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Abstract

Innate myeloid cells especially neutrophils and their extracellular traps are known to
promote intravascular coagulation and thrombosis formation in infections and various
other conditions. Innate myeloid cell dependent fibrin formation can support systemic
immunity while its dysregulation enhances the severity of infectious diseases. Less is
known about the immune mechanisms preventing dysregulation of fibrin homeostasisin
infection. During experimental systemic infections local fibrin deposits in the liver
microcirculation cause rapid arrest of CD4" T cells. Arrested T helper cells mostly
represent Thl7 cells that partially originate from the small intestine. Intravascular
fibrin deposits activate mouse and human CD4" T cells which can be mediated by direct
fibrin - CD4" T cell interactions. Activated CD4" T cells suppress fibrin deposition and
microvascular thrombosis by directly counteracting coagulation activation by
neutrophils and classical monocytes. T cell activation, which isinitially triggered by IL-
12p40- and MHC-II dependent mechanisms, enhances intravascular fibrinolysis via
LFA-1. Moreover, CD4" T cells disfavor the association of the fibrinolysis inhibitor
TAFI with fibrin whereby fibrin deposition isincreased by TAFI in the absence but not
presence of T cells. In human infections thrombosis development is inversely related to
microvascular levels of CD4" T cells. Thus, fibrin promotes L FA-1 dependent T helper
cell activation in infections which drives a negative feedback cycle that rapidly restricts

intravascular fibrin and thrombosis development.



Introduction
Inflammation and thrombosis are closely coupled responses to infections’. Innate immune
cells such as neutrophils and monocytes are quintessential activators of fibrin formation and
mediators of thrombosis during systemic immune processes. Through expulsion of neutrophil
extracellular traps (NETS) neutrophils promote thrombosis via different mechanisms that help
to initiate and stabilize developing thrombi?. Monocytes trigger fibrin formation by activating
the NLRP3 inflammasome and subsequent release of tissue factor (TF) through pyroptosis®.
During systemic infections activation of intravascular coagulation promotes the
formation of microvascular thrombi that can restrict the dissemination and survival of
bacteria®. Innate immune cell-controlled coagulation activation inside the microvasculature
can thus participate in antimicrobial defense, analogous to the protective function of
coagulum formation in evolutionarily ancient organisms®. So far, it is only incompletely
known whether immune cells apart from innate leukocytes, especially cells of the lymphocyte
lineage, participate in controlling intravascular coagulation and microvascular thrombosis
during infections. Aberrant fibrin generation and dysregulated micro- and
macrovascular thrombosis can be detrimental consequences of innate immune responses to
severe infections. Pathological thrombosis in connection with inflammation critically
aggravates the morbidity and mortality of SARS-CoV-2 infections® and sepsis’. Hence it is of
particular interest to dissect the endogenous mechanisms that restrict intravascular fibrin
generation in infection. Endothelial cells are known to be critical protectors against excessive
fibrin deposition in the microcirculation such as via production of anticoagulant molecules
including activated protein C and local stimulation of fibrinolysis.
Here we identify close bidirectional connections between CD4*
T cells and microvascular fibrin homeostasis in vascular infection. Local fibrin deposits are
shown to promote the arrest and LFA-1 dependent activation of CD4" T cells in the
microcirculation. Activated T helper cells rapidly restrict innate myeloid-cell driven
thrombosis at and, favored by T cell migration, distant from their arrest sites by stimulating

fibrinolysis and disabling fibrinolysis inhibition

M ethods

Mice

Male and female mice (10-14 weeks old, age-matched) were infected with E. coli (3.2 x 10°)
or S. pneumoniae (1 x 10°) via tail vein injection. Rivaroxaban (Santa Cruz) was injected at 3

mg/kg body weight 4h before infection. Cell depletion and neutralization was performed as



described in the supplementary methods. All animal experiments were approved by the local
authorities (Regierung von Oberbayern).
K aede experiments

The small intestine of kaede x |117a<auska

mice was surgically exposed to photoconvert the
accessible cells (dorsal and ventral) with BlueWave LED Prime UVA (Dymax) for 2x 30s.
24h later mice were infected with E. coli®. Flow cytometry was performed as described in
supplementary methods.

I solation and Migration of CD4" T cells

For intravital imaging or adoptive transfer experiments mouse CD4" T cells were isolated
from spleen of uninfected C57BL/6J donor mice. Blood was collected from healthy human
donors as approved by the local ethics committee of the Medical Faculty of LMU Munich.
Human CD4" T cells were isolated from peripheral blood according to the manufacturer’s
instructions (CD4" T Cell Isolation Kit, 130-096-533, Miltenyi Biotec). Cells were incubated
on Fibrin or poly-L-ornithine coated microscopic glass slides with a-human CD3 antibody (5
ug/ml, HIT3a, Biolegend) with a-human CD28 antibody (5 pg/ml, CD28.2, Biolegend) or
treated with either an IgG control or an anti-human LFA-1 antibody (20 ug/ml, BioXCell).
Isolated CD4" T cells were fixed, blocked and incubated with AF647-labeled aCD69 antibody
(1 pg/ml, Biolegend) and Dapi (1 pg/ml, Sigma Aldrich). For each experiment at least 10
visual fields (225 x 225 um) per donor were analysed by confocal microscopy.

I mmunohistochemistry

The murine livers and lungs were collected and fixed with neutral buffered 4% PFA at 4°C for
1h, dehydrated in 30% sucrose for 24h at 4°C and embedded in Tissue Tek. 10 pm
cryosections were fixed in 4% PFA, washed and blocked with 2% BSA solution or with 10%
goat serum (Sigma Aldrich). For permeabilization, 0.1%-0.3% Triton-X 100 was added.
Tissue sections were incubated with unlabeled or labeled primary antibodies for 1h at room
temperature or overnight at 4°C. The labeling of primary antibodies was performed according
to the manufacturer’s instructions (A20181, Thermo Fisher Scientific).

Tissue samples from the lung of patients with acute respiratory distress syndrome caused by
infections with SARS-CoV-2 (n=12) or influenza virus (n=8) were obtained from autopsies.
SARS-CoV-2 or influenza infections were diagnosed by PCR ante mortem. Mean age was
78.7£2.6 (SARS-CoV-2) and 68.1£5.5 years (Influenza). 41.7% (SARS-CoV-2) and 37.5%
(Influenza) of the patients were female, respectively (FigS6A).

Plasmin formation by mouse and human T helper cells



To analyze the fibrinolytic activity of different immune cells, plasmin formation was
determined. For clot preparation, plasminogen (1 mg/ml, Sigma Aldrich) and fibrinogen (2.5
mg/ml, Sigma Aldrich) (1:80 vol/vol) were mixed and thrombin was added (4U/ml; 3:1
vol/vol, Sigma Aldrich). The suspension was incubated for 1h at 37°C in 96 well plates.
Afterwards chromogenic substrate S-2251 (1.5 mmol/l, Diapharma) and T helper cells
(mouse: 100,000 cells/well, human: 100,000 cells/well) were added. In the case of human T
helper cells, T cells were activated on fibrin-coated 96 well plates in the presence of aCD3
and oCD28 antibodies as described above, and plasmin formation registered in situ. The
optical density (Asos) was determined every 5 to 10min to measure the protease activity of the
generated plasmin.

RNAseq

CD4" T cells were isolated from the liver of uninfected and infected WT mice as described
above. Library preparation for bulk-sequencing of poly(A)-RNA was done largely as

described previously °.

Results
CD4" T cellsrestrict intravascular fibrin deposition in early systemic infections

To identify the immune cells regulating intravascular coagulation during systemic
infections with E. coli we imaged nucleated cells arrested in the liver microcirculation, the
major site of bacterial colonization. Neutrophils (Ly6G"), classical (Ly6C'Ly6G") and non-
classical monocytes (CX3CR1*Ly6C"), CD4" T cells and B cells (CD19") were recruited to
the liver microcirculation with different kinetics (Fig. 1a). T helper cells represented largely
Th17 cells (RORyT") and regulatory T cells (Foxp3"; Tregs) and lower amounts of Th2 cells,
while B cells were mostly Bla cells (CD5") (Fig. 1A; Supplementary Fig. 1A).

Since the role of T helper cells in systemic infections and coagulation is
incompletely defined and T helper cells were recruited as abundantly as myeloid cells we
analyzed their transcriptomic profiles. Unbiased analyses of the mRNA expressions of liver-
resident CD4" T cells indicated the enrichment of genes predicted to be involved in innate
immune responses (Fig. 1B; confirming proinflammatory functions of T helper cells™).
Remarkably, the gene cluster with the second highest enrichment score represented T cell
genes implicated in blood coagulation. Among the coagulation genes regulators of fibrinolysis
predominated during early infection (Fig. 2A).

Microvascular fibrin deposition was highest 3 h after infection

(Supplementary Fig. 1B). Analyses of fibrin formation in systemic blood at the same time



point indicated no change in coagulation time or other parameters compared to non-infected
controls (Supplementary Fig. 1C). tPA levels in systemic blood were increased by infection
consistent with increased fibrinolysis (Supplementary Fig. 1D). Imaging of coagulation
proteins in the microcirculation showed that basic mediators of fibrinolysis (plasminogen,
tPA, UPA, UPAR) were associated with CD4" T cells at the peak of fibrin formation (Fig. 2B).
Tissue factor (TF), the initiator protein of coagulation, was mostly associated with classical

B™). Overall, CD4" T cells represented the immune cell

monocytes and neutrophils (Fig. 2
with the highest association of fibrinolysis activators (Fig. 2B). Comparisons between
different T helper cell subtypes indicated that most of the Th17 cells and part of the regulatory
T cells (Tregs) and Th2 cells were positive for the plasminogen activator uPA (Supplementary
Fig. 1E). Next, we investigated whether T helper cells regulated
fibrin deposition. Depletion of T helper cells strongly reduced circulating CD4" T cells
(Supplementary Fig. 1F). Moreover, arrest of CD4" T cells in the liver microcirculation was
completely abolished by depletion of CD4" T cells (from 5.2 to 0.07 CD4" T cells/visual
field). CD4" T cell depletion sharply increased fibrin deposition in microvessels of the liver
and the lung (Fig. 3A,B). Particularly, the absence of CD4" T cell enhanced microvascular
thrombosis (Fig. 3A). Also, fibrin deposition and thrombus formation occasionally observed
in larger vessels were increased after CD4" T cell depletion (Fig. 3C). AST and ALT levels,
indicators of liver tissue damage, were largely unchanged in early infection both in the
presence and absence of T cells (Supplementary Fig. 1G). Thus CD4" T cells inhibited fibrin
deposition and development of thrombosis during systemic infection.

In contrast to the changes by T
helper loss, depletion of neutrophils (which reduced circulating neutrophils by 93%)
decreased fibrin deposition (Supplementary Fig. 2A). Moreover, intravascular fibrin was
reduced in the absence of classical monocytes (Supplementary Fig. 2A). Thus CD4" T cells
rapidly suppress fibrin deposition during initial fibrin formation and thereby counteract
procoagulant neutrophils and classical monocyte. In advanced stages of venous thrombosis
and under non-infectious conditions, neutrophils and CD4" T cells especially regulatory T
cells (Tregs)™* cooperatively enhance resolution of venous thrombosis™. Depletion of Tiegs only
slightly increased fibrin deposition in early systemic infection (Supplementary Fig. 2B). This
suggested that other T cell subtypes such as Th17 cells contributed predominantly to restrict
fibrin deposition and indicated that under infectious conditions CD4" T cells acted as direct
antagonists of innate myeloid cells. Similar to E.coli infection, infection with the Gram-

positive Spneumoniae triggered microvascular fibrin generation in the liver and the lung (Fig.



3D). CD4" T cell depletion also amplified fibrin deposition in streptococcal infection (Fig.
3D).
CD4" T cells stimulate fibrinolysis in early infection

To dissect the activity of T cell-associated fibrinolysis activators CD4" T cells were
isolated from uninfected and infected mice and analyzed for their ability to support formation
of plasmin ex vivo. T cells from infected mice and, less so, from uninfected mice, promoted
plasmin formation (Fig. 4A). Moreover, isolated human T helper cells supported plasmin
formation which was enhanced by TCR-dependent T cell activation (Supplementary Fig.
2C™). Next, activated mouse CD4" T cells were adoptively transferred into factor Vlla-
supplemented mice (to enhance fibrin levels). Activated T cells decreased fibrin deposition
which was prevented by pretreatment of the cells with fibrinolysis inhibitor EACA
(Supplementary Fig. 2D). Furthermore, neutralization of uPA in vivo, which was
preferentially associated with T cells (Fig. 2B), enhanced fibrin deposition in control mice,
but not in T helper cell-depleted mice (Fig. 4B).

Since CD4" T cells promoted fibrinolysis during the
initial increase in fibrin deposition, we studied the involvement of thrombin activatable
fibrinolysis inhibitor (TAFI) which connects coagulation to fibrinolysis*"®. Neutralization of
TAFI activity by anti-TAFI antibody that specifically targets activated TAFI did not affect
fibrin deposition in control mice consistent with earlier work™. Yet, anti-TAFI antibody
suppressed fibrin formation in CD4" T cell-depleted mice (Fig. 4C). Inhibition of TAFI by
CPI (also preferentially inhibiting activated TAFI) confirmed that activated TAFI regulated

fibrin deposition in the absence but not in presence of T helper cells (Fig. 4D).

Imaging of the TAFI localization in the microcirculation of control mice indicated a
higher association of TAFI with CD4" T cells compared to other types of leukocytes (Fig.
4E). Apart from its cellular association, TAFI was mainly associated with fibrin deposits®®
(Fig. 3F,G). Together, this is consistent with regulation of fibrinolysis on both cellular and
fibrin surfaces™. After CD4" T cell depletion, TAFI colocalized almost exclusively with the
increased fibrin-covered areas (Fig. 4F,G). The extent of TAFI association with fibrin was
enhanced in CD4" T cell depleted mice (Fig. 4F). Thus, CD4" T cells prevented fibrinolysis
inhibition by TAFI which could be mediated in part by their ability to reduce the association
of TAFI with fibrin.

Intravascular fibrin promotes T cell arrest and activation

Since CD4" T cells partially colocalized with fibrin and components of the coagulation
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system affect T cell recruitment®, we next investigated whether fibrin contributed to T cell
arrest. In mice deficient for coagulation factor XII (f127), in which fibrin deposition was
inhibited compared to control mice (Supplementary Fig. 3A), arrest of CD4" T cells was
strongly reduced compared to WT mice (Fig. 5A). In mice treated with rivaroxaban, an
inhibitor of coagulation factor Xa that suppressed fibrin formation, arrest of T cells,
particularly of Th17 cells, was lowered (Supplementary Fig. 3B,C). Conversely, in
plasminogen-deficient mice (plg”) with increased fibrin deposition (from 8.2 + 0.3 (WT) to
22.8 + 3.0% fibrin-covered area (plg™); n = 3 mice/group, p < 0.05), immobilization of CD4"
T cells and especially of Th17 cells were augmented (Fig. 5B).

T cells recovered at the peak of fibrin formation highly
expressed genes involved in T cell activation (Supplementary Fig. 3D). Notably, CD4" T cells
colocalizing with fibrin and expressed the activation markers CD69 and CD38 (Fig. 5C).
Besides their presence in microvessels, activated CD4" T cells were detected in association
with thrombi in larger vessels (Supplementary Fig. 3E). Rivaroxaban decreased the levels of
arrested CD69" T cells substantially (Fig. 5D). Furthermore, T cell activation was decreased
in f12 mice compared to WT mice (Fig. 5E). Rivaroxaban also reduced IFNy*T cells which
are another sign of early T cell activation. (Fig. 5F).

The high percentages of CD69'T cells in early infection
could suggest that T cell activation may be mediated at least in part by TCR-independent
cytokine (or “bystander”) activation®. To dissect the contributions TCR-dependent and/or -
independent T cell activation, we prevented TCR dependent T cell activation with anti-MHC-
Il antibody. We also used anti-1L-12p40 antibody to inhibit IL-12- and IL23-mediated T cell
activation thus preventing in particular cytokine-mediated activation of Th17 cells**. MHC-II
inhibition reduced the amount of activated T cells (Fig. 5F). Moreover, anti-IL-12p40
antibody decreased T cell activation (Fig. 5F). Particularly, the levels of activated T cells
(CD69" IFNy™) colocalizing with fibrin were decreased by neutralizing MHC-11 or 1L-12p40
inhibition (Supplementary Fig. 3F). Thus early CD4" T cell activation by fibrin was supported
by TCR- and cytokine-dependent mechanisms.

LFA-1 mediates T helper cell migration and fibrin-dependent T cell activation

We next analyzed the source and intravascular movements of the T cells regulating
coagulation. To investigate their intestinal origin®, we photoconverted cells in the small
intestine of Kaede mice by UV light to emit red fluorescence instead of green fluorescence

(Supplementary Fig. 4A)*. 24h later systemic infection was induced with E. coli.
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Photoconverted T helper cells were detected in the infected livers and to a lesser extent in the
lungs (Supplementary Fig. 4B). Most of the intestine-derived T helper cells in the liver
represented Th17 cells.

We used multi-photon intravital microscopy to track the movements of CMTPX-
labeled CD4™ T cells inside the liver microvasculature. We observed a rapid arrest of part of
the circulating T cells while other T cells crawled unidirectionally along the vessel wall or
performed alternating movements with and against the blood flow (Fig. 6A,B; Supplementary
Video S1). Real-time imaging of T helper cell movements showed that neutralization of the
major T cell integrin LFA-1?" with anti-LFA-1 decreased the unidirectional T cell crawling
along the vessel wall (Fig. 6C). In contrast, suppression of fibrin formation by rivaroxaban did
not alter T cell migration (Supplementary Fig.5A, Supplementary Video S2). Moreover,
neutralization of LFA-1 did not change T cell arrest (Fig. 6C). In contrast, it decreased T cell
activation substantially, especially activated T cells that were fibrin-associated (Fig. 6D;
Supplementary Fig. 5B).

Next, we studied the role of fibrin for T cell activation in human CD4" T cells in vitro.
T cells adhering to poly-L-ornithine coated surfaces where activated via the TCR. The
increase in CD69 expression thus observed was unaffected by inhibition of LFA-1 (Fig. 6E).
Fibrin-coated surfaces noticeably enhanced activation of T cells. T cell activation by fibrin
was largely suppressed by LFA-1 inhibition (Fig. 6E). Contrary to the effect of fibrin on T
cell activation, fibrin did not affect migration of human T cells (Fig. 6F), agreeing with the in
vivo observations (Supplementary Fig. 4C). Inhibition of LFA-1 markedly decreased the
fibrinolytic activity of the activated T cells (Supplementary Fig. 5C). Thus, LFA-1 mediated
both T cell migration and T cell activation-dependent fibrinolysis which allowed CD4" T cells

most likely to inhibit fibrin deposition both at and distant from sites of T cell arrest.

Microvascular CD4" T cells and thrombosis in human infections

Pulmonary thrombosis is a deleterious consequence of aberrant immune activation in
severe infections including SARS-CoV-2 infection®®?°. We analyzed autopsies from patients
with SARS-CoV-2 infections and compared them with autopsies from patients with influenza
virus infections (Supplementary Fig. 6A). CD4" T cells were visualized in different vascular
beds of the lung to explore their potential role in thrombosis. The number of CD4" T cells
detected in microvessels and larger vessels in patients with SARS-CoV-2 infections was
lower compared to patients infected with influenza virus (Fig. 7A,B). Thrombotic vessel

occlusions were massively increased and pulmonary thrombi tended to be elevated in SARS-



12

CoV-2 infections compared to influenza virus infection (Fig. 7C, Supplementary Fig. 6B).
TAFI strongly colocalized with fibrin-rich thrombi in SARS-CoV-2 infections (Fig. 7D) but
barely with intraluminal immune cells. Thus, the enhanced fibrin depositions and TAFI
localizations in human infections with strongly reduced microvascular T cell levels resembled
the changes in T cell-depleted mice. Overall, thrombosis formation in lung vessels during
viral infections exhibited an inverse association with microvascular CD4" T cell levels (Fig.
7E).

Discussion

Innate immune cells including monocytes and neutrophils critically promote intravascular
fibrin formation and thereby favor the development of different types of micro- and
macrovascular thrombosis*™. They initiate coagulation via the TF-initiated extrinsic pathway
of coagulation and propagate fibrin generation by formation of NETs. Due to the potentially
deleterious consequences of thrombotic vessel occlusions intravascular coagulation needs to
be maintained in a homeostatic balance thus disfavoring pathological thrombosis. Although
endothelial cells can efficiently protect against excessive intravascular fibrin generation, their
anticoagulant and profibrinolytic functions are often compromised during infections,
especially at sites of thrombus formation, or they may even be converted into procoagulant
mediators®. This suggests that additional mechanisms are required to prevent excessive
intravascular fibrin and development of thrombosis in infections.

Our study shows that mutual interactions between CD4" T cells and
fibrin establish an efficient negative feedback cycle suppressing intravascular fibrin and
microvascular thrombosis during infections. Since T helper cells curtail fibrin deposition
during the initial rise in fibrin formation they act as direct antagonists of procoagulant innate
myeloid cells, especially counteracting neutrophil dependent fibrin formation. It is well
possible that increases in proinflammatory cytokines such as IL-1f3, TNFo or IL-6 as induced
by systemic infection contribute to regulate the inhibitory and enhancing effects of T helper
cells and innate myeloid cells, respectively, on intravascular fibrin deposition.

Intravital imaging and immunohistochemistry analyses reveal
that fibrin deposits drive the arrest and LFA-1 dependent activation of CD4" T cells. The
arrested T cells mostly represent Th17 cells that are recruited at least in part from the
intestine, a major site of residence of Th17 cells. T helper cell activation appears to require

direct fibrin-LFA-1 interactions and is in part mediated by IL-12p40, a component of both
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IL-12 and IL-23% that preferentially targets Th17 cells®, as well as by MHC-II dependent
mechanisms. Activation and migration of CD4" T cells
in turn suppresses fibrin deposition throughout the vasculature by neutralization of TAFI-
induced fibrinolysis inhibition and direct stimulation of fibrinolysis. During early infection,
CD4" T cells are indeed the major intraluminal carriers of fibrinolysis regulators including
plasminogen and their activators. T helper cell dependent inhibition of TAFI is shown to be
related to the ability of the T cells to prevent the association of TAFI with fibrin, a
prerequisite for TAFI-dependent cleavage of C-terminal lysine residues in fibrin® and
subsequent fibrinolysis inhibition. This mechanism could contribute to explain why (at
presumably normal T cell levels) TAFI deficiency does not result in substantial changes in
fibrin formation and thrombosis development™.

Dysregulations of coagulation are characteristics of severe SARS-CoV-2 infections
and might sustain in part long-term sequelae of Covid-19 infections®*®. Since activated
CD4" T cells promote fibrinolysis and their loss increases intravascular fibrin via TAFI, the
inverse relations between T cell arrest and thrombosis observed here suggest that also in
human infections CD4" T cells might protect from pathological thrombosis. Consequently,
lymphopenic conditions, a common feature of fatal infections and other diseases®%,
critically dysregulate thrombosis per se. The opposing effects of neutrophils vs. CD4" T cells,
the major circulating lymphocyte fraction in human blood, suggest why increased
neutrophil/lymphocyte ratios (for example®) predispose for different types of pathological

thrombosis.
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L egendsto Figures

Figure 1 Microvascular recruitment of immune cells during systemic infection

A, ldentities and kinetics of arrested immune cells (1-6h) (A) in mice infected with E. coli (3-
6h) in the. B, Unbiased DAVID cluster analysis of significant altered genes (adjusted p <0.05)
in uninfected (Oh) and infected (3h and 18h) mice.

Boxes indicate different mice. Dots refer to different visual fields (A) analyzed from 3 - 9
animals per group. In violin plots, box plots indicate 25th and 75th percentiles and median is
marked by bold lines (A). P-values were calculated by One-way ANOVA (A). *P <0.05, **P
<0.01, ***P <0.001, ****P <0.0001.

Figure 2 CD4" T cellsexpressand attract major fibrinolysisregulators

A, Heatmap showing mRNA expression levels of T helper cell genes implicated in negative
regulation of coagulations of uninfected (Oh) or infected mice (3h, 18h). Boxes indicate
different mice. B, Associations of TF, uPA, uPAR, PLG and PAI-1 with arrested immune
cells in mice infected with E. coli (3-6h) in the liver (last graph showing percentage of
myeloid cells and CD4" T cells). Dots refer to different visual fields (B) analyzed from 3 - 6
animals per group. In violin plots, box plots indicate 25th and 75th percentiles and median is
marked by bold lines (B). P-values were calculated by One-way ANOVA (B). *P <0.05, **P
<0.01, ***P <0.001, ****P <0.0001.

Figure 3 Suppression of intravascular fibrin and microvascular thrombosis by T helper
cells

A-D, Representative images of liver microcirculation (A, left) and macrovasculature (C) and
quantifications of microvascular fibrin deposition and microthrombi in the liver or lung
(A,B,D) after infection with E. coli (A-C) or after infection with Spneumoniae (D) in T
helper cell-depleted mice («CD4, 1h (A), 3h (B,C), 6h (D)). Values indicate intravascular
fibrin-covered area as percentage of total intravascular area in the liver (A,B,D) or of
intravascular fibrin-covered area per visual field in the lung (B,D). Dotted lines indicate
vessel walls. Bar, 10 um (A) or 20um (C). Dots refer to different visual fields (A) analyzed
from 3 animals per group or the mean of at least 5 visual fields per animal (B,D). In violin
plots, box plots indicate 25th and 75th percentiles and median is marked by bold lines (A). P-
values were calculated by unpaired two-tailed t-test (A,B,D). *P <0.05, **P <0.01, ****p
<0.0001.
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Figure 4 Thrombin activatable fibrinolysis inhibitor (TAFI) increases fibrin deposition
in absence of CD4' T cdlls

A, Plasmin formation by CD4" T cells from uninfected and infected (3h) mice. B-D,
Microvascular fibrin-rich area in liver microcirculation after «CD4 and oUPa treatment (B),
TAFI neutralization (C) or CPI injection (D). E, Association of TAFI with leukocytes
(CD45") and T helper cells (CD45" CD3") 3h after infection. F, TAFI colocalization with
CD4" T cell (3h, IgG) or other immune cell rich thrombi (aCD4, 3h). G, Association of TAFI
with fibrin deposits in vicinity of CD4" T cells (control) or T cell-free immune cell thrombi
(CD4" T cell depletion). Dots indicate different animals (B-E,G) or mean value from 3
independent samples (A). Data shown as means + s.e.m. P-values calculated by Two-Way
ANOVA (A,C) or unpaired two-tailed t-test (B,D,E,G). P values calculated compared to
control group (A). *P <0.05, **P <0.01, ***P <0.001, **** P<0.0001.

Figure 5 Fibrin critically drivesarrest of T helper cells

A,B, CD4" T cells or CD4* RORyt" cells (B) arrested in liver microvessels in 12 mice (6h)
(A) or plg” mice (3h) (B) infected with E. coli. C, Percentage of activated T helper cells
(defined as CD38" or CD69") in fibrin-negative (-) or fibrin-positive (+) areas (3h). D,E, T
helper cell activation in the liver microcirculation of rivaroxaban-treated WT mice (D) and
12" mice (3h) (E). F, Percentage of IFNy" T helper cells in rivaroxaban treated mice. G,
Percentage of T helper cell activation in mice treated with aMHC-II or alL12p40-antibody
prior to infection with E. coli (3h). In violin plots, box plots indicate 25th and 75th percentiles
and median is marked by bold lines (A,B). A minimum of 3 biological replicates was
analyzed (A-G) and dots indicate different animals (C-G). Scale bar, 10um (C). Data shown
as means * s.e.m. P-values calculated by unpaired two-tailed t- test (A- G). *P <0.05, **P
<0.01, **p <0.01.

Figure 6 Fibrin activates T helper cels via LFA-1
A,B Time lapse showing intravascular unidirectional (A) and back-forward (B) crawling of
CMTPX-labeled CD4" T cells (magenta) by multi-photon intravital imaging (1-6h, E. coli).
Dragon tails visualize the last 100s of cell movements. Bar, 10 um C, Effect of aLFA-1
antibody on unidirectional migration and arrest of T helper cells in the liver microcirculation
analyzed by multi-photon intravital imaging (1-6h). D, Percentages of activated CD4" T cells
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arrested in microvessels after treatment with oLFA-1 antibody (3h). E, Effect of aLFA-1
antibody on activation of isolated human CD4" T cells in vitro on poly-L-ornithine- or fibrin-
coated surfaces. L, Migration of isolated human CD4" T cells on fibrin- vs. poly-L-orinithine
coated surfaces. Lines indicate covered distance by single cells. Speed of cell movements is
color coded. Dots indicate different animals (D), different videos (C) analyzed in at least 3
animals per group, or isolated cells from different donors (E). Scale bar 10um (A,B) or 20
um (F). Data shown as means * s.e.m. P-values calculated by Mann-Whitney test (C),
unpaired two-tailed t-test (D) or Two-Way ANOVA (E). *P <0.05, **P <0.01.

Figure 7 Thrombosis development in human infections is negatively associated with T
cell arrest

A,B, CD4" T cells in pulmonary vessels with diameter <50 um (A) or 50-500 um (B) in
patients with SARS-CoV- 2 or influenza virus infections in post-mortem histological analysis
of human lung samples with pulmonary infections. C, Representative image of thrombus in
pulmonary vessels of a patients with severe influenza virus (left) or SARS-CoV-2 infection
(right). Bar, 20 um. D, Association of TAFI with leukocyte-free thrombi during SARS-CoV-2
infection. E, Correlation between pulmonary thrombosis and intravascular T helper cells Bar,
20um. Dots indicate different patients (A,B,E). Values given as mean * s.e.m. P-values
calculated by unpaired two-tailed t-test (A,B) or Pearson’ correlation with 95% confidence
interval (E). **P <0.01, ***P <0.001.
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Supplementary Data - Mutual regulation of CD4" T cells and intravascular fibrin in infections

Supplementary Methods
Mouse treatments

The following antibodies were used for depletion of immune cells: CD4* T cells (aCD4 antibody,
GK1.5, 500 pg/mouse, Biolegend)'?, neutrophils (aLy6G antibody, 1A8, 400ug/mouse,
BioXCell)® and classical monocytes (adCCR2 antibody, 20pg/mouse)*. The following antibodies
or chemicals were used for neutralization prior to infection: auPA> (MU1; 10 mg/kg body weight,
provided by Michael Ploug), aTAFI®* (MA-RT36A3F5, 5 mg/kg body weight, both provided by
Paul Declerck), carboxypeptidase inhibitor (CPI, C0279, Sigma)), aLFA-17 (M17/4, 100
pg/mouse, BioXCell), oMHC-II® (Y-3P, 500 pg/mouse, BioXCell), alL12p40° (C17.8, 500
pg/mouse, BioXCell). Factor VIla (Novoseven®, Novo Nordisk) was injected via tail vein as

previously described!?.

Thrombelastometry and tpa ELISA

Blood was collected from the mice by cardiac puncture using natrium-citrate as a anticoagulant
(1:10). Fresh whole blood was immediately used for analysis (<30min) after collection for optimal
results. Thus, we combined 300 pl of murine whole citrate blood 20 pl of EXTEM solution (#503-
05, Tem Innovations GmbH, Munich, Germany) in reagent cups (#200011, Tem Innovations
GmbH) and added 20 pl of StarTEG solution (#503-10, Tem Innovations GmbH). Subsequently,
we determined clotting time (CT), clot formation time (CFT), maximum clot firmness (MCF), and
the alpha angle at 37 °C.

For the assessment of tpa levels, collected blood was centrifuged at 2500g for 20min at 4°C twice
to collect platelet poor plasma. Plasma was added to the ELISA and preparation and measurements
were performed according to manufacturer’s instructions (biorbyt #orb776434) at 450nm using a

plate reader.

Analysis of Kaede mice

Excitation of the photoconvertible protein Kaede with an ultraviolet laser causes the emission to
change from green to red Kaede green and Kaede red cells were detected via flow cytometry by

their respective fluorescence emission and Th17 cells were identified as CD45" CD3" CD4" IL-



17A". To exclude ydT cells, kaede green and kaede red cells were analyzed as CD45* CD3*
CD4* TCRyd" IL-17A" cells. Less than 15% of CD45" CD3" CD4" IL-17A" cells represented
vOT cells.

CD4 Isolation

The spleen was gently smashed through a 70 um strainer and cells were collected in MACS buffer
(2 mM EDTA, 0.5% bovine serum albumin (BSA) in PBS) and pelleted afterwards (450g, Smin)
at room temperature. The pellet was resuspended in cold 1x RBC lysis buffer (8.26 g NH4Cl, 1.19
g NaHCO3,0.2 ml 0.5 M EDTA in 11 ddH:O, pH 7.3) and incubated for Smin. The reaction was
stopped by adding MACS buffer (2-3x). Cells were resuspended and passed through a filter (40
pm pore size) and diluted in MACS buffer for cell separation. CD4" T cells were isolated according
to the manufacturer’s instructions (CD4* T Cell Isolation Kit, 130-104-454, Miltenyi Biotec).
Before transfer of T helper cells, lymphocytes were activated in vitro using Dynabeads®
CD3/CD28 according to the instructions of the manufacturer (11452D, ThermoFisher) and in some
cases treated with 6-Aminocaproic acid (EACA, 10 mM, A2504, Sigma) for 2 hours. Cells were
injected i.v. into mice for intravital imaging (2.5 x 10) or after factor VIla-treated mice (4 x 10°).
For RNAseq experiments, plasmin formation assay and Kaede experiments, CD4" T cells or
CD4'IL-17AKawshka* T cells were isolated from the liver or lung of uninfected and infected
C57BL/6J mice or kaede x I117a%"s" mice by flow cytometry. Small tissue pieces of max. 5 mm
size were digested for 45min at 37°C with collagenase buffer (10% heat-inactivated FBS, 1% 100%
HGPG, 1 mM CaCl,, 1 mM MgCls, 100 U/ml collagenase IV (Sigma), 10 U/ml DNase I (Roche)
in RPMI 1640 (Gibco)), forced through a cell strainer and pelleted by centrifugation (350g, 10min,
4°C). Lymphocytes were separated using 67-40% Percoll gradient, resuspended in FACS buffer
(2.5% FCS, 0.03% sodium azide, in PBS) and incubated with antibodies against CD4 (1:400,
GK1.5 or RM4-5, Biolegend), CD3 (1:400, 17A2, Biolegend) and CD45 (1:200, 30-F11,
Biolegend) for 20min at 4°C in the dark. Red and green Kaede cells were sorted for their IL-17A
positivity.

Isolation of human CD4" T cells
Mononuclear cells were separated by Ficoll-Paque PLUS (400g, 40min, room temperature, diluted
3:1 with isolation buffer (2 mM EDTA in PBS)). Cells were washed (300g, 10min, room

temperature) and centrifuged at 200g, 10min at room temperature to remove platelets. The pellet



was diluted in MACS buffer, followed by cell isolation according to the manufacturer’s

instructions (CD4" T Cell Isolation Kit, 130-096-533, Miltenyi Biotec).

In vitro activation and migration of CD4* T Cells

Microscopic glass slides (Menzel SuperFrost Plus) were coated with 0.01% poly-L-ornithine
(Sigma-Aldrich) for 1h at room temperature or with fibrin for 45min at 37°C. For the coating with
fibrin, fibrinogen from human plasma (Sigma-Aldrich) was diluted in sterile 0.9% NaCl- solution
(2.5 mg/ml) and mixed 3:1 with Thrombin (4U/ml). a-human CD3 antibody (5 pg/ml, HIT3a,
Biolegend) was added to the slides and incubated for 3h at 37°C followed by washing 3x with
PBS. Isolated CD4" T cells were resuspended at 1 x 10° cells/ml in RPMI Medium 1640
(Glutamax, 2 mM HEPES, 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin). The cells
were incubated with a-human CD28 antibody (5 pg/ml, CD28.2, Biolegend) at 37°C and 5% CO»
in a humidified atmosphere. In some cases cells were treated with either an IgG control or an anti-
human LFA-1 antibody (20 pg/ml, BioXCell).

To measure T cell migration, 10° T helper cells were added to the pre-treated slides and
incubated for 30min to allow their tight interaction with the surface. The cells were then visualized
every Smin for 3h in a visual field of 500 pm x 500 um (37°C, 5% CO,). To track the cell
movements, the videos were analyzed using FIJT (Trackmate Plugin'!). Both, the covered distance

as well as the speed of the cells were analyzed.
Immunohistochemistry of frozen samples

All antibodies were unconjugated unless stated otherwise. Sections were stained with secondary
antibody (1:1000, AF488, AF546, AF594, AF647, a-rat IgG, a-rabbit IgG, a-mouse IgG, a-goat
IgG, Thermo Fisher) for 1h at 4°C. Dapi (1 pg/ml, Sigma Aldrich) or DRAQS (5 uM, Biolegend)
were used for detection of nuclei.

The following antibodies were used to detect endothelial cells and to analyze formation of fibrin
and thrombi: a-stabilin-2 (1:200, MBL), aCD31 antibody (1:50, abcam), a-fibrin IIf chain
antibody (1:200, T2G1, WAK-Chemie Medical GmbH). For analysis of intravascular fibrin
deposition, the total vascular area of microvessels (< 20 pm diameter) and the fibrin-covered area
inside the vessels were measured. Fibrin deposition was either calculated as percentage of fibrin-

covered area of total intravascular area or as total amount of intravascular fibrin-covered area per



visual field. All fibrin parameters were calculated from 3 to 5 visual fields (142.7 pm x 142.7 um)
amounting to a total number of >100 analyzed vessels per mouse.

The different types of immune cells were identified by staining with antibodies against Ly6C
(1:400, ER-MP20, abcam), Ly6G (1:100, 1A8, Biolegend, primary labelled AF488) or CX3CR1
(1:200, abcam). The different types of T helper cells were detected by staining with the following
antibodies: aCD3 (1:100, Novus biologicals), aCD4 (1:150, Biorbyt or 1:150, bioss, AF488),
aRORyt (1:100, Biorbyt), aTbet (1:100, antibodies-online), aGATA3 (1:200, 1A12-1D9,
Invitrogen), aFoxp3 (1:300, Novusbio). 90.4% of CD4" cells were identified as CD3"T cells. B
cells were stained by using aCD19 (1:100, SouthernBiotech, FITC conjugated) and aCD5 (1:200,
eBioscience Invitrogen) antibodies. Lymphocyte activation was analyzed by staining with aCD69
(1:400, R&D Systems) or aCD38 antibodies (1:100, 38C03, Invitrogen).

TF and IL-2 expressions were detected with oTF (1:250, 1H1, Genentech (Roche)) and alL-2
antibodies (1:400, abcam), respectively. For detection of fibrinolytic mediators, auPA (1:100,
Proteintech or 901420, R&D systems), auPAR (1:100, abcam), aplasminogen (1:100, abcam),
oaTAFT (1:100, LSBio) and oPAI-1 (1:100, abcam) antibodies were used. For all
immunohistochemical quantifications at least 10 visual fields (142.7 pm x 142.7 pm) were
analyzed for each sample. For the verification of the cellular internalization of immune complexes
Z-stacks with a stepsize of 1 um were analyzed. All immunohistochemical images were

independently evaluated by two researchers.

Immunohistochemistry of human samples

Samples were fixed with 4% PFA and embedded in paraffin. Three micrometer sections were
deparaffinized with ROTI-Histol (Carl Roth) for 20min and re-hydrated through graded ethanol
washes. Antigen retrieval was performed with Tris-EDTA buffer (10 mM Tris base, | mM EDTA,
0.05% Tween 20, pH 9) for 7min at full pressure in a pressure cooker. After washing with tab
water, sections were blocked with 2% BSA, 10% goat serum, 0.1% Tween-20 in TBS for 1h at
room temperature and washed afterwards (3 x 3min) with TBS-T. Samples were incubated with
primary antibodies (aeCD4 (1:200, Bioss); aCD31 (1:100, JC/70A, abcam); afibrin 3 chain (1:100,
REF 350, LOXO0)) for 1h at room temperature or overnight at 4°C, washed and incubated with
secondary antibody for 1h at 4°C. Tissue sections were mounted with Fluoroshield Mounting

Medium with Dapi (abcam).



For analysis of thrombus formation or vessel occlusion the fibrin-covered area per vessel was
measured. Thrombi were defined as aggregates formed by fibrin without or with attached blood
cells that obstructed blood vessels by >60%. Vessel occlusions were defined as vessel obstructions
>90%. For each sample at least 50 visual fields (290 pm x 290 pum) were analyzed. All
investigations were approved by the local ethics committees (Medical Faculty of Justus-Liebig
University: 29/01, Charité Berlin and Medical University of Graz: 32-362ex19/20).

Confocal Microscopy

For imaging of IHC sections and in vitro ICC experiments confocal microscopy was performed as
described previously ! or with an inverted Leica SP8X WLL microscope, equipped with 405 nm
laser, WLL2 laser (470 - 670 nm) and acusto-optical beam splitter at the Core Facility Bioimaging
of the Biomedical Center of LMU Munich.

Multi-photon intravital imaging

CD4" T cells isolated from C57BL/6J mice were stained with 10 uM CMTPX (Invitrogen) cell
tracker for 20min at 37°C in a humidified atmosphere. CMTPX-labeled CD4" T cells (2.5 x 109,
in 200 pl sterile PBS) were i.v. injected into mice 10min after infection with E. coli. Mice were
anaesthetized by intraperitoneal injection of midazolame (5 mg/kg body weight, Ratiopharm),
medetomidine (0.5 mg/kg body weight, Pfizer), and fentanyl (0.05 mg/kg body weight, CuraMed
Pharma GmbH). One liver lobe was exposed by a suction ring. FITC-Dextran (2,000 kDa, Sigma
Aldrich) was injected via catheter to label the blood flow. For intravital imaging a Multiphoton
TrimScope II system (LaVision BioTec) connected to an upright Olympus microscope equipped
with a Ti: Sa laser Chameleon Ultra II (coherent tunable in the range 690 to 1,080 nm) was used
at 800nm excitation wavelength. The emission was detected by four high sensitive GaAsP
(Gallium arsenide phosphide) detectors for single beam scanning and an additional PMT detector
for Dodt contrast. Single images were acquired at a depth of 20 to 30 um with a Z-interval of 2um.
ImSpector Pro (LaVision Biotec) was used as the acquisition software. For each animal, videos
were taken over 5-6h. Videos were analyzed using Imaris 9.6.0 (Bitplane, Zurich). Migrating of
CD4" T cells was defined as a movement with a speed between 0.1 pm/s and 1.0 pm/s and an
average velocity below 0.35 pm/s. Tracking was performed from the beginning to the end of the
locomotion sequence within a video.

Flow Cytometry



Blood was drawn by cardiac puncture and red blood cell lysis was performed. Cells were washed
and stained using antibodies against CD45 (biolegend, 30-F11, PerCPCy5.5), CD3 (biolegend,
17A2, APC), CD4 (biolegend, RM4-5, PE), Ly6G (biolegend, 1A8, BV711). Dead cells were
stained using Fixable Viability Kit (Zombie, NIR, biolegend) according to manufacturer’s
instruction. Samples were acquired using an LSR Fortessa Flow Cytometer (BD Biosciences) and

analyzed using FlowJo (BD Biosciences).

RNA Sequencing

In contrast to '3, the P5 and P7 sites were exchanged to allow sequencing of the cDNA in readl
and barcodes and UMIs in read2 to achieve better cluster recognition. The library was sequenced
on a NextSeq 500 (Illumina) with 67 cycles for the cDNA in readl and 16 cycles for the barcodes
and UMIs in read2. Data were processed using the published Drop-seq pipeline (v1.12) to generate
sample- and gene-wise UMI tables ', For mapping raw sequencing data reference genome
(GRCm38) was used for alignment. Transcript and gene definitions were used according to the
GENCODE Version M25. The resulting UMI filtered count matrix was imported into R v3.4.4.
Prior differential expression analysis with DESeq2 v1.18.1 (10.1186/s13059-014-0550-8),
dispersion of the data was estimated with a parametric fit using the time point as explanatory
variable. The Wald test was used for determining differentially regulated genes between different
time points. Shrunken log2 fold changes were calculated afterwards. A gene was determined to be
differentially regulated if the absolute apeglm shrunken log2 fold change was at least 1 and the
adjusted p-value was <0.01. Rlog transformation of the data was performed for visualization and
further downstream analysis.

To further investigate the function of T helper cells as coagulation regulators in the context of
systemic infection, an unbiased cluster analysis was performed with all significantly altered
(adjusted p-value <0.05) genes. This was performed using the bioinformatics database DAVID
Huang et al., 2009) by comparing the significantly altered genes with the following defined
categories: KEGG Pathway, Gene Ontology Term Biological Process, and the functional
categories Biological Process, Cellular Components, and Molecular Function. Subsequently,

clusters were created automatically with medium stringency.

Statistical information



All statistical analyses were performed using GraphPad Prism 9 (GraphPad Software). The mean
values are given = s.e.m. The results were compared by unpaired two-tailed t-test, One- or Two-
way ANOVA with Tukey’s, Sidak’s or Dunnett’s post hoc tests. To test the groups of data for
normality the D’Agostino-Pearson omnibus normality test was used. In case of non-normal
distributions of data, a Mann-Whitney test was performed instead of unpaired two-tailed t-test.
Correlation was determined by Pearson’s correlation coefficient in case of normality. Unless
otherwise described, all n-values given refer to separate experiments (biological replicates)
performed on different animals or independent cell preparations. P values < 0.05 were considered
significant.

Data availability

The data that support the findings of this study are available from the corresponding author upon
request.
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Supplementary Fig. 1 T helper cell subtypes and fibrin homeostasis in systemic infection

A,D, T helper cell subsets in the liver microcirculation (A) and association of uPA with different
subsets (D) (E. coli, 1h). B, Kinetics of intravascular fibrin deposition after E. coli infection. C,
Clotting time, clot formation time, medium clot firmness and alpha angle measured by
thrombelastometry in murine whole blood in uninfected (Oh) and infected (3h) mice. D, tpa levels
in murine plasma in uninfected (Oh) and infected (3h) mice. E, Percentage of CD4" T cells of
CD45" leukocytes in the blood of mice treated with aCD4 or control antibody (3h after infection).
F, AST and ALT serum levels in the blood of uninfected mice as well as in infected mice treated
with aCD4 or control antibody (3h). Dots represent different animals (A,C-E,G) or different visual
fields in at least 3-9 animals per group (B). Data given as means + s.e.m (A,C-E,G). P-value
calculated by One-way ANOVA (A,B,E) or unpaired two-tailed t-test (D). *P <0.05, **P <0.01,
*#%p <0.001, ****P <0.0001.

Supplementary Fig. 2 Differential effects of innate immune cells vs. CD4" T cells on fibrin

deposition

A,B Microvascular fibrin deposition in the liver after depletion of neutrophils (aLy6G, 3h, A left),
classical monocytes (/CCR2, 1h, A, right) or Treg (CD25, 3h, B). C, Plasmin formation by
isolated human T helper cells obtained from 3 different human donors. D, Fold change in
microvascular fibrin deposition in the liver after injection of activated CD4" T cells, FVIla and
infection with E. coli (3h). Red line indicates fibrin deposition in FVIIa treated mice without CD4*
cell injection. Dots represent different animals (A,B,D) or different donors (C). Data given as
means + s.e.m (A,C,D,F). P-value calculated by One-way ANOVA (A-C,G) or unpaired two-
tailed t-test (F,H). *P <0.05, **P <0.01, ****P <0.0001.

Supplementary Fig. 3 T cell arrest and activation at the peak of fibrin formation

A,B Microvascular fibrin deposition in f7 27/~ mice (A) and after rivaroxaban treatment of WT
mice (3h, E. coli) (B). C, Arrested CD4" T cells and RORyt" cells in the liver microcirculation

after treatment with rivaroxaban. D, Heatmap showing mRNA expression levels of T helper cell



genes implicated in T cell activation (GO: 0042110) of uninfected (Oh) or infected mice (3h, 18h).
E, CD69 expression of T helper cells in a thrombus in the macrovasculature (3h). F, Percentage
of T helper cells that are positive for fibrin, CD69 and IFNy. Dots indicate different animals (A-

C,F). Data shown as means + s.e.m. P- values calculated by unpaired two-tailed t-test (A-C,F).*P

<0.05, **P <0.01, ***P <0.001.

Supplementary Fig. 4 Origin of liver-associated T helper cells

A, The small intestine of kaede x 117" transgenic mice was exposed to UV light, E. coli were
injected i.v. and liver and lung were harvested. B, Kaede red- and green-emitting cells were sorted
via flow cytometry for IL-17A" cells and IL-17A" cells in the liver (left) and lung (right). Dots
indicate different animals . Data given as means + s.e.m. P-value calculated by unpaired two-tailed

t-test . *P <0.05.

Supplementary Fig. 5 Regulation of fibrin homeostasis and LFA-1 dependent activation of
CD4'T cells

A, Effect of rivaroxaban treatment on unidirectional migration of T helper cells 1-6h after infection
with E. coli analyzed by multi-photon intravital microscopy. B, Percentage of IFNy* T helper cells
either fibrin positive or negative in aLFA-1 treated mice. C, Effect of aLFA-1 antibody on plasmin
formation by resting (Trest) or activated (Tact) human CD4" T cells. Dots indicate different
animals (B), different donors (C) or different videos of 3 animals per group (A). A minimum of 3
biological replicates was analyzed. Data shown are means + s.e.m. P-values were calculated by
Two-way ANOVA (B) or One-way ANOVA (C). *P <0.05, **P <0.01, *** P <0.001, ****P
<0.0001.

Supplementary Fig. 6 Thrombotic vessel occlusions in patients with SARS-CoV-2 and
influenza virus infections

A, Patient characteristics B, Number of thrombi and vessel occlusions in lungs of patients
infected with influenza virus or SARS-CoV-2. Data are means + s.e.m.. P-values calculated by

unpaired two-tailed t-test (B). *P <0.05.



Supplementary Videos

Supplementary Video S1 Intravital imaging of T helper cell movements in the liver
microcirculation during infection

Intravital multi-photon microscopy of the liver microcirculation of mice infected with E. coli
(1h-6h). Representative video of experiments on 3 different mice. Videos show representative
unidirectional migration and backward-forward movements of CD4" T cells. CD4* T cells
(CMPTX, red), blood flow (FITC-dextran, green), Kupffer cells (autofluorescence, white/grey).
Bar, 10 um. Videos related to Extended Fig. 4A,B.

Supplementary Video S2 Effect of LFA-1 neutralization on intravascular migration of
CD4" T cells

Intravital multi-photon microscopy of the liver microcirculation of E. coli-infected mice treated
with aLFA-1 antibody or control antibody (1h-6h). Representative video of experiments on 3
different mice per group. CD4" T cells (CMPTX, red), blood flow (FITC-dextran, green),
Kupffer cells (autofluorescence, white/grey). Bar, 50 um. Videos related to Fig. 4C.
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catecholamine
patient cohort sex age BMI active cancer ECMO requirement

1 Covid-19 female 80 255 no no yes
2 Covid-19 female 81 hd no no no
3 Covid-19 male 83 23 no no yes
4 Covid-19 male 79 32 yes no no

Covid-1 male 85 27.2 no no no

Covid-1 female 92 24 no no yes
7 Covid-1 female 7 27 no no yes

Covid-1 male 7 35 no no yes
9 Covid-1 male 71 23 no no yes
10 Covid-19 male 65 42 no no no
11 Covid-19 female 93 28 no no yes
12 Covid-19 male 67 26 no no no
13 Infl female 74 33 no no yes
14 Influenza female 81 26 no no yes
15 Influenza female 65 39 no no yes
16 Influenza male 90 21 no no yes
17 Influenza male 61 23 no no no
18 Influenza male 78 24 no no yes
19 Influenza male 43 246 no yes no
20 Influenza male 53 hd no yes yes
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