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MAIT cell activation is associated with disease
severity markers in acute hantavirus infection
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e MAIT cells are activated in individuals with hemorrhagic fever
with renal syndrome (HFRS)

e MAIT cell activation correlates with HFRS severity markers
during hantavirus infection

e MAIT cell blood levels decline during acute HFRS

e Hantavirus-mediated MAIT cell activation is type | IFN
dependent
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In brief

Maleki et al. demonstrate strong
activation of mucosal-associated
invariant T (MAIT) cells in individuals with
hemorrhagic fever with renal syndrome
(HFRS) caused by Puumala
orthohantavirus. This phenotype is
associated with markers of disease
severity and is in vitro dependent on type |
IFNs.
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SUMMARY

Hantaviruses are zoonotic RNA viruses that cause severe acute disease in humans. Infected individuals have
strong inflammatory responses that likely cause immunopathology. Here, we studied the response of
mucosal-associated invariant T (MAIT) cells in peripheral blood of individuals with hemorrhagic fever with
renal syndrome (HFRS) caused by Puumala orthohantavirus, a hantavirus endemic in Europe. We show
that MAIT cell levels decrease in the blood during HFRS and that residual MAIT cells are highly activated.
This activation correlates with HFRS severity markers. In vitro activation of MAIT cells by hantavirus-exposed
antigen-presenting cells is dependent on type | interferons (IFNs) and independent of interleukin-18 (IL-18).
These findings highlight the role of type | IFNs in virus-driven MAIT cell activation and suggest a potential role
of MAIT cells in the disease pathogenesis of viral infections.

INTRODUCTION

Hantaviruses are single-stranded negative-sense RNA viruses
belonging to the Bunyavirales order. Humans are infected
with hantaviruses upon inhalation of dust containing rodent
excreta.' Depending on the hantavirus strain, infection can
cause two different acute diseases: hemorrhagic fever with
renal syndrome (HFRS) in Europe and Asia and hantavirus
pulmonary syndrome (HPS) in the Americas. Despite high
fatality rates of up to 16% and 40% for HFRS and HPS,
respectively,”® no specific treatment or US Food and Drug
Administration (FDA)-approved vaccine is available. Puumala
orthohantavirus (PUUV) is endemic in Europe and causes a
relatively mild form of HFRS with a low fatality rate.”® HFRS
initially presents as flu-like symptoms, including fever, head-
ache, and malaise. Many individuals also display kidney
dysfunction and gastrointestinal symptoms such as abdominal
pain, vomiting, diarrhea, and gastrointestinal bleeding.>®~"" The
immune response to hantavirus infection is believed to play an
important role in disease pathogenesis.'? Hantavirus-infected
individuals exhibit a strong inflammatory response with
increased levels of pro-inflammatory cytokines®'>'® and
strong cytotoxic responses with highly activated natural killer
(NK) cells and CD8 T cells.’**> Moreover, endobronchial
biopsies from individuals with HFRS have shown infiltration
of CD8 T cells in lung and kidney tissue during acute dis-
ease.”®° However, the role of T cells in hantavirus pathogen-
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esis is not fully understood, and hantavirus-specific CD8 T cell
responses have been associated both with mild and severe dis-
ease.”®?®

Mucosal-associated invariant T (MAIT) cells are innate-like
T cells that are abundant in the blood and mucosal tissues such
as the liver, gut, and lungs of healthy humans.?®> MAIT cells
respond to microbial metabolite antigens derived from the
riboflavin biosynthetic pathway of a range of bacteria and yeast
species when presented by the major histocompatibility complex
class I-related protein 1 (MR1) molecule.*>*" MAIT cells can also
be activated by cytokines independent of MR1.%%°® Recently, re-
ports have described activation of MAIT cells during acute viral
infection caused by influenza virus, dengue virus, and severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) as well
as during the acute stages of HIV-1 infection.®**° Furthermore,
MAIT cell activation occurs in chronic viral infections caused by
HIV-1, hepatitis B virus (HBV), hepatitis C virus (HCV), hepatitis
D virus (HDV), and human T-lymphotropic virus 1.%”°~*¢ Although
interleukin-12 (IL-12) and IL-18 have been suggested as the main
cytokines responsible for virus-mediated MAIT cell activation, IL-
15 and type | interferons (IFNs) also play a role in this
context.®*344748 Several studies have reported a decline in
MAIT cell levels during acute viral infection,®* 26383947 gyggest-
ing dynamic regulation of MAIT cells during viral infection.

To better understand the human immune response to hanta-
virus infection and potential immunological events that can
contribute to immunopathology, we characterized the peripheral
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Table 1. Characteristics of HFRS patients and controls

HFRS Controls
Number of individuals 24 19
Gender (f/m) 9/15 6/13
Age (Y, mean + SD) 49 + 13 50 +9.4

WBC count (x10%L), median (range)®
Platelet count (x10%L), median (range)”

7.4 (3.9-14.6) nd
73 (11-301)  nd
45 (6-188) nd
138 (55-960)  nd

CRP (mg/L), median (range)®
Serum creatinine (umol/L), median
(range)®

HFRS, hemorrhagic fever with renal syndrome; WBC, white blood cell;
nd, not done; CRP, C-reactive protein.

3WBCs; normal range, 3.5-8.8 x 10%/L.

Pplatelet count; normal range, 165-387 x 10%L for women and 145
348 x 10%/L for men.

°CRP; reference value, less than 3 mg/L.

dSerum creatinine; reference value, less than 90 pumol/L for women and
less than 105 umol/L for men.

blood MAIT cell phenotype in 24 individuals with HFRS sampled
longitudinally from early onset of symptoms until disease resolu-
tion. We show that MAIT cell levels are reduced in circulation
during acute HFRS but recover during convalescence. Further-
more, the remaining MAIT cells display an activated phenotype
with signs of ongoing proliferation, which is associated with
HFRS disease severity markers. Finally, we show in vitro that
PUUV-exposed primary monocytes and endothelial cells can
activate MAIT cells and enhance their cytolytic potential in a
type | IFN-dependent manner.

RESULTS

MAIT cell are reduced in acute HFRS
The MAIT cell compartment of PUUV-infected individuals with
HFRS and matched uninfected controls (Table 1) was character-
ized in peripheral blood mononuclear cells (PBMCs) using flow
cytometry. MAIT cells were dfined as CD3* MR1 5-(2-oxopropy-
lideneamino)-6-D-ribitylaminouracil (5-OP-RU) tetramer®™ T cell
receptor (TCR) Va.7.2* cells (see Figure S1A for the gating strat-
egy). The median frequency of MAIT cells was reduced by 85%
during acute HFRS (median, 0.26; interquartile range [IQR],
0.13%-0.69%; p = 0.0012) compared with controls (median,
1.7;1QR, 0.49%-2.54%) (Figures 1A and 1B). A similar reduction
was also observed in absolute MAIT cell counts, with 96% fewer
MAIT cells in acute HFRS compared with controls (Figure 1C).
No such decrease occurred in non-MAIT T cells, defined by us-
ing a Boolean not-gate (Figures S1B and S1C), suggesting that
there was no generalized lymphopenia. During the convalescent
phase, MAIT cell frequencies were restored (Figure 1B), indi-
cating that the reduction in circulating MAIT cells was transient.
Next, the relative frequencies of different MAIT cell subsets
were studied. In healthy individuals, CD8* MAIT cells constitute
the major MAIT cell subset, whereas a smaller fraction are CD4
and CD8 doublenegative (DN), and very few are CD4*.%9*° In in-
dividuals with HFRS, the CD8" MAIT cell subset was reduced
compared with controls (Figures 1D and 1E). The decline in

2 Cell Reports Medicine 2, 100220, March 16, 2021

Cell Reports Medicine

CD8* MAIT cells coincided with a relative increase in the DN
MAIT cell subset on days 10-21 as well as in the minor CD4*
MAIT cell subset on days 3-9 (Figures 1D and 1E). In addition,
CD8 expression on CD8* MAIT cells was reduced on days 3-9
and 10-21 of HFRS compared with controls (Figure 1F). These
findings show that PUUV infection causes a transient reduction
in MAIT cell levels in the blood during the acute phase, with a
concomitant change in subset distribution.

Residual MAIT cells in PUUV-infected individuals with
HFRS are highly activated

Next, we assessed the activation status of residual MAIT cells
still present in the circulation. MAIT cells of individuals with
HFRS displayed an activated phenotype with increased expres-
sion of CD69, CD38, and granzyme B during days 3-9 of HFRS
(Figures 2A and 2B). In addition, MAIT cells of affected individ-
uals showed high expression of Ki67 during days 3-9, suggest-
ing that the cells were proliferating (Figures 2A and 2B). On days
10-21 after onset of symptoms, expression of CD38, granzyme
B, and Ki67 was still elevated, whereas CD69 expression had
returned to similar levels as in controls (Figure 2B). Programmed
cell death protein-1 (PD-1) expression in MAIT cells was
increased during days 3-9 of HFRS compared with days
10-21 and convalescence (Figures S1D and S1E). Further, as
described previously for activated MAIT cells in some
settings,*’®*"°? CD161 expression was decreased in MAIT
cells of individuals with HFRS on days 3-9 (Figures S1F-S1H).
The increase in CD161'°Y MAIT cells positively correlated with
Ki67 and granzyme B expression in MAIT cells (Figures STl
and S1J). These data suggest that PUUV infection drives strong
activation and proliferation of peripheral blood MAIT cells.

MAIT cell activation and proliferation are associated
with disease severity markers

To investigate possible associations between MAIT cell activa-
tion during HFRS and aspects of the inflammatory response,
plasma cytokine levels were measured. Compared with controls,
individuals with HFRS displayed increased levels of IL-6, IL-10,
IL-15, IL-18, tumor necrosis factor (TNF), IFN-y, granzyme A,
and granzyme B (Figures 3A and 3B). IL-16, IL-12, IL-17A, IL-
17C, IL-17E, and IL-22 were undetectable in all plasma samples.
IL-2 was detected in a few individuals with HFRS and controls,
but no difference was observed between the groups (data not
shown). Although the levels of the MAIT cell-activating cytokines
IL-15 and IL-18 were elevated during HFRS (Figure 3A), no cor-
relation with MAIT cell activation markers was observed
(data not shown). Remarkably, granzyme B median fluorescence
intensity (MFI) in MAIT cells was positively correlated with gran-
zyme A and B levels in plasma of individuals with HFRS (Figures
S2A and S2B).

Low platelet counts and increased IL-6 levels have been asso-
ciated with HFRS/HPS disease severity.'®°*°* Interestingly,
during acute HFRS, plasma IL-6 levels positively correlated
with MAIT cell Ki67 expression (Figure 3C). In addition, IL-6
was positively correlated with granzyme B and PD-1 expression
in MAIT cells (Figure 3C). Furthermore, expression of CD38 and
Ki67 in MAIT cells of individuals with HFRS negatively correlated
with the platelet count (Figure 3D). Collectively, this suggests
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(A) Representative flow cytometry plots showing frequencies of MAIT cells in a control and in an individual with HFRS (gated on CD3* cells).
(B) MAIT cell frequencies (gated on CD3™* cells) in controls (n = 19) and individuals with HFRS during the acute phase (days 3-9, n = 24), intermediate phase (days

10-21, n = 21), and convalescent phase (conv.; n = 24).

(C) Absolute counts of MAIT cells in controls and individuals with HFRS during the acute phase (days 3-9, n = 22), intermediate phase (days 10-21, n = 20), and

conv. (n = 23).

(D) Representative flow cytometry plots showing frequencies of MAIT cells expressing CD8 and CD4 a control and in an individual with HFRS.
(E) Frequencies of CD8*, CD8 and CD4 double-negative (DN), and CD4* MAIT cells in controls and individuals with HFRS during the acute phase (days 3-9,

n = 22), intermediate phase (days 10-21, n = 18), and conv. (n = 24).

(F) CD8 median fluorescence intensity (MFI) of CD8* MAIT cells of controls and individuals with HFRS during the acute phase (n = 22), intermediate phase (n = 18),

and conv. (n = 24).

Horizontal lines and bars represent median values. Kruskal-Wallis test, Friedman test. *p < 0.05, **p < 0.01, ***p < 0.001.

that hantavirus-mediated MAIT cell activation may be linked to
more severe disease.

MAIT cells of individuals with HFRS show an altered
tissue homing profile

The transient decline in circulating MAIT cells observed during the
acute phase of HFRS suggests that MAIT cells may redistribute
from blood to tissue. We therefore assessed plasma levels of che-
mokines known to promote tissue migration as well as their
cognate receptors on MAIT cells in circulation. Increased plasma
levels of the CCRG6 ligand CCL20 and the CCR9 ligand CCL25 dur-
ing acute HFRS (Figure 4A) supported the notion that MAIT cells
might have migrated to mucosal sites. To assess the homing pro-
file of MAIT cells during HFRS, expression of CCR6, CCR9, and
a4B7 integrin was evaluated by flow cytometry. Very low expres-
sion of CCR9 was detected in MAIT cells, and no significant differ-
ences in the levels of CCR9* MAIT cells were observed between
the groups (Figure 4B). However, expression of «4B7 integrin on
MAIT cells was reduced during days 3-9 and days 10-21 of
HFRS (Figures 4C and 4D). Similarly, expression of CCR6 on
MAIT cells was reduced during days 3-9 (Figures 4E and 4F).
These data show increased levels of plasma chemokines associ-
ated with mucosal tissue homing concomitant with altered expres-
sion of homing markers on MAIT cells during HFRS. This could
possibly reflect redistribution of MAIT cells from blood into tissues.

PUUV-exposed monocytic cells activate MAIT cells

in vitro

Monocytes and dendritic cells are susceptible to PUUV infection
in vitro and upregulate chemokine receptors and the co-stimula-
tory molecule CD86 after exposure to PUUV.?* Myeloid cells
exposed to other types of viruses have been shown previously
to activate MAIT cells.>* To investigate whether MAIT cells could
be activated in a similar fashion by PUUV, PBMCs from healthy
blood donors were exposed to PUUV at MOI 1 or left unstimu-
lated. After 72 h, MAIT cell activation was evaluated by flow cy-
tometry. MAIT cells in PUUV-exposed PBMCs were activated,
as assessed by expression of CD69 (Figures 5A and 5B). Howev-
er, MAIT cells did not upregulate IFN-y, TNF, or IL-17A upon
PUUV exposure (Figure S3A). To study in more detail the mecha-
nisms of PUUV-mediated activation of MAIT cells, we established
an in vitro system based on the human monocytic cell line THP-1
and purified TCR Va7.2" cells from healthy blood donors. THP-1
cells were exposed to PUUV at MOI 5 or left unstimulated for 72 h,
and TCR Va7.2* cells were then added to the THP-1 cells. After
12 h of co-culture, supernatants were collected, and MAIT cells,
here defined as TCR Va.7.2* CD161"9" CD3* cells (see Figure S3B
for the gating strategy), were stained and assessed for activation
by flow cytometry. MAIT cells co-incubated with PUUV-exposed
THP-1 cells were clearly activated, as shown by increased
expression of CD69, CD38, and CD25 at the level of frequency
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Figure 2. Residual MAIT cells are highly activated during HFRS

(A) Representative flow cytometry plots showing frequencies of CD38*, CD69*, granzyme B*, and Ki67* MAIT cells in controls and individuals with HFRS during
the acute phase (days 3-9, n = 22), intermediate phase (days 10-21, n = 18), and convalescent phase (conv.) (n = 24).

(B) Frequencies of CD38*, CD69*, granzyme B*, and Ki67* MAIT cells in controls and individuals with HFRS during the acute phase (n = 22), intermediate phase
(n = 18), and conv. (n = 24). Bars represent median values. Kruskal-Wallis test, Friedman test. *p < 0.05, **p < 0.01, ****p < 0.0001.

and/or MFI (Figures 5C-5F). Furthermore, MAIT cells incubated
with PUUV-treated THP-1 cells also upregulated perforin, gran-
zyme B, and CD107a, suggesting enhanced cytolytic capacity
(Figures 5C-5F). However, no IFN-y expression was detected in
MAIT cells in response to PUUV-exposed THP-1 cells (Figures
5C-5F). These data indicate that monocytic cells exposed to
PUUV can activate MAIT cells and increase their expression of
cytolytic effector molecules.

PUUV-driven MAIT cell activation is dependent on
soluble factors

To investigate whether MAIT cell activation was dependent on
replicating virus, MAIT cells were co-incubated with THP-1 cells
exposed to UV-inactivated PUUV. THP-1 cells exposed to UV-

4 Cell Reports Medicine 2, 100220, March 16, 2021

inactivated PUUV did not induce MAIT cell activation (Figure 6A),
suggesting that THP-1-mediated MAIT cell activation is depen-
dent on active PUUV replication. TCR-mediated activation of
MAIT cells is dependent on recognition of MR1 presenting ribo-
flavin metabolites, produced by many bacteria and certain yeast
species.’’ To date, no virus-derived MR1-presented antigens
have been described. Blocking of MR1 did not abrogate MAIT
cell activation caused by PUUV-exposed THP-1 cells, indicating
that PUUV-exposed THP-1 cells activate MAIT cells indepen-
dent of MR1 (Figure 6B). Next we investigated whether the
MAIT cell activation observed in vitro was dependent on cell-
cell contact. To investigate this, conditioned medium (CM; i.e.,
supernatants from PUUV-exposed THP-1 cells) was collected
and added to purified TCR Va7.2* cells. After 12 h incubation,
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Figure 3. MAIT cell activation correlates with disease severity markers
(A and B) Plasma levels of (A) cytokines and (B) granzymes in controls (n = 18) and individuals with HFRS during the acute phase (days 3-9, n = 24), intermediate

phase (days 10-21, n = 21), and convalescent phase (conv.) (n = 24).

(C) Correlations between plasma IL-6 levels and the frequencies of Ki67*, granzyme B*, and PD-1* MAIT cells during acute HFRS (n = 22).
(D) Correlations between platelet counts and the frequencies of Ki67* and CD38* MAIT cells during acute HFRS (n = 22).
Spearman‘s rank correlation coefficient. Bars represent median values. Kruskal-Wallis test, Friedman test. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

MAIT cell activation was evaluated. Interestingly, CM alone acti-
vated MAIT cells to levels similar to those seen after co-culture
with THP-1 cells (Figure 6B), indicating that MAIT cell activation
was dependent on soluble factors secreted by PUUV-exposed
THP-1 cells. To identify which soluble factors were involved in
activation of MAIT cells, we next analyzed cytokine levels in su-
pernatants from PUUV-exposed and unstimulated THP-1 cells.
Although no IL-6, IL-12, IL-15, or TNF could be detected in the
supernatants, increased levels of IL-18 and IFN-o were detected
upon PUUV exposure (Figures 6C and 6D).

PUUV-mediated MAIT cell activation is dependent on
type I IFNs

Having shown that MAIT cell activation upon co-culture with
PUUV-exposed THP-1 cells was dependent on soluble factors
(Figure 6B), we proceeded with blocking experiments that tar-
geted IL-18 and type | IFNs produced by PUUV-exposed THP-

1 cells. Anti-IL-12 antibodies were also included in the assays
to investigate any synergistic effects of IL-12 levels that may
be below the detection limit of the ELISA. Although IL-18 levels
were increased in THP-1 supernatants (Figure 6C), blocking IL-
18 did not affect activation of MAIT cells co-cultured with
PUUV-treated THP-1 cells (Figures 6E and 6F). In contrast, the
type | IFN decoy receptor B18R efficiently blocked MAIT cell
activation (Figures 6E and 6F), as assessed by inhibition of
CD69 and perforin upregulation. In a few donors, a tendency to-
ward a synergistic effect of IL-18 on perforin expression could be
seen. However, overall, there was no significant reduction in
MAIT cell activation after addition of anti-IL-18 or anti-IL-12
antibodies.

To confirm these findings in primary cells, monocytes enriched
from healthy blood donors as well as human umbilical vein endo-
thelial cells (HUVECs) were exposed to PUUV or left unstimu-
lated. After 48 h, medium from these cells was collected and

Cell Reports Medicine 2, 100220, March 16, 2021 5
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Figure 4. MAIT cells of individuals with HFRS display altered expression of tissue homing markers
(A) Plasma levels of CCL20 and CCL25 in controls (n = 18) and individuals with HFRS during the acute phase (days 3-9, n = 24), intermediate phase (days 10-21, n

= 21), and convalescent phase (conv.) (n = 24).

(B) Frequencies of CCR9* MAIT cells in controls (n = 19) and individuals with HFRS during the acute phase (days 3-9, n = 22), intermediate phase (days 10-21,n=

18), and conv. (n = 24).

(C and D) Representative flow cytometry plots (C) and frequencies (D) of a4B7* MAIT cells in controls and individuals with HFRS.
(E and F) Representative flow cytometry plots (E) and frequencies (F) of CCR6* MAIT cells in controls and individuals with HFRS during the acute phase (n = 22),

intermediate phase (n = 18), and conv. (n = 24).

Bars represent median values. Kruskal-Wallis test, Friedman test. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.

transferred to purified TCR Va.7.2* cells. After 24 h culture, MAIT
cell activation was assessed by flow cytometry. Supernatants
from PUUV-exposed primary monocytes and HUVECs activated
MAIT cells in a similar fashion as THP-1 cells (Figures 6G-6J).
This activation was abrogated by B18R (Figures 6G-6J). As
observed for THP-1 cells, primary cells exposed to PUUV did
not significantly increase IFN-y expression in MAIT cells (Figures
6G and 6H). However, a tendency toward slightly increased
expression of IFN-y could be seen after incubation with superna-
tants from PUUV-exposed monocytes (Figures 6G and 6H). In
general, however, very little cytokine expression was detected
in MAIT cells after culture with supernatants from monocytes
or HUVECs (Figure S3C).

The increased expression of perforin, granzyme B, and
CD107a in MAIT cells activated by PUUV-exposed cells promp-
ted us to analyze the levels of perforin and granzyme B in the cul-
ture supernatants following stimulation with THP-1 cells, primary
monocytes, or HUVEGCs. Interestingly, type | IFN-dependent
release of perforin and granzyme B was detected in all three

6 Cell Reports Medicine 2, 100220, March 16, 2021

model systems, confirming that MAIT cells degranulate (Figures
S3D and S3E). In support of previous findings by Lamichhane
et al.,*® we confirmed that type | IFNs alone can activate MAIT
cells (Figure S3F). Collectively, these data show that PUUV-
exposed cells activate MAIT cells in a type | IFN-dependent
manner, largely independent of IL-18.

Finally, to explore the physiological relevance of IFN-mediated
MAIT cell activation during PUUV infection, plasma levels of IFN-
o were analyzed in individuals with HFRS. Interestingly, and in
contrast to previous reports,”®>° increased IFN-o levels were
observed during acute HFRS compared with convalescence
and controls (Figure 6K). These findings suggest a role of type
I IFNs in MAIT cell activation during PUUV infection.

DISCUSSION
In recent years, multiple studies have reported MAIT cell activa-

tion during viral infection.34:3%:38-42:46.47.56 Hare we characterized
MAIT cell responses in the context of human hantavirus
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Figure 5. PUUV-exposed antigen-presenting cells stimulate MAIT cell activation in vitro
(A and B) PBMCs from blood donors were exposed to PUUV (MOI 1) or left unstimulated for 72 h, and then MAIT cells were assessed for CD69 expression (n=11,

four independent experiments).

(C-F) THP-1 cells were treated with PUUV (MOI 5) or left unstimulated for 72 h and then co-incubated with TCR Va7.2* cells purified from buffy coats from blood

donors for 12 h.

(C and D) Representative flow cytometry plots (C) and graphs (D) showing the frequencies of CD69", CD38*, CD25*, IFN-y*, perforin®, and granzyme B* MAIT
cells after 12 h co-incubation with unstimulated and PUUV-exposed THP-1 cells (n = 6, two independent experiments).

(E and F) Representative histograms (E) and graphs (F) displaying the mean fluorescence intensity (MFI) of CD69, CD38, CD25, IFN-v, perforin, granzyme B, and
CD107a in MAIT cells after 12 h co-incubation with unstimulated and PUUV-exposed THP-1 cells (n = 6, same donors as in C and D, two independent exper-

iments).

Bars represent median values. Wilcoxon signed-rank test. *p < 0.05, **p < 0.001.
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infection. We found that MAIT cell levels were reduced in blood
during acute hantavirus-induced HFRS and that residual MAIT
cells were highly activated and displayed an altered homing
phenotype. Further, we dissected the mechanisms behind
MAIT cell activation in vitro and showed that PUUV-exposed
monocytes and endothelial cells can activate MAIT cells in a
type | IFN-dependent manner.

Hantaviruses cause severe systemic infection in humans,
characterized by high levels of inflammatory cytokines associ-
ated with disease severity.'®>® Affected individuals also
show strong activation and proliferation of various immune
cells.>®?"°" This, together with the observation that hantaviruses
are not cytopathic,’®*° suggests that HFRS and HPS are, to a
significant degree, immune-mediated diseases.'” CD8* T cells
and NK cells have been shown previously to be activated in hu-
mans infected with hantavirus.?®*"*® Here we found that MAIT
cells of individuals with HFRS are highly activated, as assessed
by expression of CD38, CD69, and granzyme B. MAIT cell acti-
vation has been reported previously with several other acute viral
infections.®**" Here we also show that PUUV infection leads to
MAIT cell proliferation, as defined by Ki67 expression. Remark-
ably, in a third of the patients, 20% or more of the MAIT cells
were Ki67*. Although increased Ki67 expression in MAIT cells
has been reported recently in severe coronavirus disease 2019
(COVID-19),°° the magnitude of this response seems to be
greater in individuals with HFRS. The present findings add to pre-
vious reports of MAIT cell responses in viral infection and sug-
gest that MAIT cell activation is an integral part of the immune
response upon viral infection.

Whether MAIT cells are bystanders or active participants in
HFRS pathogenesis remains to be investigated. In dengue virus
infection, expression of CD38 on MAIT cells was higher in indi-
viduals who progressed to dengue hemorrhagic fever, suggest-
ing that MAIT cell activation is associated with a more severe dis-
ease.®* Recently, we reported an association between CD69
expression on MAIT cells and COVID-19 outcome.* In COVID-
19, Ki67 expression is also higher in severe compared with mod-
erate disease.*® In another study, however, CD69 expression of

¢ CellP’ress

MAIT cells was reported to be higher in individuals with COVID-
19 with early as opposed to late hospital discharge, highlighting
the possibility that, in some instances, MAIT cells may have a
protective role in individuals with milder disease.*® In mice,
MAIT cells seem to have a protective role during influenza virus
infection by promoting T cell enrichment at infected sites and
enhancing cytokine production.***” The correlations found
here between plasma IL-6 levels and expression of Ki67, gran-
zyme B, and PD-1 on MAIT cells of individuals with HFRS may
not necessarily indicate a causal association but suggest that in-
dividuals with strong inflammatory responses also exhibit potent
MAIT cell responses. In line with this, MAIT cell activation has
been associated previously with plasma levels of IL-6 in individ-
uals with systemic lupus erythematosus and COVID-19.%:° We
also detected a negative correlation between platelet count and
frequencies of Ki67* and CD38" MAIT cells. Elevated peripheral
IL-6 levels and decreased platelet counts have been associated
with increased disease severity in HFRS and HPS.'°%°* These
data suggest that individuals with more severe disease exhibit
stronger MAIT cell activation. This could reflect a stronger in-
flammatory milieu that drives MAIT cell activation. It is also
possible that MAIT cells contribute to HFRS pathogenesis by
producing pro-inflammatory cytokines. Such a scenario would
be consistent with the recently described role of MAIT cells as
early drivers of the cytokine response during streptococcal toxic
shock syndrome.®’ Whether MAIT cells contribute to disease
resolution or progression during HFRS remains to be elucidated.

Activated MAIT cells can produce pro-inflammatory cytokines
such as IFN-vy, TNF, IL-17A, and GM-CSF.” Cytokine-mediated
MAIT cell activation primarily induces IFN-y production in MAIT
cells.®® This has also been seen upon virus-mediated MAIT cell
activation.***” In the in vitro assays performed here, PUUV-acti-
vated MAIT cells did not show a significant increase in IFN-y or
any other cytokine. This is in line with previous reports showing
that type | IFNs alone fail to induce cytokine expression in MAIT
cells.***® The levels of IL-18 detected in the supernatants of
PUUV-exposed THP-1 cells appeared to be insufficient for induc-
tion of MAIT cell IFN-y production. However, it is possible that the

Figure 6. PUUV-induced MAIT cell activation is dependent on type | IFNs
(A) CD69 expression (fold change normalized to unstimulated, depicted by a dotted line) on MAIT cells after co-incubation with THP-1 cells exposed to PUUV or

UV-inactivated PUUV (n = 5, two independent experiments).

(B) CD69 expression on MAIT cells after co-incubation with THP-1 cells exposed to PUUV in the presence or absence of anti-MR1 and MAIT cells incubated with
conditioned medium (CM) from PUUV-exposed THP-1 cells (n = 8, three independent experiments).
(Cand D) Levels of IL-18 (C) and IFN-a. (D) in supernatants of unstimulated and PUUV-exposed THP-1 cells 72 h after exposure (median + SD of three independent

experiments).

(E and F) Anti-IL-12 antibody and/or anti-IL-18 antibody and/or the type I IFN blocking reagent B18R was added to THP-1 cultures prior to addition of TCR Va.7.2*

cells (n = 8, same donors as in B, three independent experiments).

(E) Representative flow cytometry plots of CD69 and perforin expression on MAIT cells following 12 h co-incubation with PUUV-exposed or unstimulated THP-1

cells.
(F) Frequencies of CD69" and (H) perforin* MAIT cells.

(G-J) Primary monocytes (n = 2) or endothelial cells (ECs) were treated with PUUV (MOI 1) or left unstimulated for 48 h and then co-incubated with purified TCR

Va7.2* cells for 24 h.

G and H) Representative flow cytometry plots (G) and graphs (H) showing the expression of CD69, CD38, IFN-v, granzyme B, perforin, and CD107a on MAIT cells
n = 6, two independent experiments) following 24 h incubation with CM from PUUV-exposed or unstimulated primary monocytes with or without B18R.

n = 6, two independent experiments) following 24 h incubation with CM from PUUV-exposed or unstimulated primary ECs with or without B18R.

(
(t
(I and J) Representative flow cytometry plots (l) and graphs (J) showing the expression of CD69, CD38, IFN-v, perforin, granzyme B, and CD107a on MAIT cells
(t
(

K) IFN-o levels in plasma of controls (n = 19) and individuals with HFRS during the acute phase (days 3-9, n = 18), intermediate phase (days 10-21, n = 16), and

conv. n = 16).

Bars represent median values. Kruskal-Wallis test, Friedman test; median. n.d., not detected. *p < 0.05, **p < 0.01, ***p < 0.001.
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increased IL-18 levels, or other soluble factors, in individuals with
HFRS may stimulate MAIT cells to produce IFN-v in vivo. Hence,
activated MAIT cells in individuals with HFRS could potentially
contribute to the pro-inflammatory cytokine response.

Although PUUV-mediated MAIT cell activation in vitro did not
induce a clear cytokine response, it did cause upregulation and
release of perforin and granzyme B. These data are corroborated
by recent findings showing that cytokine-activated MAIT cells can
degranulate®“® and suggests that virus-primed MAIT cells show
increased cytotoxic capacity. In individuals with HFRS, increased
granzyme B expression in MAIT cells was observed during the
acute phase. Intriguingly, granzyme B expression in MAIT cells
was positively correlated with plasma levels of granzyme A and
B. This suggests a possible link between MAIT cell degranulation
and increased granzyme levels in the blood. Although the function
of extracellular granzymes is not fully understood, a growing body
of evidence points toward them having a pro-inflammatory
role.’?%* Moreover, granzyme B has been reported to cleave
extracellular proteins important for cell-cell integrity.®>°® This
may suggest a possible role of extracellular granzyme B in
causing increased vascular permeability,®>°° a common hallmark
of hantavirus infection.”

The finding that PUUV-mediated MAIT cell activation in vitro is
dependent on type | IFNs suggests a mechanism distinct from
what has been proposed for HCV, dengue virus, and influenza vi-
rus, where IL-18 has been suggested as the key cytokine driving
MAIT cell activation.®**” A synergistic role of type | IFNs has
been shown in HCV- and influenza virus-mediated MAIT cell
activation.>**”*® Type | IFNs have also been shown to have a
co-stimulatory function, boosting MAIT cell responses upon
MR1-dependent activation.*® Here we show that PUUV-driven
MAIT cell activation is dependent on type | IFNs. However, it
should be noted that, although MAIT cell activation in vitro was
dependent on type | IFNSs, it is possible that other cytokines
contribute to activation in individuals with HFRS.

We observed significant decline in blood MAIT cells during
acute HFRS. No reduction was seen in non-MAIT T cells, indi-
cating a degree of cell type specificity in this decline. Neverthe-
less, it is possible that other innate-like T cell subsets are also
affected in a similar manner as MAIT cells. Loss of blood MAIT
cells has been observed previously in infection with HIV, HCV,
HBV-HDV, influenza virus, HTLV-1, and SARS-CoV-2,%*%6:2%
40,43:45,56 g1 ggesting that this is common in many viral infections.
Similar to what has been seen for influenza virus and SARS-CoV-
2 infection,>>*%*” the reduction of MAIT cells in the blood of in-
dividuals with HFRS appeared to be transient. This is in contrast
to what has been seen in chronic viral infection with HIV and
HCV, where MAIT cell loss seems to be permanent.*?*"43:56
The observation that blood MAIT cells levels of individuals with
HFRS were restored at convalescence indicates that MAIT cells
are not depleted. A possible explanation for the transient decline
in blood MAIT cells is redistribution to specific tissues, as re-
ported recently for monocytes and dendritic cells during
HFRS.?* Here we observed increased plasma levels of CCL20
during acute HFRS, which could potentially drive re-distribution
of CCR6™ MAIT cells from the blood to mucosal sites. Indeed, re-
sidual blood MAIT cells of individuals with HFRS showed an
altered homing profile where the frequencies of cells expressing
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the mucosal tissue homing marker CCR6 and the gut homing
marker o487 integrin were reduced.

Additional analyses of the residual MAIT cells showed that the
CD8* MAIT cell compartment was reduced in frequency during
acute HFRS. Similar findings have been reported for HBV-HDV-
co-infected individuals and individuals with COVID-19.%%%? The
observed downregulation of CD8 on CD8* MAIT cells of HFRS
could be one explanation for this reduction and may also explain
the relative increase in the DN MAIT cell compartment.®® More-
over, because CD8" MAIT cells seem to express higher levels
of a4f7 integrin than DN MAIT cells,*° it is possible that CD8*
MAIT cells are more prone to migrate to tissue. Further, given
that CD8* MAIT cells produce IFN-y and TNF to a higher degree
compared with DN and CD4* MAIT cells,”>®” one can speculate
that CD8* MAIT cells might contribute to local inflammation at
sites where they may be enriched during HFRS.

In conclusion, we show that MAIT cells are reduced in the
blood during HFRS and that remaining MAIT cells are highly acti-
vated. The observed correlations between MAIT cell activation
and markers of disease severity suggest that more severe dis-
ease may be associated with higher MAIT cell activation. Further,
we show that PUUV-mediated activation of MAIT cells in vitro is
dependent on type | IFNs, independent of IL-18, and does not
trigger MAIT cell cytokine production. PUUV-mediated MAIT
cell activation does, however, increase the cytolytic potential
of MAIT cells, which may potentially promote inflammation.

Limitations of study

One limitation of this study is the relatively small study popula-
tion. Although HFRS caused by PUUV often leads to hospitaliza-
tion, the disease course is rarely very severe. A larger study
population might have allowed stratification of individuals into
different disease severity groups and revealed direct associa-
tions between MAIT cell activation markers and disease severity.
Such analyses are likely easier to address in studies including
individuals with HPS. Investigation of MAIT cell responses in in-
dividuals with HPS would also allow analyses of associations
with fatality. The analyses in this study were limited by sample
availability. Given the low MAIT cell levels in individuals with
HFRS, a larger sample volume (i.e., more PBMCs from patients)
would have allowed functional studies aiming to describe the
cytokine production capacity of MAIT cells during HFRS.
Furthermore, access to tissue samples, such as biopsies from
the lungs or gut, would permit assessment of MAIT cell infiltration
into tissues. We showed that PUUV-driven MAIT cell activation
was dependent on type | IFNs in three different in vitro infection
models. However, none of these models fully mimics the cyto-
kine milieu in peripheral blood of individuals with HFRS. Further
studies using 3D infection models or serum-based models may
add to the understanding of how hantaviruses modulate MAIT
cell responses.
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Mouse monoclonal anti-TCR Va7.2 PE-Cy7
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Mouse monoclonal isotype control IgG1
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BD Biosciences
BioLegend
BioLegend
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BD Biosciences

NIH AIDS Reagent Program,
Division of AIDS, NIAID, NIH®®
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Cat#557943, clone UCHT1

Cat#353307, clone GB11, RRID:

Cat#301038, clone RPA-T8, RRID: AB_2563213
Cat#317440, clone GB11, RRID: AB_2562912
Cat#502542, clone 4S.B3, RRID: AB_2563882
Cat#6607110, clone TP1.55.3

Cat#551138, clone DX12

Cat#512334, clone BL168, RRID: AB_2563986
Cat#563418, clone MAb11

Cat#351706, clone 3C10, RRID: AB_10899577
Cat#612807, clone 2A3

Cat#502309, clone BVD2-21C11,
RRID: AB_11148950

Cat#130-095-755, clone C8.6
Cat#D044-3, clone 125-2H
Cat#361103, clone 26.5
Cat#401401, clone MG1-45

Bacterial and virus strains

PUUV strain CG-1820 Tkachenko et al.®” N/A

Biological samples

PBMC from HFRS patients and controls Blood bank at the University N/A
Hospital of Umed, Umed, Sweden

Plasma from HFRS patients and controls Blood bank at the University N/A
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Buffy coats from blood donors Blood Transfusion Clinic at the N/A
Karolinska University Hospital
Huddinge, Stockholm, Sweden
Chemicals, peptides, and recombinant proteins
LIVE/dead™ Fixable aqua dead cell stain kit Thermo Fisher Scientific Cat#L.34957
Streptavidin QD585 conjugated Thermo Fisher Scientific Cat#Q10111MP
MR1 5-OP-RU tetramer BV421 conjugated NIH Tetramer Core Facility; N/A
Corbett et al.*°
MR1 5-OP-RU tetramer PE conjugated NIH Tetramer Core Facility; N/A
Corbett et al.*°
RosetteSep™ Human monocyte enrichment cocktail StemCell Technologies, Inc. Cat#15068

Recombinant human IFN alpha A (alpha 2A)
Recombinant viral B18R protein

BD GolgiStop™ Protein transport inhibitor
(containing monensin)

BD GolgiPlug™ Protein transport inhibitor
(containing brefeldin A)

PBL assay
R&D Systems
BD Biosciences

BD Biosciences

Cat#11100-1
Cat#8185-BR-025
Cat#554724

Cat#555029

Critical commercial assays

Human Magnetic Luminex Assay

Human IFN-¢. pan ELISA development kit (HRP)
Human IL-6 ELISA development kit (HRP)
Human IL-12 ELISA development kit (HRP)
Human TNF ELISA development kit (HRP)
Human IL-15 DuoSet ELISA

Human IL-18 DuoSet ELISA

Human granzyme B DuoSet ELISA

Human Perforin ELISA Kit

eBioscience Foxp3/Transcription Factor Staining
Buffer Set

R&D Systems
Mabtech
Mabtech
Mabtech
Mabtech
R&D Systems
R&D Systems
R&D Systems
Invitrogen/Thermo Fisher
Scientific
eBioscience

Cat#L.XSAHM-18, ref: LCeMKDJQ
Cat#3425-1H-6

Cat#3460-1H-6

Cat#3455-1H-6

Cat#3511-1H-6

Cat#DY247-05

Cat#DY318-05

Cat#DY2906-05

Cat#BMS2306

Cat#00-5523-00

Transcription Factor Buffer Set BD Biosciences Cat#562725

FluoReporter Mini-biotin-XX Protein Labeling Kit Invitrogen/Thermo Fisher Cat#F6347
Scientific

Experimental models: cell lines

Human: A549-V cells 0 N/A

African green monkey: Vero E6
Human: HUVEC
Human: THP-1

ATCC
Lonza
ATCC

Cat#CRL-1586, RRID: CVCL_0574
Cat#CC-2519, batch: 0000474578
Cat#TI1B-202, RRID: CVCL_0006

Software and algorithms

FlowdJo version 10.7.1
GraphPad Prism 9.0.0

Tree Star Inc.
GraphPad Software

https://www.flowjo.com

https://www.graphpad.com

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents may be directed to the Lead Contact, Kimia T. Maleki (kimia.maleki@

ki.se).

Materials availability

This study did not generate new unique reagents.
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Data and code availability
This study did not generate or analyze datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient samples

Twenty-four Swedish HFRS patients and 19 community-matched uninfected controls were included in the study. The patients were
diagnosed with PUUV infection at Umea University Hospital in Umed, Sweden, during the years 2006-2014. PBMCs were isolated
from whole blood using CPT tubes, as previously described,?* and stored in liquid nitrogen until analysis. Plasma was collected
and stored at —80°C until analysis. Written consent was obtained from all subjects before participation. Ethical approval for the study
was obtained from the Regional Ethics Committee of Umed University (application number 04-133M).

Patient characteristics and clinical data are summarized in Table 1. The 24 HFRS patients included 9 females and 15 males of a
mean age of 49 years (range 29-67 years) and the controls included 6 females and 13 males of a mean age of 50 years (range 38-70
years). Samples from the acute, intermediate, and convalescent phase were collected from HFRS patients at a median of 6 days
(range 3-9 days), 13 days (range 10-21 days), and 130 days (range 42-574 days) post symptom debut, respectively. Intermediate
samples were available for 21 of the 24 HFRS patients.

Cells and viruses
PBMCs for in vitro studies were isolated from buffy coats obtained from Karolinska University Hospital (Stockholm, Sweden) using
Lymphoprep (StemCell Technologies, Inc.). Cells were rested overnight in RPMI-1640 medium (GE Healthcare) supplemented with
25 mM HEPES (GE Healthcare), 2 mM L-glutamine (Thermo Fisher Scientific), 10% FCS (Sigma-Aldrich), 50 ug/mL gentamicin (Life
Technologies), and 100 ug/mL normocin (InvivoGen). TCR Va7.2" cells were isolated from PBMCs by positive selection using PE-
conjugated anti-TCR Va7.2 antibody and anti-PE MACS microbeads (Milteny Biotec), according to the manufacturer’s instructions.
Monocytes were enriched from PBMCs isolated from blood donors using RosetteSep Monocyte Enrichment Cocktail (StemCell
Technologies, Inc.). Primary monocytes and THP-1 cells (sex: male) (ATCC) were maintained in RPMI-1640 medium supplemented
as described above. Primary human umbilical vein endothelial cells (HUVECSs) (pooled donors, sex: mixed) (Lonza) were maintained in
EGM-2 medium supplemented according to the manufacturer’s guidelines (Lonza), with the exception that cortisone was only
included until cells were split to plates used for infection experiments. Human A549-V cells’® (sex: male) and African green monkey
VeroEBS cells (sex: female) were grown in MEM supplemented with 5% FCS, 2 mM L-glutamine, and penicillin-streptomycin (Thermo
Fisher Scientific). All cells were cultured at 37°C in 5% CO,.

PUUV strain CG-1820°° was propagated on A549-V° cells as previously described for Vero E6 cells.® Supernatants were pelleted
by ultracentrifugation and then viruses were resuspended in MEM supplemented as described above, aliquoted and stored at
—80°C. Viral titer was determined by titration on Vero E6 cells, as previously described.*®

METHOD DETAILS

In vitro PUUV stimulation of PBMCs

PBMCs (1x10° cells per well in a 96 well plate) were exposed to PUUV at a multiplicity of infection (MOI) 1 for 2 h, or left unstimulated,
at 37°C and then washed once. Anti-CD107a antibody was added to the cells at the start of the cultures. After 72 hincubation at 37°C,
cells were centrifuged and stained for flow cytometric analyses.

In vitro stimulation of MAIT cells using THP-1 cells

THP-1 cells (0.2x10° cells per well in a 96 well plate) were exposed to PUUV at MOI 5 for 3 h, or left unstimulated, at 37°C and then
washed once. PUUV was UV-inactivated using a VL215G Vilber Lourmat UV lamp (Torcy) for 25 s and used as a control. After 72 h,
isolated TCR Va7.2* cells (0.2x10° cells) were added to the THP-1 cells. Blocking antibodies (5 ng/ml) were added to the THP-1 cells
2 h before start of the co-culture, while B18R (1 ng/ml) was added 10-12 h before start of the co-cultures. Anti-CD107a antibody was
added at the start of co-cultures. After 12 h of co-culture, supernatants were collected and cells were stained for flow cytometry.

In vitro stimulation of MAIT cells using primary cell supernatants

Primary monocytes (0.2x108 cells per well in a 96 well plate) were exposed to PUUV at MOI 1 for 2 h. HUVECs (0.2x10° cells per
well in a 24 well plate) were infected with PUUV for 1 h, with gentle shaking every 15 min. Monocytes and HUVECs were then
washed and resuspended in fresh medium. After 48 h, cell culture supernatants from unstimulated and PUUV-exposed mono-
cytes and HUVECs were collected and either used directly or frozen at —80°C. B18R was added to the collected supernatants
4-5 h prior to experiments. TCR Va7.2* cells (0.2x10° cells per well in a 96 well plate) were resuspended in conditioned medium
from monocytes or HUVECs, with or without B18R, and maintained at 37°C. After 24 h, supernatants were collected, and cells
were stained for flow cytometry. TCR Va7.2" cells stimulated with recombinant IFN-a, (1000 U/ml) (PBL assay) were used as
control.
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Biotinylation assay
a4B7 integrin antibodies were biotinylated using FlouReporter Mini-biotin-XX Protein Labeling Kit (Invitrogen), according to the man-
ufacturer’s protocol.

Flow cytometric analyses

Brefeldin A (Golgi Plug, BD Biosciences) and monensin (Golgi Stop, BD Biosciences) were added to cultures 4-5 h prior to staining.
The following antibodies/conjugates were used for phenotypical characterization of MAIT cells in HFRS patients and controls: CD69-
BUV395, PD-1-BUV737, granzyme B-AF700, CD14-V500, CD19-BV510, CD161-BV650, CCR6-BV786, (all from BD Biosciences),
Ki67-AF488, CCR9-AF647, CD3-APC-Cy7, CD38-BV711, CD4-PE-Cy5, TCR Va7.2-PE-Cy7 (all from BioLegend), a4B7 integrin
(NIH),®® streptavidin-QD585, and CD8-QD605 (Thermo Fisher Scientific). PBMCs from patients and controls were washed once after
thawing, and then stained with MR1 5-OP-RU tetramer-BV421°° for 40 min at room temperature. Extracellular staining was per-
formed for 30 min at room temperature. Dead cells were identified using Live/Dead Aqua (Invitrogen). Cells were fixed and permea-
bilized using Transcription Factor Staining Buffer Set (eBioscience) and intracellular staining was performed for 60 min at room
temperature.

The following antibodies were used for characterization of MAIT cells in in vitro experiments: CD107a-BUV395, CD25-BUV737,
CD3-AF700, CD161-PE-Cy5, TNF-BV650 (all from BD Biosciences), granzyme B-FITC, perforin-BV421, CD8-BV570, CD38-
BV650, CD4-BV711, IFN-y-BV785, TCR Va7.2-PE-Cy7, TCR Va7.2-PE, IL-17A-APC, GM-CSF-APC (all from BioLegend), and
CD69-ECD (Beckman Coulter). Cells were stained with MR1-OP-RU tetramer-PE®° for 40 min at room temperature, followed by
extracellular staining with antibodies for 20 min at 4°C. Cells were fixed and permeabilized using Transcription factor buffer set
(BD Biosciences) for 30 min at 4°C before intracellular staining for 30 min at 4°C. For experiments with purified TCR Va7.2" cells,
no tetramer was used.

All samples were acquired on a BD LSR Fortessa instrument (BD Biosciences) equipped with 355, 405, 488, 561, and 639 nm la-
sers. Data were analyzed using FlowJo version 10.7.1. (Tree Star Inc.).

Multiplex immunoassay
Plasma levels of IL-18, IL-2, IL-6, IL-10, IL-12 (p70), IL-15, IL-17A, IL-17C, IL-17E, IL-18, IL-22, TNF, IFN-y, CCL20, CCL25, granzyme
A, and granzyme B were measured in plasma diluted 1:2, using a custom Magnetic Luminex Screening assay (R&D Systems).

ELISA

IFN-o levels in cell culture supernatants and patient plasma were analyzed using human IFN-o. pan ELISA development kit (Mabtech)
according to the manufacturer’s guidelines. Plasma was diluted 1:3 in ready-to-use ELISA diluent (Mabtech) prior to IFN-a. ELISA.
Levels of IL-6, TNF, and IL-12 in supernatants were analyzed using ELISA development kits (Mabtech) and levels of IL-15, IL-18,
and granzyme B in supernatants were analyzed using DuoSet ELISA kits (R&D). Perforin levels were assessed using human perforin
ELISA kit (Invitrogen), according to the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Graph Pad Prism v.9. Kruskal-Wallis test with Dunn’s multiple comparison test was used
for statistical comparisons between controls and HFRS patients. Paired comparisons within HFRS patients or between more than
two in vitro conditions were performed using Friedman’s test with Dunn’s multiple comparison test. Wilcoxon signed-rank test
was used for pairwise comparisons of two groups. Spearman’s rank correlation coefficient was used for examining correlations.
Bar graphs show median. n-values are indicated in the figure legends and refer to number of patients or blood donors.
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