) Ribbon plots depicting mean (lines) frequency and SEM (shaded
area) of specified clusters. Cluster frequencies are given as a percentage of CD45" cells and split/colored by symptom status. (I) Right: Binned representation of the CD8
cellisland on the t-SNE map. Hexagonal bins colored by cluster or expression of selected markers. Clusters significantly altered at week 4 are colored pink, and nonaltered
clusters are in gray. Left: Ribbon plots showing frequency of selected CD8 clusters (c50, c30, 65, ¢58, c41, and c26) over time.
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clusters, monocyte activation, and decreases in chemokine receptor-
expressing CD8 T and B cells.

Mature and regulatory cellularimmune responses are
observed at weeks 8 to 12

At week 8 after infection, there were fewer significantly altered cell
clusters (Fig. 3A), with only one cluster elevated after treatment
(week 12). Moreover, no significant interactions were observed be-
tween time and symptoms. This is in line with the subsiding of
acute schistosomiasis symptoms by week 7 (3, 5) and indicates that

the exaggerated inflammatory response observed in severe symp-
tomatic individuals does not lead to altered long-term responses in
the presence of adult worms.

Cellular responses at week 8 tended to have a more mature or reg-
ulatory phenotype. There was an increase in the c7 cluster of CD38"
double-negative (DN) (CD4 CD87) T cells (Fig. 3B), which have
previously been shown to inhibit Ty1 responses (21-23). In addition,
an increase in atypical CD11c¢*Tbet"CD38™ memory B cells (Fig. 3C)
was observed, which are known to expand in chronic infections, ag-
ing, or autoimmunity (24, 25). Last, at week 8 after infection, there
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Fig. 3. Characterization of cellular kinetics at weeks 8 to 12 of S. mansoni infection. (A) Volcano plots showing the estimates and minus log-scaled FDR-corrected
P values [-10g1o(FDR)] of the week 8 time point (left) and week 12 time point (right). Values derived from a binomial linear mixed model. Each point represents a cluster,
and clusters with FDR values of <0.05 are colored by lineage and labeled with cluster ID. (B to F) All colored ribbon plots show cluster frequencies as a percentage of CD45*
cells. These are split and colored by symptoms, with lines representing the mean value and ribbon shading + SEM. Ribbon plots showing frequency of (B) c7, (C) c22,
(D) c54, (E) c67, and (F) c15 over time. All analyses were performed on n = 27 individual participants. (G) PBMCs from week 16 after infection (n = 12) were stimulated with
AWA or medium before analysis of intracellular cytokines via flow cytometry. Grouped bar plot represents AWA-specific cytokines within memory subtypes: EM, effector
memory cells reexpressing CD45RA (TEMRA), and CM. Representative flow cytometry plot shows the distribution of Ty2 cytokines within CD4 T cell memory populations,
showing all AWA-stimulated samples concatenated. Frequencies on plot represent the percentage of the total T;2* CD4 T cell population.
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was a significant decrease in a cluster of cytotoxic CD56" CD16"
NK cells (FDR = 0.002) (Fig. 3D) and an increase in regulatory
CD56™"CD16~ NK cells (FDR = 0.003) (Fig. 3E) (26, 27). The ex-
istence and dynamics of key clusters (c10/11, ¢34, c7, and c22) that
changed at both weeks 4 and 8 were independently confirmed by
flow cytometry (figs. S5 and S6).

Posttreatment changes at week 12 were tested only in the fe-
male cercaria infection model. We observed that cellular respons-
es tended to return to baseline after praziquantel treatment. The
one exception to this was a rare CD38" central memory (CM;
CD45RA™CCR7"CD45RO™) CD4 T cell cluster (c15), which in-
creased at week 8 and remained elevated until week 12 (Fig. 3, A
and F). To understand whether these CD38% CM cells (c15) rep-
resented a key memory population, we performed further analy-
sis at week 16 (after treatment) (Fig. 3E and fig. S7). We were able
to confirm the trend for reduced CD38% CM cells at week 16 in
severe symptomatic individuals (fig. S7A). Notably, however, al-
though CD38% CM cells were able to produce Tyl (IFN-y and
TNFa) and Ty2 cytokines in response to adult worm antigen
(AWA), most AWA-specific cytokines were produced by EM T
cells (Fig. 3G).

Cellular cytokines shift from an initial T41 dominance at
week 4 to a Ty2 and regulatory response at week 8

Having established cellular dynamics during infection, we next in-
vestigated functional properties of these cells by measuring cytokine
production after stimulation with phorbol 12-myristate 13-acetate
(PMA)/ionomycin. This approach was chosen to allow us to assess
how schistosome infection alters the cytokine production potential
of multiple immune cell lineages, irrespective of antigen specificity.
We considered the global cytokine production as the total amount
of cytokine-positive cells divided by all CD45™" cells. At week 4 after
infection, the only significantly increased cytokines were T2 (IL-
13/IL-4/IL-5) (FDR = 0.02), which remained elevated up to week 8
(FDR = 0.03). At week 8, a mixed response was observed, with a de-
crease in the proinflammatory cytokine TNFa (FDR = 0.02) and an
increase in IL-6 (FDR = 0.02) and the regulatory cytokine IL-10 (FDR =
0.002) (Fig. 4A). No significant alteration in IFN-y, IL-2, or IL-17
expression was observed (Fig. 4A). To gain a more in-depth under-
standing of cytokine responses, clustering was performed on stimulated
cells, resulting in 70 clusters, 43 of which produced cytokines. The phe-
notypes of these clusters are summarized in Fig. 4B. To investigate
and formally examine changes in frequency of cytokine-expressing
cells, we used a similar binomial linear mixed model to inquire how
immune cell clusters changed at weeks 4 and 8 after infection and
whether these changes differed in symptomatic individuals.

At week 4 after infection, an increase in HLA-DR* EM T cells, as
well as a decrease in a number of CD8 T cell clusters, was observed in
individuals with severe symptoms, which corresponds to our find-
ings in the unstimulated panel. At week 4, there was an increase in
¢33, an HLA-DR* EM T cell, which was elevated in severe symptom-
atic participants (Fig. 4D), phenotypically similar to the HLA-DR"
EM T cell we observed elevated in the unstimulated panel. These
HLA-DR" EM T cells were all IFN-y", with a minority IL-2* and
T2t as well (Fig. 4D). Reduced CD8 T cell clusters (Fig. 4E and
fig. S8, A and B) expressed Tyl cytokines IFN-y and TNFa. Togeth-
er, Tyl/Ty2 cytokine-expressing CD4 T cells increased, whereas
type 1 cytokine—expressing CD8 T cells decreased at week 4, with a
higher magnitude of both effects in symptomatic individuals.

Houlder et al., Sci. Inmunol. 9, eadl1965 (2024) 5 July 2024

In contrast with our unstimulated cellular findings, most changes
in cytokine-producing clusters were observed at week 8 after infec-
tion (Fig. 4C). Notably, as we saw in the unstimulated panel, cluster
frequencies in severe symptomatic and no/mild symptomatic indi-
viduals converged at week 8 after infection, with no long-term effects
of the earlier enhanced inflammatory response in severe symptom-
atic individuals. Specifically, we observed that CD38* DN T cells,
which we observed expanding in the unstimulated panel Fig.
3B, express the regulatory cytokine IL-10 (Fig. 4F, confirmed fig. S6D),
supporting our proposition that these cells play a regulatory role. A
steady increase in the Ty2 response was observed in the CD4 T cell
compartment, with an increase in a number of CD4" T cell clusters
that expressed Ty2 cytokines, and coexpressed IL-2, IFN-y, and
TNFa (Fig. 4, G and H, and fig. S8, C and D). Decreases in a type 1
cytokine (IFN-y and TNFa)-expressing CD8 T cell cluster and
two NK cell clusters were observed (Fig. 4, I to K). Together, the
symptom-related Ty1/TH2 CD4 T cell response at week 4 was replaced
at week 8 by a symptom-independent increase in Ty2-expressing
CD4 T cell clusters and IL-10-expressing DN T cells, with a decrease
in type 1 cytokine—expressing CD8 T cells and NK cell clusters.

Inflammatory circulating cytokines peak at week 4 in
individuals with severe symptoms, with increased
dominance of regulatory IL-10 at weeks 8 to 12

To complement our cellular findings, we performed a 96-plex immu-
noassay on serum cytokines and chemokines. In line with our cellular
results, we observed the most changes in serum cytokines at week 4
after infection, with most proteins being only elevated in individuals
with severe symptoms and not for asymptomatic volunteers, with the
exception of IFN-y (Fig. 5A). In the individuals with severe symptoms,
we saw elevation of IFN-y, interferon-induced chemokines (CXCL11,
CXCL9, and CXCL11), other type 1 inflammatory mediators (TNF),
and factors involved in cell survival, migration, and differentiation [os-
teoprotegerin (OPG), leukemia inhibitory factor (LIF), and CUB
domain-containing protein 1 (CDCP1)] (Fig. 5A). Most cytokines up-
regulated at week 4 remained significantly elevated at week 8 (Fig. 5B).
In these individuals, serum cytokines tended to decrease between
weeks 4 and 8, whereas cytokines in individuals with no/mild symp-
toms tended to increase or remain constant, leading to equivalent cy-
tokine concentration by week 8 (Fig. 5C). In contrast to our cellular
results, where increases in Ty2 cytokines were observed at week 8, we
did not observe any significant changes in type 2 cytokines measured
(TL-4,1L-13,and IL-5). At week 8 after infection, there was an elevation
of the regulatory cytokine IL-10, which was also the only cytokine that
remained significantly elevated at week 12 after infection compared
with baseline (FDR = 0.02) (Fig. 5B). To further understand this po-
tential shift to a regulatory phenotype, we undertook further analysis
of Treg clusters and checkpoint markers [cytotoxic T-lymphocyte as-
sociated protein 4 (CTLA-4) and programmed cell death protein 1
(PD-1)] on CD4 T cells; however, these were not significantly increased
at weeks 8 to 12 (fig. S9).

Correlation analysis was then performed to understand the inter-
action between serum and cellular cytokine responses at each time
point (Fig. 5D). Stimulated cell clusters and serum cytokines were
chosen for this analysis if they had been shown to significantly change
over time or have an interaction with acute schistosomiasis symptoms
(Fig. 4C). Significant correlations were observed at weeks 4 and 8 dur-
ing schistosome infection and not at baseline (fig. S10). At week 4,
IFN-y* HLA-DR* EM T cells (c33) were positively correlated with
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Fig. 4. Characterization of cellular cytokine expression during S. mansoni infection. Cytokines were measured in PMA/ionomycin-stimulated PBMC samples (n = 27
individual participants). (A) Cytokine frequencies in total CD45" cells. A binomial linear mixed model was used to determine changes from baseline. Error bars show the
SEM. Uncorrected P values summarized in graphs as follows: *P < 0.05 and **P < 0.01. (B) Heatmap of identified cell clusters after CyTOF analysis of stimulated samples
based on SOM and hierarchical clustering. Only cytokine-expressing cell clusters are shown, with clusters in which less than 50% of the cells express any cytokine excluded.
Each tile depicts the median expression of a given marker (y axis) for a specific cluster (x axis) across all time points. Bottom: Percentage of the total cells of a given cluster
divided by total CD45" cells. (C) Bar chart showing values derived from a binomial linear mixed model comparing cluster frequency over time and in relation to symptoms.
Clusters with significant changes (FDR-corrected P < 0.05) over time, with or without symptom interaction, are shown. Bars are colored by lineage and labeled with cluster
ID. (D to K) All colored ribbon plots show cluster frequencies (c33, c52, c30, c2, c23, c59, c60, and c70) as a percentage of total CD45" cytokine™ cells. These are split and
colored by symptoms, with lines representing the mean value and ribbon shading + SEM. Cytokine expression in each cluster is shown in the bar chart, colored by cytokine.
All analyses were performed on n = 27 individual participants. FDR-corrected P values summarized in graphs as follows: *P < 0.05, **P < 0.01, and ****P < 0.0001
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Fig. 5. Characterization of serum cytokine kinetics during S. mansoni infection. (A) Volcano plots showing the estimates and minus log-scaled FDR-corrected P values
[-10g10(FDR)] of the week 4 time point term (left) and the interaction term between week 4 and symptoms (middle). Ribbon plot showing serum IFN-y over time (right).
(B) Volcano plots showing the estimates and minus log-scaled FDR-corrected P values [-logo(FDR)] of the week 8 time point term (left) and the week 12 time point term
(middle). Ribbon plot showing serum IL-10 over time (right). All values in volcano plots derived from a linear mixed model of normalized protein expression (NPX) values
(AU on log, scale). Each point represents a cluster, and clusters with FDR values of <0.05 are colored by lineage and labeled with cluster ID. Ribbon plots are split and
colored by symptoms, with lines representing the mean value and ribbon shading + SEM. (C) Summary heatmaps showing mean fold change from week 0 of serum cy-
tokines, split by symptomatic and asymptomatic individuals. Rows represent time point (weeks), and columns represent serum cytokines. (D) Correlation matrices com-
paring frequencies of cell clusters (rows) and serum cytokines (columns) at weeks 4 and 8. Color and size of squares are proportional to the Spearman’s p correlation
coefficient, with red indicating a negative correlation and blue indicating a positive correlation. Serum cytokine analyses were performed on n = 30 individual partici-
pants, with correlations performed on n = 27 participants to match cellular data. Cell clusters and serum cytokines were selected to have significantly altered with time or
symptoms, at a FDR of <0.1. Significant correlations are shown: *P < 0.1, **P < 0.05, ***P < 0.01, and ***#P < 0.001

most inflammatory serum cytokines, including IFN-y. At the same
time, a negative correlation in NK cell clusters c60 and c70 and the
same inflammatory cytokines was seen (Figs. 4, ] and K, and 5D).
Together, this suggests a concerted response regulating the observed
decrease in NK cells and increase in IFN-y* HLA-DR* EM T cells
at week 4 in symptomatic individuals. By contrast, the decrease in
CD8 clusters (c9, c52, and c66) seen at this time point was nega-
tively correlated to the cytokines CCL23, LIE, and TNF receptor
superfamily member 9 (TNFRSF9), which have been proposed to
have an inhibitory effect on CD8 T cells (Fig. 5D) (28-30). Fewer
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significant correlations were observed at week 8. Notably, serum
IL-18 was significantly positively correlated to CD38* DN T cells
(FDR = 0.01), and serum CXCL11 was significantly positively cor-
related to Ty2/TFN-y*/TNFat EM T cell c23 (FDR = 0.01) (Fig. 5D),
potentially suggestive of functional relationships between these
cytokines and expansion of these cell clusters at week 8 after infec-
tion. Integrating cellular and serum cytokine responses has there-
fore provided insight into different networks that regulate the early
inflammatory response at week 4 and the increasingly mature re-
sponse at week 8.
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DISCUSSION

This study has comprehensively delineated cellular and cytokine re-
sponses in the first 2 months of schistosome infection, combining
results from two single-sex (male or female) controlled human infec-
tion studies. Use of mass cytometry has allowed us to identify cell
clusters across seven lymphoid and myeloid lineages in stimulated
and unstimulated settings, complemented by a multiplex immunoas-
say to assess serum cytokine responses. Inflammatory responses, in-
cluding serum IFN-y and related proinflammatory cytokines, Ty1/
T2 cytokine-producing HLA-DR" EM T cells, and activated mono-
cytes, were elevated at week 4 in symptomatic individuals. By week 8
after infection, responses in individuals with severe symptoms and
no/mild symptoms had converged, with an expansion of regulatory
IL-10" DN T cells, atypical CD11c* memory B cells, and an increase
in Ty2 cytokine-producing CD4 T cells observed in all symptom
groups. Posttreatment immune responses returned to baseline, with
the exception of serum IL-10 and a CD4 CM T cell cluster that re-
mained elevated. Throughout infection, we have shown only minor
differences in immune response between female and male single-sex
infections. This finding is in line with the initial immunological anal-
ysis we have performed on the separate controlled human infection
studies (3, 5) and a recent murine study that found no immunologi-
cal differences in chronic male or female single-sex infection (14).
However, it is still unexpected in the context of prior papers that have
shown sex-related differences in immune priming, as well as the
known morphological and transcriptional differences between male
and female worms (15-18).

At week 4, during the peak of reported symptoms, there were
marked and previously undescribed alterations in specific systemic
immune cell clusters (3, 5). Although the exact timing of S. mansoni
development in humans is unknown, rapid intramammalian growth
of the parasite (from 1 to 5 mm) occurs between weeks 3 and 4
of infection, potentially accompanied by exposure of pathogen-
associated molecular patterns (31, 32). In response, we have ob-
served an expansion of activated CD38" classical monocytes,
particularly in symptomatic individuals. This monocyte pheno-
type has been previously reported in symptomatic bacterial, viral, and
autoimmune responses (33-35). In addition, we observed expansion
of Tyy1/Ty2 cytokine—expressing HLA-DR* EM CD4 T cells, which
have been shown to expand in acute inflammation, including during
active tuberculosis infection (36). HLA-DR expression in CD4 T cells
may derive from trogocytosis of activated monocytes, with HLA-DR
enhancing T cell receptor signaling, survival, and T2 cytokine expres-
sion (37, 38). Our cellular findings were supported by serum inflam-
matory cytokines (including IFN-y, CXCL10, and TNFa), which are
elevated under other acute inflammatory conditions and can directly
induce symptoms such as fever (39, 40). This suggests that the proin-
flammatory responses at week 4 may represent a stereotypical acute
response to infectious agents, potentially induced by increased for-
eign schistosome antigen exposure and responsible for acute schis-
tosomiasis symptoms. By performing correlation analyses between
circulating and cellular cytokines, we gained insight into the relation-
ship between immune responses. Some of these relationships, includ-
ing the positive correlation between IFN-y* EM T cells (c33) and
CXCL10, could be expected from prior literature (39, 41). Others,
such as the negative correlations between CD8 cell cluster at week 8 and
the circulating cytokines CCL23, LIE, and TNFRSF9, are less well
described and warrant further investigation in other inflamma-
tory situations.
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Later in infection (from week 8), responses in individuals who had
experienced severe symptoms and those with no/mild symptoms con-
verged, with an increased T2 response and muted serum type 1 cy-
tokines. Conventional dogma states that egg production is required
for Ty2 responses in schistosomiasis (9, 10, 42). This finding has re-
cently been challenged by studies demonstrating T2 responses to
immature worms in the first month of infection before egg deposi-
tion (11, 13, 43). Our work furthers these findings, showing contin-
ued enhancement of Ty2 responses up to week 8 after infection, in a
single-sex egg-free system. Through in-depth analysis, we were able
to pinpoint this expression to CD28" EM CD4" T cells. The conver-
gence of immune responses in individuals with severe symptoms and
no/mild symptoms at week 8 could be due to increased immune regu-
lation in symptomatic individuals, thus down-regulating their response.
Here, similar to our prior works (3, 5), we found an increase in a Foxp3™*
Treg cluster in symptomatic individuals. Independent of symptoms,
all participants showed an enhanced regulatory response at week 8,
with increased serum IL-10. IL-10 has crucial regulatory and host-
protective roles in schistosomiasis (44-47). We identified CD38* DN
T cells as key producers of IL-10 and revealed a correlation between
this subset and the concentration of IL-18 (48). Several studies have
linked DN T cells to a suppressive function in noninfectious diseases,
including reducing the ability of CD4" T cells to produce Tl cyto-
kines (21-23). There is also evidence for a regulatory shift in the B
cell compartment at week 8, with an expansion of atypical memory
CD11c" B cells. This B cell subset is expanded in chronic exposure,
including during parasite (malaria) infection, with anergic charac-
teristics and diminished B cell receptor signaling (24, 25). Further
research is needed to understand the regulatory components of this
system for comparison with the endemic system. At the posttreat-
ment time point (week 12), immune responses tended back to base-
line, with few long-term changes. Only the regulatory cytokine IL-10
in serum and a CD38%" CM T cell cluster (c15) remained elevated.
Notably, worm-specific memory responses were still present after in-
fection, with EM CD4 T cells as the main responders. The relatively
muted response at week 12 contrasts with studies in endemic areas,
which have observed elevated immune responses after praziquantel
treatment (49, 50).

The use of a high-dimensional and semiunsupervised approach
has allowed us to reveal changes in immune cells and cytokines, such
as DN T cells and serum IL-18, that have not previously been a focus
of schistosome research and warrant further study. The applicability
of our study to the endemic situation is limited by the single-sex na-
ture of the model and the acute nature of the controlled human infec-
tion, where schistosome-induced immune hyporesponsiveness has
not yet developed (51, 52). Our study, and particularly the inflamma-
tory response at week 4, has particular relevance for understanding
the pathogenesis of acute schistosomiasis in travelers to endemic
countries (53). The week 8 response aligns best with our understand-
ing of responses in endemic infection, where acute symptoms are
rare (54, 55). A limitation of this study is insufficient power to com-
prehensively assess differences due to age and sex or gender of hu-
man participants, as well as potential underestimation of week 12
responses due to the lower sample size at this time point, with only
female infection samples (n = 13) measured. Moreover, we do not
know whether the immune changes highlighted here are protective
against infection or symptoms in schistosomiasis. However, by high-
lighting the key players in the initial immune response in schistoso-
miasis, this work provides direction for future studies to better
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understand protective immune responses and therefore guide schis-
tosome vaccine development. By identifying the key immune cell
clusters that play a role in schistosomiasis, it is now possible to spe-
cifically target these cells when designing vaccines or investigating
correlates of protection.

MATERIALS AND METHODS

Study design

Samples in this study were part of two dose-escalating clinical safety
trials of controlled human schistosome infection. In the first study
(NCT02755324), 17 volunteers were infected with 10 (n = 3), 20
(n=11), or 30 (n = 3) male S. mansoni cercariae, as previously de-
scribed (3). Three volunteers were not included in the cellular analy-
sis detailed here because of low cell numbers; therefore, we analyzed
samples from 14 volunteers, exposed to 10 cercariae (n = 3), 20
cercariae (n = 8), or 30 cercariae (n = 3). In the second study
(NCT04269915), 13 volunteers were infected with 10 (n = 3) or 20
(n = 10) female S. mansoni cercariae, as previously described (5).
Samples from all volunteers in this female infection study were ana-
lyzed. These studies were powered (sample size determination) stud-
ies to achieve the primary outcomes (infection and symptoms), as
detailed previously (3, 5). Volunteers were treated with praziquantel
(40 mg/kg) at week 12 in the male infection study and at weeks 8 and
12 (60 mg/kg) in the female infection study. Both studies were carried
out in the Leiden University Medical Center (LUMC), Leiden, from
2019 to 2022. The study was approved by the LUMC Institutional
Medical Ethical Research Committee (Institutional Review Board
P16.111 and P20.015). It was performed according to the European
Clinical Trial Directive 2001/20/EC in accordance with International
Council for Harmonisation of Technical Requirements for Pharma-
ceuticals for Human Use Good Clinical Practice (ICH-GCP) guide-
lines and the Declaration of Helsinki. Written informed consent was
obtained from all participants, and possible consequences of the study
were explained. Both studies were open-label dose escalation trials,
and blinding was not performed. Detailed inclusion and exclusion
criteria are found in the previous publications (3, 5). Baseline charac-
teristics of participants in the male cercaria infection study include
age in years, median (range): 24 (18-38); sex, n (%): 4 for males (28%)
and 10 for females (71%) (3). Baseline characteristics of participants
in the female cercaria infection study include age in years, median
(range): 26 (18-38); sex, n (%): 5 for males (38%) and 8 for females
(62%) (5).

PBMC cryopreservation and thawing

Heparinized venous blood was diluted 2Xx in Hanks’ balanced salt
solution (Thermo Fisher Scientific) containing penicillin G sodi-
um (100 U/ml; Euroco-Pharma BV) and streptomycin (100 pg/ml;
Sigma-Aldrich). Density separation was performed, with 10 ml of
Ficoll (Apotheek LUMC) added below diluted blood, and samples
were centrifuged (400g for 25 min, low brake). PBMCs were collect-
ed, washed, and cryopreserved in freezing medium: 20% of heat-
inactivated fetal bovine serum (FBS; Bodinco) and 10% dimethyl
sulfoxide (Millipore) in complete RPMI [RPMI 1640 (Invitrogen)
containing pyruvate (1 mM; Sigma-Aldrich), L-glutamine (2 mM;
Sigma-Aldrich), penicillin G sodium (100 U/ml; Euroco-Pharma
BV), and streptomycin (100 pg/ml; Sigma-Aldrich)]. Cells in freez-
ing medium were placed in a Nalgene Mr. Frosty freezing container
(Thermo Fisher Scientific) overnight at —80°C before liquid nitrogen
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storage. PBMC samples were cryopreserved within 6 hours after
blood collection.

Mass cytometry

Before mass cytometry staining, cryopreserved PBMCs were thawed
at 37°C in 50% FBS/complete RPMI, washed twice in 10% FBS/
complete RPMI, and then placed on ice. Three million cells were
transferred to 5-ml microcentrifuge tubes (Eppendorf) for direct
nonstimulated staining or 5-ml round-bottom falcon tubes (BD Bio-
sciences) for PMA/ionomycin stimulation. Stimulated cells were in-
cubated for 6 hours at 37°C with PMA (100 ng/ml; Sigma-Aldrich)
and ionomycin (1 pg/ml; Sigma-Aldrich), with brefeldin A (10 pg/
ml; Sigma-Aldrich) added for the final 4 hours.

Stimulated and nonstimulated cells were then washed twice in Max-
par staining buffer (Fluidigm). All washes during extracellular stain-
ing were performed at 400g for 5 to 7 min. For the male infection study,
a barcode mix targeting p,-microglobulin and CD298 was added to
each individual sample in a six-choose-two scheme using palladiums
104, 106, 108, and 110 and platinums 194 and 198 for 30 min at room
temperature (RT). For the female infection study, a barcode mix tar-
geting p,-microglobulin was added to each individual sample in a six-
choose-three scheme using cadmiums 106, 110,111, 112, 114,and 116
for 30 min at RT. Cells were washed twice in staining buffer and com-
bined into batches of 6 to 20 samples, including one reference per
batch. Batched cells were incubated in 1 ml of 500x diluted 500 pM
Cell-ID Intercalator-'®*Rh (Fluidigm) for 15 min at RT. Cells were
then washed in staining buffer and resuspended in staining buffer
with 5% human TruStain FcX Fc receptor blocking solution (BioLeg-
end) added for 10 min at RT. Metal-conjugated antibodies for extra-
cellular antigens (detailed in tables S1 and S2) were then added for
45 min at RT. Cells were washed twice with staining buffer, and from
this point, stimulated and nonstimulated cells were treated differently.

For the nonstimulated panel in the female infection study, cells
were fixed in 1.6% formaldehyde (Pierce) for 10 min at RT before
permeabilization. In the male study, this step was skipped, and cells
went straight to permeabilization with freshly prepared Fix/Perm
(eBioscience Foxp3/Transcription Factor Staining Buffer set, follow-
ing the manufacturer’s instructions) for 30 to 45 min at 4°C. Cells
were then washed twice in Perm buffer (eBioscience Foxp3/Tran-
scription Factor Staining Buffer set, following the manufacturer’s in-
structions). This and all subsequent washes were performed at 800g
for 5 to 7 min. Metal-conjugated antibodies for intranuclear antigens
(detailed in table S1) were then added in Perm buffer for 30 min at RT.

For the stimulated panel in the female infection study, cells were
fixed in 4% formaldehyde (Pierce) for 10 min at RT before permea-
bilization. In the male infection study, this step was skipped, and
the cells went straight to permeabilization with MaxPar Fix I Buffer
(Fluidigm, following the manufacturer’s instructions) for 20 min
at RT. Cells were then washed twice with MaxPar Perm-S Buffer
(Fluidigm, following the manufacturer’s instructions) before addition
of metal-conjugated antibodies (detailed in table S2) for intracellu-
lar staining for 30 min at RT. After intracellular staining, cells were
washed twice with staining buffer.

After staining, stimulated and nonstimulated cells were fixed with
1.6 to 4% formaldehyde (Pierce) for 10 min at RT. Cells were washed,
and 125 pM Cell-ID Intercalator-Ir (Fluidigm) was added in MaxPar
Fix and Perm buffer (Fluidigm) overnight at 4°C. The following day
cells were washed twice in staining buffer before cryopreservation as
performed on fresh samples.
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All time points from one participant were stained and measured
together in a total of 11 batches, 7 in the male infection study and 4
in the female infection study. Inclusion of a reference PBMC in each
batch allowed for quality control, ensuring comparability between
batches. Samples were measured with a Helios cytometry by time of
flight (CyTOF) mass cytometer (Fluidigm) with wide bore, tuned
according to Fluidigm’s recommendations. Before acquisition, cells
were thawed in RPMI 50% FBS, washed in RPMI, and counted. Cells
were resuspended in cell acquisition solution (Fluidigm) in the male
study and water in the female study containing 10% EQ Beads
(Fluidigm) for acquisition. Next to channels used to detect antibod-
ies, channels for intercalators (***Rh, I, and **Ir), calibration
beads (1*°Ce, *'Eu, **Eu, '**Ho, and "°Lu), and background/con-
tamination (P*'Xe, **Cs, 1*®Ba, 2°°Pb, and 2°°Pb) were acquired. FCS
files were normalized and concatenated in Helios software, without
removing beads.

Mass cytometry data analysis

After normalization, the FCS files were autogated on the Gaussian
parameters using cytoflean (v10.3) (56). Subsequently, gates were
set to select single, live, CD45" cells for each batch using the open-
Cyto package in R (fig. S11). In the last two steps, the batch FCS
files were compensated and debarcoded using the CATALYST pack-
age in R (v1.16.2) (57). First, the compensation was performed
using the nonnegative linear least squares method, provided with
a self-measured spillover matrix. Last, the single FCS files per sam-
ple were acquired by the default debarcoding pipeline provided
by CATALYST.

To account for variation between batches stained and acquired
at different times, batch correction was performed using the Cyto-
Norm package (v1.16.2) (58). This approach first clusters the data
before and performs batch correction within each cluster, with k = 10
chosen for the nonstimulated panel and k = 5 chosen for the PMA/
ionomycin-stimulated panel. For each approach, reference samples
used for correction were produced by randomly sampling 200,000
cells from each batch. Quality of the batch correction was assessed,
and representative t-distributed stochastic neighbor embedding (t-
SNE) plots before and after batch correction are shown in fig. S12.

To explore the mass cytometry data, produced samples were
clustered and visualized in a two-dimensional t-SNE map. Clus-
tering was performed on the basis of expression of all surface and
intracellular antigens using a two-step method. First, cell expres-
sion was mapped onto a 15-by-15 SOM grid using the Kohonen
package (v3.0.11) (59). The SOM grid was then divided into meta-
clusters using hierarchical clustering, with k = 70 clusters chosen
for the unstimulated panel and stimulated panel. The number of
clusters was chosen by balancing the number of clusters against
the silhouette index, where we tried to maximize the amount of
immunological relevant clusters until the point where the silhou-
ette index was only linearly decreasing (fig. S13). Clusters were
manually assigned to cell lineages on the basis of expression of
well-defined lineage markers. Heatmaps of cluster marker expres-
sion were produced using the package cytofast (v1.3.3) (60). To
understand the overall structure of the data, cells (downsampled
to 4000 cells per sample) were placed on a t-SNE map using the
fast Fourier transform-accelerated interpolation-based t-SNE al-
gorithm (v1.2.1) (61). For visualization, this map was then binned
using the hexbin package (v3.0.11) (62) with 150 bins, allowing
assessment of cell lineages, clusters, or marker expression.
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For PCA, cell frequencies were scaled to have unit variance. To
address the repeated measurement design, we applied the multilevel
approach implemented in the Mixomics package (63). In this fash-
ion, we tried to minimize the variance between volunteers and fo-
cused on variation introduced by clinical outcomes.

Flow cytometry

PBMC samples were used from 12 volunteers at week 16 after infec-
tion, equally split between male and female cercaria infections and
symptom status. Before flow cytometry staining, cryopreserved
PBMCs were thawed at 37°C in 50% FBS/complete RPMI, washed
twice in 10% FBS/complete RPMI, and then placed on ice. One mil-
lion cells per condition were incubated for 24 hours at 37°C with
AWA (50 pg/ml) or medium, with brefeldin A (10 pg/ml; Sigma-
Aldrich) added for the last 4 hours.

Cells were moved to a v-bottom plate and washed twice in
phosphate-buffered saline (PBS) before addition of Live/Dead blue
(L23105, Thermo Fisher Scientific) for 20 min at RT. All washes were
performed at 400g at 4°C for 4 min. Cells were then washed once with
1% bovine serum albumin in PBS. Fluorescent-conjugated antibodies
were then added for 1 hour at 4°C (detailed in table S3). Cells were
washed twice with 1% bovine serum albumin in PBS before permea-
bilization with freshly prepared Fix/Perm (eBioscience Foxp3/Tran-
scription Factor Staining Buffer set, following the manufacturer’s
instructions) for 30 min at 4°C. Cells were then washed twice in Perm
buffer (eBioscience Foxp3/Transcription Factor Staining Buffer set,
following the manufacturer’s instructions). Fluorescent-conjugated
antibodies for intracellular antigens (detailed in table S3) were then
added in Perm buffer overnight at 4°C. Cells were then washed twice
in Perm buffer before acquisition on a five-laser Aurora spectral flow
cytometer (Cytek). Gating schemes are shown in fig. S7.

Serum cytokine analyses

Serum cytokine analysis was performed using the Olink platform.
Serum samples were run at Olink in Uppsala (Sweden) or University
Medical Center Utrecht (Netherlands) using the Olink Target 96 in-
flammation panel covering 92 different proteins. Data are reported as
NPX, an arbitrary unit (AU) on a log, scale. Values below the limit of
detection (LOD) were extrapolated and included in analysis. Most
proteins (66 of 92) had all values above the LOD, with 16 proteins
detectable in more than 50% of samples [IL-6, fibroblast growth
factor-21 (FGF-21), IL-15RA, monocyte chemotactic protein 3 (MCP-
3), neurotrophin-3 (N'T-3), FGF-5, sulfotransferase family 1A member
1 (ST1A1), sirtuin 2 (SIRT2), neurturin (NRTN), IL-2RB, thymic stro-
mal lymphopoietin (TSLP), IL-24, glial cell line-derived neurotroph-
ic factor, ARTN, IL-4, and IL-20] and 10 proteins detectable in less
than 50% of samples (IL-13, IL-20RA, IL-22RA1, IL-5, LIF, FGF-23,
IL-1a, IL-2, IL-33, B subunit of nerve growth factor).

Statistical analyses

A similar modeling strategy was used for the different modalities of
data we acquired. For the cellular analysis, we used cluster frequen-
cies as the primary outcome, and for the serum cytokine data, each
single target was considered. In this univariate fashion, a general-
ized linear mixed model was used with sex (of volunteer), time point
(in weeks, as factor), and symptoms (dichotomous) as explanatory
variables. As random effects, both volunteer and study were added
as random intercept. To match the nature of the data, a Gaussian
family was considered for the serum cytokine data and a binomial
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family with logit link for the cellular data. The frequency and weights
for the binomial model were based on the CD45" cells for the
unstimulated data and for the PMA-stimulated data CD45" and
cytokine-positive cells. To deal with any under- and overdispersion,
an extra random intercept for sample ID was added to the models for
the cellular data. From the generated models, the estimates together
with their P values (¢-statistic, via Satterthwaite’s degrees of freedom
method) were extracted. Afterward, for each modality of data, all
P values from the generated models were corrected with the Benjamini-
Hochberg procedure. Adjusted P values with an FDR of <0.05 were
considered significant. Analysis was performed in R (v4.2.1) (64)
with the Ime4 (v1.1) (65) and ImerTest (v3.1) (66) packages.

The correlation analysis between the stimulated cellular data and
the serum data was performed on only a significant (FDR < 0.05)
subset of clusters and proteins. For each week containing data from
both studies (weeks 0, 4, and 8), a correlation matrix was construct-
ed on the basis of Spearman’s correlation. A significant association
deviating from zero was tested for each pair of cluster and protein. For
each week, the resulting P values were corrected with the Benjamini-
Hochberg procedure. All data points represent one biological repli-
cate (total: n = 27 for cellular data and n = 30 for serum cytokine
data), and technical replicates were not performed. No sample points
were omitted from analysis. All testing was two sided.
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