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Summary

Sterile tissue injury after stroke causes lymphocyte contraction in lymphoid tissues and may
decrease circulating IgA-levels. Intestinal Peyer’s patches (PP) harbor large numbers of IgA*
B cell precursors and plasma cells. Whether and how tissue injury triggers PP-B cell death,
thereby mediating IgA-loss, is unknown. We found decreased circulating IgA levels in stroke
and myocardial infarction patients. Experimental stroke and myocardial infarction in mice
phenocopied the human situation. Decreased plasma and fecal IgA were accompanied by
rapid and macroscopic shrinkage of PP caused by substantial losses of PP-resident IgA*
precursors and plasma cells in mice. Tissue injury induced neutrophil activation endowed with
the release of toxic neutrophil extracellular traps (NETs). Antibody-mediated or genetically-
induced neutrophil loss, digestion of NETs, or inhibition of their release by the Gasdermin D
blockade completely prevented lymphocyte loss and PP shrinkage. We also identified NETs
in the plasma of stroke and myocardial infarction patients. Hence, tissue injury induces
systemic NET-release, which might be targeted to maintain immune homeostasis at mucosal

barriers.
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Introduction

Stroke and myocardial infarction are life-threatening disorders with a few therapeutic options.
Systemic bacterial infection is a frequent comorbidity and is associated with poor clinical
outcomes. Ischemic tissue injury triggers exhaustion of over-activated immune cells and the
resulting immunosuppression makes the mucosal barriers vulnerable to microbial invasion® 22,
Intestinal B cells are the major source of antibody-producing plasma cells and play a
fundamental role in the protection of mucosal barriers. Peyer’s patches (PP), central structures
of gut-associated lymphoid tissues (GALT), contain substantial numbers of plasma cell
precursors that later migrate to the lamina propria (LP) and secrete immunoglobulin (Ig) A
antibodies*. Under homeostatic conditions, the generation of IgA-producing plasma cells
occurs in the germinal centers of PP and requires complex interactions between B cells,
antigen-presenting cells, and helper T cells®. The constant exposure of PP to commensal
microflora or food antigens also induces tolerance in immune cells, thus inhibiting unwanted
inflammation® and autoimmunity’. Patients with ischemic stroke have decreased IgA levels and
thus are at higher risk for bacterial infections®. Indeed, bacterial infections are a major reason
for high mortality after stroke®'°. However, despite the important role of B cells in mucosal
barrier defense and immune homeostasis, the effects of sterile tissue injury on intestinal B cells

remain largely unexplored.

Here, we used experimental mouse models of ischemic stroke, myocardial infarction (MI) and
blood samples from human stroke and MI patients to identify influences on intestinal B cell
numbers and the amounts of circulating and secretory IgA antibodies. Using several molecular
and imaging approaches, we found that the release of NETs triggers rapid and long-lasting
loss of intestinal B cells which reduced the amounts of circulating IgA after ischemia-induced
tissue injury. Inhibiting NET release from neutrophils by Gasdermin D blockade completely

inhibited the loss of B cells after stroke.
Results
Tissue injury decreases IgA levels and intestinal lymphocytes

To determine the amounts of circulating IgA levels in stroke patients, we analyzed plasma
samples by immunoassay and revealed a significant reduction in the circulating amounts of
IgA within 72 h of hospital admission compared to healthy controls (Fig. 1a). Next, to determine
the underlying mechanisms of stroke-induced IgA reduction, we employed a clinically relevant
mouse model of ischemic stroke using transient (60 min) middle cerebral artery occlusion
(tMCAQ). Consistent with previous findings, the induction of brain ischemia resulted in
reproducible brain infarcts and induced behavioral deficits at both one- and three-days post-

injury (Extended Data Fig. 1a-c). Interestingly, like in human patients we identified a marked



reduction in the amounts of plasma and also fecal IgA after 24 h in stroke mice compared to
sham controls (Fig. 1b, c). To elucidate whether intestinal Peyer’s patches (PP), which harbor
a large number of IgA-producing plasma cell precursors, were affected after stroke, we
intended to investigate the tissue architecture and cellular composition of PP*. However, to our
surprise, stroke reduced the size of PP so strongly that many of them were hardly visible by
the bare eye (Fig. 1d). The smaller size of post-stroke PP also led to reduced numbers of
harvested PP 72 h after stroke (Extended Data Fig. 1d). To further elucidate the extent of post-
stroke PP shrinkage, we adapted our 3D light sheet fluorescence microscopy (LSFM) protocols
of the optically cleared murine intestinal tract'"'? to perform a detailed volumetric analysis of
PP (Extended Data Fig. 1e). The analysis confirmed a strong volume reduction (“melting”) of
PP in stroke mice 24 h and 72 h post-insult compared to sham controls (Extended Data Fig.
1f, g). However, a retrospective comparison between the volume of PP in sham and naive
mice did not show any differences, hence excluding any impact of the operation procedure on

PP volume.

Previous studies have demonstrated that severe atrophy of spleen and thymus after stroke
was the result of local lymphocyte apoptosis'. To analyze whether PP shrinkage was
mediated via the loss of resident immune cells, we employed whole-mount immunostaining
before LSFM analysis. Briefly, intestinal tissues with PP were stained with fluorescence-
conjugated anti-CD19 and -CD3 antibodies and optically cleared before LSFM imaging (Fig.
1e, Extended Data Fig. 1e, and Video 1). The 3D reconstruction of imaging data showed a
strong shrinkage of PP follicular structures containing CD19* B cells 24 h after stroke
(Extended Data Fig. 2a). For a thorough and consistent analysis of large numbers of samples,
we a developed machine learning-based 3D volumetric image analysis (Extended Data Fig.
1h). The analysis of all LSFM images with this approach demonstrated that PP of stroke mice
exhibited significantly smaller volumes of CD19" B cell follicles in the jejunum and ileum
compared to similar regions in sham controls (Fig. 1f and Video 2). In addition, stroke also
caused a significant reduction of CD3* T cell zone volumes in PP isolated from the ileum
(Extended Data Fig. 2b).

To test whether these findings were specific to stroke or rather a global response to large-
scale tissue injury, we studied circulating levels of IgA in patients with myocardial infarction
(MI) within 96 h of hospital admission. Interestingly, similar to the stroke patients, also M
patients presented reduced amounts of plasma IgA (Fig. 1g). To study if the reduced plasma
IgA amounts in MI patients were also related to the shrinkage of PP we utilized a murine model
of myocardial ischemia-reperfusion injury'°. Interestingly, also the induction of myocardial

infarction in mice caused the shrinkage of PP B cell follicles in the intestinal jejunum and ileum



and T cell zone volumes in the jejunum as compared to sham controls (Fig. 1h and Extended

Data Fig. 2d).
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Fig. 1. Ischemic stroke and myocardial infarction reduce plasma IgA levels and B cell follicles volume in
Peyer’s patches. a, Stroke patients showed reduced amounts of plasma IgA compared to healthy subjects
(n=12-23 per group). b, ¢ Stroke significantly reduced plasma and fecal IgA levels in mice compared to sham
controls (n=6-8 per group). d, Macroscopic overview of the mouse gastrointestinal tract with the demarcation of PP
one day after sham surgery or stroke. e, Fluorescence images after 3D reconstruction of stained PP showing the
position of PP in the small intestine that were whole—mount stained with anti-CD19 (green) and anti-CD3 (blue)
fluorescent antibodies before LSFM (left), scale bar= 500 um. Fluorescence single—channel images are shown
(right). f, Deep learning—based automated analysis of B cell follicle volume in PP from duodenum, jejunum and
ileum one day after stroke or sham controls (n=7-11 PP per intestinal segment). g, The concentrations of plasma
IgA were measured in myocardial infarction patients and healthy controls by ELISA (n=12-16 per group). h, Deep
learning—based quantification of B cell follicle volume in PP of the duodenum, jejunum and ileum one day after
sham or myocardial infarction (n=4-9 PP per intestinal segment). Data are mean +s.d., statistical analyses were
performed by two—tailed Mann-Whitney U test, *p<0.05, **p<0.01, ***p<0.001. All mice data are combined from at

least three independent experiments. tMCAO= transient middle cerebral artery occlusion.



Of note, a specific absence of B cells in JiT’~ mice' or their depletion using antiCD20
antibodies greatly reduced the size of PP compared to controls, thus highlighting a major
contribution of B cells in maintaining their tissue integrity (Extended Data Fig. 2e). Collectively,
these results showed a strong effect of sterile tissue injury on the rapid and massive loss of
PP-resident B and T cells without affecting the overall numbers of detectable individual B cell
follicles in the affected PP (Extended Data Fig. 2f).

Stroke affects the survival of intestinal immature and mature plasma cells

To further quantify the influence of stroke on specific lymphocytes, we investigated their total
numbers in PP, small intestine lamina propria (S| LP), mesenteric lymph nodes (mLN), bone
marrow (BM) and blood using flow cytometry (Extended Data Fig. 3a,b). Our results showed
that the majority of immune cells in PP were CD19* B (78 £10%) and CD3* T (18 +5%) cells
with a small fraction of CD11b* Ly6G- monocytes (<2%) and Ly6G* CD11b* neutrophils (<1%)
(Extended Data Fig. 3c). However, Sl LP showed reverse frequencies of CD19* B (18 +4%)
and CD3* T (61 +4%) cells (Extended Data Fig. 3d). As expected, stroke strongly reduced the
total numbers of CD19* B cells and CD3* T cells in PP after 24 h (Fig. 2a). The absence of
lymphocyte loss in sham mice compared to naive controls validated the contribution of stroke
on the massive loss of B and T cells in PP. In keeping with our previous data'” '8, stroke also
strongly decreased the numbers of B and T cells in spleen compared to controls (Extended
Data Fig. 4a). However, the lymphocyte numbers in mesenteric lymph nodes, bone marrow

and blood were not significantly reduced (Extended Data Fig. 4b-d).
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Fig. 2. Stroke induces B cell loss in PP via activation of cell death pathways. a, Flow cytometry—based
quantification of the number of CD19* B cells and CD3* T cells in all intestinal PP 24 h after sham surgery or stroke
and unoperated naive mice (n=5-8 per group). b, Quantification of IgA* IgD- CD138~ plasma cell precursors in all
PP and Sl LP after 24 h of sham surgery or stroke and naive mice (n=5 per group). ¢, Quantification of
IgA* IgD-CD138* plasma cells in all PP and S| LP (n=5 per group). d, Single—cell suspensions from PP of sham
and stroke mice were prepared 12 h after the operation and apoptotic cells were quantified by staining with Annexin
V and PI followed by flow cytometry analysis (n=6 per group). e, After sham-operation or stroke, B cells from PP
were enriched using MACS and analyzed by mass spectrometry (n=3 per group). f, Gene ontology Chord diagram
of the functional enrichment analysis. Genes are ranked based on Log2FC value (high to low). Each Chord connects
the gene with its associated pathway. Data are mean +s.d., statistical analyses were performed by two-tailed
Mann-Whitney U test, *p<0.05, **p<0.01, ***p<0.001. All data are combined from at least three independent

experiments. PP=Peyer’s patches, S| LP= small intestine lamina propria.

Further flow cytometry analyses revealed a reduction in the numbers of IgD IgA*
CD138" plasma cell precursors in total PP and Sl LP in stroke mice compared to sham
controls™ 2° (Fig. 2b). In PP, B cells are primed by signals from the intestinal microflora and
other immune cells to produce IgA* secreting plasma cells?" 2. Our data showed that stroke
significantly decreased the number of IgD IgA*CD138* plasma cells in PP and SI LP (Fig. 2c).
Next, we opted for different in vivo experiments to delineate the mechanisms of B cell loss in

PP after stroke. Interestingly, the induction of stroke significantly increased the percentage of
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Annexin V* PI~ apoptotic B cells within 12 h compared to sham controls (Fig. 2d). To preclude
an active egress of B cells from PP after stroke, we consistently analyzed other lymphoid
tissues 12 h after surgery. Our data did not show any increase in the percentages of B cells in

blood, mLN and SI LP compared to sham controls (Extended Data Fig. 4e).

To study the impact of stroke on the molecular makeup of PP B cells, we performed mass
spectrometry-based proteomics analyses after 8 h (Fig. 2e). With a label-free quantitative
proteomics approach, 3,997 proteins in total were quantified from B cells of both conditions
(n=3 for each condition) with 1% false discovery rate [FDR]. The statistical analysis of
normalized and missing value imputed data resulted in a list of 185 differentially expressed
proteins that passed the t-test (adjusted p-value 0.05) with a log (fold change) = 0.58. Of those,
99 proteins were upregulated and 86 proteins were downregulated in B cells isolated from
stroke compared to sham-treated animals. Interestingly, functional enrichment analysis of
differentially expressed proteins showed dysregulation of pathways associated with lysosome
and phagosome function, autophagy, oxidative phosphorylation and the endoplasmic reticulum
(Fig. 2f). Autophagy-associated proteins like Catsl®®> and Lamp1?* were significantly
upregulated in B cells from stroke mice. Moreover, the upregulated proteins Ndufa7?® and
Atp6voa2?® are involved in oxidative phosphorylation. This can be a response to DNA damage
and cell stress since Atp6voa2 is specifically known to be an essential factor for autophagy?®
and Ndufa7 is associated with ROS detoxification?” 28. Overall, these data indicate that stroke
may trigger specific B cell stress pathways and possibly excessive autophagy-mediated cell
death?.

Long-term metabolic dysfunction in B cells after stroke

We next aimed to investigate the duration of B cell loss from PP after stroke which is
therapeutically relevant to identify a potential need to treat prolonged intestinal immune
imbalance. Our data showed a drastic decrease in B cell numbers after 12 h in stroke mice
compared to sham controls (Fig. 3a). Interestingly, B cell numbers after stroke did not recover
until seven days which was the endpoint of this experiment. To reveal the underlying
mechanisms of this long-term loss of cells, we purified PP B cells from mice 18 h after sham-
operation or stroke and analyzed transcriptomic changes by bulk RNA sequencing and
bioinformatic analysis. Interestingly, a principal component analysis (PCA) showed that the
transcriptomes of B cells clustered separately in stroke mice and sham controls (PC1, at 51%)
(Fig. 3b). Moreover, 447 genes were upregulated and 198 genes were downregulated
(absolute fold change =2 and adjusted p-value <0.05) in B cells following stroke compared to
sham controls (Fig. 3c). As expected, cell death genes (Bmf, Pdcd4, Bbc3 and Znrf1)3: 3! were

enriched while cell function genes (Egr3, Ankrd37, Rasgef1b) and cell metabolic genes (Fuca-



1, Smpd3, Acsl3, LdIr and Entpd5) were reduced in B cells of stroke compared to sham control

mice (Fig. 3c).
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Fig. 3. Stroke downregulates cellular and metabolic functions of B cells in PP. a, Kinetics of B cell loss in PP
of stroke mice compared to sham controls. Data are presented as a percentage decrease in B cell numbers in
stroke mice normalized to sham controls for each time point (n=6-9 per group and time-point). b, Principal
component analysis (PCA) of RNA-seq data of CD19* B cells in PP from mice exposed to sham surgery or stroke
(n=6 mice per group). ¢, Volcano plot showing statistically significant differentially expressed genes in PP B cells of
stroke mice compared to sham. Red dots indicate upregulated genes and blue dots indicate downregulated genes.
d, Gene set enrichment analysis (GSEA) of RNA-seq showing enriched cell function pathways in sham-operated
and stroke mice. e, GSEA showing enriched metabolic/catabolic pathways in PP B cells of stroke and
sham-operated mice. The dot size indicates the calculated gene ratio and the dot color indicates the adjusted
p—value representing the enrichment score as described in the methods. Note that B cells from stroke mice are
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B cells from stroke mice expressed higher levels of the Myc target gene cyclin Ccnd3 and B
cell lymphoma Bcl2, a key regulator of clonal expansion® and survival®, respectively. In
addition, stroke enriched the expression of Sik1 and Ptpn22 in B cells which are involved in
cell differentiation and B cell receptor signaling®** 3%. These findings indicated that in parallel to
the activation of pro-apoptotic genes, some B cell subsets may have upregulated survival
genes after stroke, potentially as compensatory mechanisms. Furthermore, we performed
gene set enrichment analyses to identify cellular processes that were affected in B cells after
stroke. The differentially expressed genes enriched in B cells of stroke mice were related to
chromatin and histone remodeling, DNA replication and repair (Fig. 3d). Notably, the pathways
responsible for mitochondrial organization and function, ribosome biogenesis, and Golgi
vesicle transport were decreased in B cells of stroke mice, suggesting severe metabolic
disturbances in these cells. Further analyses showed a complete downregulation of pathways
related to several metabolic and catabolic processes in B cells after stroke compared to sham

controls (Fig. 3e).

Based on our previous experience with the tMCAO mouse model, animals consume less food
after stroke compared to sham controls and this may additionally impact the cell metabolism
and B cell numbers in PP. To exclude that suboptimal food supply after stroke compared to
sham was responsible for B cell death and PP shrinkage, stroke and sham mice were gavaged
with liquid food and sacrificed 24 h post-ischemia-reperfusion injury (Extended Data Fig. 4f).
The analysis showed, that stroke still reduced the numbers of B and T cells in PP compared
to sham controls, thus excluding a potential role of reduced food intake after surgery for PP
melting (Extended Data Fig. 4g). Collectively, these data identified several key transcriptional
and molecular changes in PP B cells after distant tissue injury and highlighted severe long-

term immune disturbances in the intestinal mucosal tissues after a stroke event.
Circulating DNA triggers lymphocyte reduction in intestinal tissues

While B cell death in PP after tissue injury was a robust finding, the broad underlying
mechanisms remained unsolved. To elucidate this phenomenon, we focused on our earlier
concept of soluble DNA as a death-mediator released after tissue injury'. In line with our
previous findings, we found an early (6 h) increase in circulating DNA (ciDNA) in stroke mice
compared to controls (Fig. 4a). The amounts ciDNA were decreased 24 h after stroke but still
significantly higher than in sham controls. Similarly, also myocardial infarction increased the
levels of ciDNA at 6 h which, however, returned to sham levels at 24 h (Extended Data Fig.
4h). To test a potential causative role of ciDNA for B cell loss in PP, we treated the mice with
recombinant DNase-l immediately after stroke. Interestingly, the degradation of ciDNA
significantly inhibited the loss of PP B cells (Fig. 4b) and T cells (Fig. 4c). Moreover, DNase-|

treatment did not affect brain infarct volumes (Fig. 4d) at this early time point of 24 h post-
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insult, thus indicating a direct blockage of B cell loss with DNase-I and ciDNA acting as a

soluble mediator released after stroke.
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Fig. 4. Stroke increases ciDNA and promotes lymphocyte loss in PP. a, Quantification of plasma DNA 6 h and
24 h after sham surgery or stroke using Qubit assays (n=5-12 per group). b, Numbers of B cells in PP 24 h after
sham surgery or stroke in DNase-I| and vehicle—treated mice analyzed by flow cytometry. ¢, Numbers of T cells in
PP 24 h after sham—operation or stroke in DNase—| and vehicle—treated mice. d, Brain infarct volumes in DNase-|
treated and untreated mice at 24 h (n=6-7 per group). e, 3D reconstruction LSFM images of CD19* B cells and
CD3* T cells in PP after sham, stroke and stroke + DNase-I treated mice, scale bar=500 um. f, Quantification of
CD19* B cell follicle volume and g, T cell zone volume in duodenum, jejunum and ileum 24 h after stroke or stroke
+ DNase-I treatment (n=4—-6 PP per intestinal segment). h, Schematic of the experimental paradigm. Mice undergo
stroke or sham—operation and sacrificed after 6 h to collect blood plasma. Cell cultures from PP were prepared and
treated with the plasma of sham or stroke mice for 12 h. The quantification of caspase—-3/7-expressing cells was

performed by flow cytometry. i, The percentages of caspase-3/7* B and T cells in PP cell cultures incubated with
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plasma of stroke or sham-operated mice. Data are mean £s.d., *p<0.05, ***p<0.001, ****p<0.0001, Shapiro-Wilk
normality, and ordinary one-way ANOVA with Bonferroni’s multiple comparisons tests and for comparisons

between two groups two—tailed Mann-Whitney U test. PP=Peyer’s patches.

Since ciDNA degradation with DNase-I prevented B cell loss in PP, we investigated whether
this treatment also preserved the mesoscopic structure of intestinal PP in stroke mice. LSFM
analysis indeed confirmed that DNase-l treatment after stroke completely preserved PP
structural integrity (p<0.05) (Fig. 4e), and the volume of B and T cell compartments in the
affected intestinal segments (Fig. 4f, g). To prove the contribution of plasma components as a
cause of lymphocyte death, we used plasma of sham- or stroke mice (6 h post-injury) for further
ex vivo analysis and incubated it with PP cell cultures (Fig. 4h). The treatment of PP cells with
plasma of stroke mice significantly increased the percentage of caspase-3/7" B and T cells,

supporting the concept of circulating mediators directly inducing cell death (Fig. 4i).
Neutrophils are the major contributor to ciDNA after stroke

Next, we explored the potential sources of the additional amounts of ciDNA after stroke.
Activated neutrophils are the first intruders to injured inflammatory tissues and respond via the

release of neutrophil extracellular traps (NETs)%*.

To find out, whether circulating neutrophils in stroke mice were activated, we characterized
their molecular makeup 6 h after sham surgery or stroke using mass spectrometry (Fig. 5a).
The comparative and label-free quantitative proteomic analysis yielded 1,757 proteins with =
2 unique peptides and 1% FDR. A sample-wise comparison showed a Pearson correlation
coefficient of =20.93, indicating high technical reproducibility (Extended Data Fig. 5a).
Interestingly, the PCA showed a clear separation between circulating neutrophils of sham and
stroke mice (Fig. 5b) based on their proteome. Of the 89 significantly altered proteins (adjusted
p-value<0.05 and fold change=1.5), 32 were up- and 57 proteins were down-regulated in
neutrophils of stroke mice compared to sham controls (Fig. 5c). Remarkably, proteins
associated with neutrophil degranulation (Lamp1, S100a8, CD47) and neutrophil activation
(IMr2, Stat3) were upregulated in stroke mice. In addition, the increased abundance of
apoptotic proteins (Aifm1, Casp3) and the deficiency of cell function proteins (Pla2g7, Spta1,
Sptb, Ipo5, Bsg, Gp1ba, Ptk2b) in stroke mice indicated the activation of cell-death pathways

in neutrophils that have been observed in association with chromatinolysis®” and NETosis® %,
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Fig. 5. Stroke activates circulating neutrophils to release cytotoxic NETs which induce B cell loss. a,
Schematic of the experimental paradigm for neutrophil mass—spectrometry and proteomics analysis. Blood
neutrophils were isolated 6 h after sham surgery or stroke to perform LCMS/MS analysis. b, PCA of neutrophil
proteomics after sham or stroke (n=4 mice per group). ¢, Volcano plot comparing the normalized protein abundance
in blood neutrophils of stroke mice vs sham—operated mice. Red dots indicate significantly upregulated proteins
and blue dots indicate significantly downregulated proteins. d, Relative plasma levels of citH3—DNA or e, NE-DNA
complexes after sham +isotype antibody, stroke + isotype antibody, stroke + DNase-I| treatment or stroke +
anti-Ly6G antibody treatment (n=5-6 per group). f, Numbers of CD19" B cells in intestinal PP in sham—operated
+ isotype antibody, stroke + isotype antibody and stroke + anti-Ly6G antibody—treated mice. g, Numbers of CD19*
B cells in PP in sham-operated Ly6G°Mcl17 mice, stroke Ly6G®® and Ly6G°® Mcl17 mice (n=4-6 per group). h,
Quantification of plasma IgA amounts sham, stroke, stroke + DNase-| treatment, stroke + anti-Ly6G antibody

treatment or stroke Ly6G°*® Mcl17" mice (n=6-13 per group). Data represent mean +s.d., **p<0.01, ***p<0.001,
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****n<0.0001, Shapiro—-Wilk normality, and ordinary one—-way ANOVA with Bonferroni’s multiple comparisons tests.

PP=Peyer’s patches, CitH3=citrullinated Histone-3, NE=neutrophil elastase.

To determine whether NETs were indeed released into the circulation after stroke, we
measured the plasma content of citrullinated histone H3 (citH3) and neutrophil elastase (NE)-
DNA complexes, both hallmarks of NETosis*’. Indeed, 6 h after stroke or myocardial infarction,
we observed increased levels of citH3 and NE-DNA complexes in the blood (Fig. 5d, e and
Extended data Fig. 5b). Interestingly, treatment of mice with DNase-I immediately after stroke
reduced levels of citH3- and NE-DNA-complexes (Fig. 5d, e). To further validate the
contribution of neutrophils to NET release and B cell loss in PP after stroke, we applied our
established dual antibody-mediated depletion of circulating neutrophils (Extended data Fig.
5¢)". Indeed, neutrophil removal before the induction of stroke substantially reduced citH3 and
NE-DNA complexes (Fig. 5d, e) and total ciDNA (Extended data Fig. 5d) and also completely
inhibited the loss of B and T cells in PP (Fig. 5f and Extended data Fig. 5e), without affecting
the brain infarct volumes (Extended data Fig. 5f). In addition, neutrophil depletion inhibited
stroke-induced shrinkage of B cell follicles in PP (Extended data Fig. 5g). Acutely depleting
neutrophils by antibody injection might have uncontrolled secondary effects on immune
homeostasis. Hence, we generated mice, where neutrophils were absent due to the genetic
removal of the critical survival factor Mcl*2. Confirming our antibody-depletion experiments, the
genetically induced loss of neutrophils in Ly6g®Mcl™ mice (Extended data Fig. 6a) showed
significantly higher numbers of B cells in PP compared to neutrophil-sufficient Ly6g®® mice 24
h after stroke (Fig. 5g) without changing the infarct volumes (Extended data Fig. 6b). Moreover,
neutrophil-deficient Ly6g°*Mcl” mice also showed increased numbers of splenic T cells
compared to stroke Ly6Ge™ controls (Extended data Fig. 6¢), thus suggesting the contribution
of neutrophils in augmented ciDNA generation and T cell apoptosis-induction. In addition,
when stroke mice were depleted of neutrophils, we not only found normalized levels of plasma
IgA (Fig. 5h) but also a significant inhibition of PP shrinkage in all studied intestinal segments
(Extended data Fig. 6d). Since we did only find small numbers of MPO* neutrophils directly
within the PP of stroke mice (Extended data Fig. 7a), we assume that acute NET production
by circulating neutrophils in response to sterile injury is the maijor trigger that leads to PP

lymphocyte cell death.

Next, we aimed to test the therapeutic targeting of NET formation for mucosal immune
homeostasis during sterile tissue injury. First, stroke mice were treated with the pan PAD
inhibitor Cl-amidine which has previously been shown to inhibit NET formation*®. Indeed, CI-
amidine treatment significantly reduced plasma levels of citH3-DNA complexes and prevented
the loss of B cells in PP compared to vehicle-treated animals (Extended data Fig. 7b, c).
However, Cl-amidine also reduced brain infarct sizes which indicated an additional

neuroprotective effect of the compound (Extended data Fig.7d). This, however, made it difficult
14



to dissect the impact of NETs or reduced brain-damage on B cell loss in PP. Therefore, we
tested the Gasdermin D inhibitor LDC7559 to block NET formation after stroke**. Interestingly,
stroke mice treated with LDC7559 showed significantly reduced plasma levels of citH3 and
NE-nucleosomes compared to the vehicle-treated group (Fig. 6a). Furthermore, the inhibition
of NET formation, increased the numbers of IgD~IgA*CD138~ plasma cell precursors (Fig. 6b)
and mature IgD~IgA*CD138* plasma cells in PP and SI LP (Fig. 6¢). In line with the increased
numbers of plasma cells, we also found normalized levels of plasma IgA (Fig. 6d) and reduced
shrinkage of B cell follicles in NET-inhibitor-treated stroke mice (Extended Data Fig. 7e).
However, infarct volumes remained unchanged between treated and untreated groups
(Extended Data Fig. 7f). These data show that post-injury activated neutrophils released toxic
NETs which are responsible for the loss of functional B cells in PP and the reduced secretion
of IgA.
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Fig. 6. Inhibition of NETs with a Gasdermin D blocker protects the number of IgA-secreting plasma cells
after stroke. a, Relative plasma levels of citH3—DNA and NE-DNA complexes in stroke + vehicle and stroke +
LDC7559 treated mice (n=4-6 per group). b, Numbers of IgA*IgD-CD138 plasma cell precursors in all PP and Sl
LP in stroke and stroke + LDC7559 treated mice. ¢, Numbers of IgA* IgD~CD138* plasma cells in all PP and SI LP
in stroke and stroke + LDC7559 treated mice. d, Relative concentrations of plasma IgA in stroke and stroke +
LDC7559 treated mice. Data represent mean +s.d., two—tailed Mann-Whitney U test: *p<0.05, *p<0.01. All data is

combined from at least two independent experiments, PP=Peyer’s patches, S| LP= small intestine lamina propria.

To evaluate the relevance of our experimental findings for the clinical reality, we finally
analyzed circulating NETs in plasma samples of human ischemic stroke and myocardial infarct
patients that were collected within 96 h of hospital admission. The blood samples from 9
equally aged healthy individuals were collected and processed with identical protocols. Our
data confirmed, that the plasma of stroke patients contains significantly higher levels of citH3
and NE-DNA complexes compared to the healthy individuals (Fig. 7a, b) as seen elsewhere®.
Strikingly, the reduced levels of plasma IgA in stroke patients were highly significantly
correlated with increasing amounts of circulating citH3-DNA complexes (Fig. 7c). Furthermore,
the levels of citH3 and NE-DNA complexes were also significantly increased in the plasma of

myocardial infarction patients compared to healthy subjects (Fig. 7d, e), thus suggesting NET-
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release in human patients following the two most frequent causes of sterile tissue injury and

death worldwide.
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of citH3-DNA and b, NE-DNA complexes in stroke patients and healthy subjects (n=8—10 per group). ¢, A highly
significant negative correlation between plasma citH3-DNA complex levels and IgA amounts in stroke patients. d,
Relative plasma levels of citH3—-DNA and e, NE-DNA complexes in myocardial infarction patients and healthy
controls (n=12-15 per group). Data represent mean +s.d., two—tailed Mann-Whitney U test: ***p<0.001,

****n<0.0001, MI= myocardial infarction, CitH3=citrullinated Histone-3, NE=neutrophil elastase.

Discussion

Here, we found that both, stroke and myocardial infarction, trigger lymphocyte death in
intestinal mucosal tissues exposing an unexplored link between tissue injury and deteriorated
intestinal immune function. The massive loss of lymphocytes and subsequent reduction in
circulating and secretory IgA amounts were mediated via the release of toxic NETs from

activated neutrophils after tissue injury.

Previous clinical studies have mentioned that reduced concentrations of IgA in stroke patients
may increase susceptibility to bacterial infections®. In analogy, a recent clinical study reported
higher mortality in myocardial infarction patients with concomitant bacterial infections*6. Within

seven days of stroke onset, patients can show positive bacterial cultures in blood and urine’.
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Of note, more than 70% of detected bacteria in infected patients belong to human intestinal
commensals, suggesting the translocation of bacteria through leaky intestinal mucosal
barriers. Consequently, mature IgA-secreting plasma cells are key in protecting mucosal
barriers. In addition, subsets of B cells can synthesize neurotrophins to support neuronal
survival®*’. The B-cell function on neuroregeneration after stroke*® might be essential to
counteract neuroinflammation induced by intestinal inflammatory T-cells**°. The effector
functions of B cells are dependent on their survival, maintenance and differentiation and are
transcriptionally tightly regulated®'. Shortly after stroke, B cells in Peyer's patches (PP)
upregulated proteins belonging to autophagy pathways representing the induction of chronic
cellular stress. Moreover, the long-term effects of stroke on the reduction of B cells in intestinal
PP are well supported by RNA sequencing data that revealed severe transcriptomic alterations

in various apoptotic, survival and proliferation pathway genes of stroke mice®223,

Mechanistically, soluble mediators released after sterile tissue injury have been shown to
activate neutrophils that then induce the formation of toxic NETs®2. NETs consist of DNA,
histones, and granular proteins and increase collateral inflammation and cell death. Recently,
we showed that NETs directly induce smooth muscle cell death in arterial inflammation via
attached histone-H4 proteins*?. Our new proteomics results reveal now neutrophil activation
as a consequence of tissue injury as early as six hours after an ischemic insult. Stroke
increases the abundance of neutrophil activation-associated proteins such as S100A8, Lamp1
and Casp3 that might facilitate NET formation®® as well as Aifm1, which is associated with
chromatinolysis®. Since neutrophil deficiency and NET blockade prevented the loss of IgA-
producing intestinal immature and mature plasma cells after stroke, this study now provides a
likely explanation for the previously unidentified source of ciDNA-inducing splenic T cell

apoptosis'’.

In recent years, DNase therapy has been largely proposed for the treatment of COVID-19%
and psoriasis patients®. Our findings that NETs are also present in the plasma of stroke and
myocardial infarction patients would support clinical trials to test the efficacy of early DNase or
NET inhibitor therapy to reduce immunosuppression and thereby improve disease outcomes.
However, this would require that the focus of clinical stroke trials be expanded from evaluating
neuroprotective outcomes alone to include immunoprotective effects, which could also have
significant beneficial consequences for patients. With our identification of Gasdermin D as a
novel target for specifically blocking NET release, further trials addressing this pathway are

conceivable.

Collectively, our findings demonstrate that stroke and myocardial infarction lead to the
immediate degeneration (“melting”) of PP via the induction of NET release from hyper-

activated neutrophils and the ensuing death of resident follicular B cells in mice. Although
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previously speculated*®, this has not been experimentally proven until now. Massive NET
release and the decline of intestinal lymphocytes appear to be a global response to sterile
tissue necrosis. Previously, NETs have mainly been associated with impairment of post-stroke
brain recovery®. Here, we show substantial early effects on immune cell survival and function
that open attractive treatment options by targeting NET-release or -function, for example as

emergency therapy in patients with stroke or myocardial infarction.
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Extended Data Fig. 1. Stroke induces sensorimotor deficits and its impact on PP B cell follicles volume is
analyzed using LSFM. a, Quantification of brain infarct volume after 24 h and 72 h of stroke (n=9-12 per group).
b, Neurological deficits are measured at 24 h and ¢, 72 h after stroke (n=9-12 per group). d, The total number of
intestinal PP per mouse 24 h and 72 h after sham surgery or stroke or unoperated naive mice (n=8-13 mice per
group). e, lllustration of the intestinal tissue preparation for unstained—volume analysis of whole PP or whole-mount
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staining of B and T cells in PP, followed by tissue clearing and LSFM-based 3D volume analysis. f, Representative
LSFM images of cleared unstained intestinal PP showing their shrinkage 24 h after sham or stroke, scale bar=500
pum. g, Tissue volume analysis of PP after 24 h and 72 h of sham or stroke; (n=23 PP for sham and n=16 PP for
stroke, n=3-4 mice for 24 h and n=34 PP for sham and n=24 PP for stroke, n=6 mice for 72 h). h, Overview of the
human-in-the—loop segmentation workflow for automated analysis of B cell follicles volume and T cell zone volume.
Data represented as mean +s.d., statistical analyses were performed by two—tailed Mann-Whitney U test, **p<0.01,

All data are combined from at least three independent experiments. PP=Peyer’s patches.

a ) b
Lt g 0.20 © Sham
CD19CD3 £ © Stroke
o 0.15
Sham g
g
o 0.10
c
[=]
N
= 0.05
o
Stroke =
0.00+--
Intestinal @
Skarentichy 0-10 10-30 30-40 0"06
Duodenum Jejunum lleum
c d
- © Sham
9 0.204
LD19C03 = ” © Myocardial infarction
E [
Sham £ 0.15] .
jod
£
3
S 0.101
Q
c
]
Myocardial = 0.054
infarction o
=
0.00-
Intestinal 0-10 10-30 30-40 3
segment (cm) - & &
Duodenum Jejunum lleum \}d:> ©
e f
10 © Sham
O Stroke
Wild type anti-CD20 J,T o
0 g
o o
© @
lleum PP - s
o] L
w —1
Q
o
m

Extended Data Fig. 2. Stroke and myocardial infarction induces shrinkage of B cell follicles and T cell zone
volumes in PP. a, 3D reconstruction images of CD19* B cells and CD3* T cells in PP isolated from duodenum,
jejunum and ileum 24 h after stroke or sham surgery, scale bar=500 um. b, The quantification of T cell zone volume
in different intestinal segments after 24 h of stroke or sham controls (n=8-11 PP per intestinal segment). ¢, 3D
reconstruction images of CD19* B cells and CD3* T cells in PP isolated from duodenum, jejunum and ileum 24 h

after myocardial infarction or sham surgery. d, The quantification of T cell zone volume in different intestinal
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segments after 24 h of myocardial infarction or sham controls (n=4-6 PP per intestinal segment). e, 3D
reconstruction images of CD19* B cells and CD3* T cells in PP isolated from ileum of naive Wild type, anti-CD20
treated wild type and JhT~~ mice. f, Quantification of the number of B cell follicles per PP in different intestinal
regions after stroke or sham operation. Data represented as mean +s.d., statistical analyses were performed by
two-tailed Mann-Whitney U test, *p<0.05, ***p<0.001. All data are combined from at least three independent

experiments. PP=Peyer’s patches.
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Extended Data Fig. 3. Differential frequencies of B and T cells in Peyer’s patches and small intestine lamina
propria. a, Representative gating strategy for the analysis of lymphocytes and granulocytes using multi—color flow
cytometry. b, Representative gating strategy for the analysis of class—switched IgA—producing precursors and
mature plasma cell subsets using multi-color flow cytometry. ¢,d The frequency of CD19*, CD3*, CD11b* and Ly6G*
CD11b* cells in PP and SI LP of sham mice. Data represented as mean +s.d..All data are combined from at least

three independent experiments. PP=Peyer’s patches, SI LP=small intestine lamina propria.
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Extended Data Fig. 4. Stroke differentially impacts lymphocyte numbers in lymphoid tissues and is
independent of reduced food consumption. a, Total numbers of CD19* B cells and CD3* T cells in spleens of
stroke or sham—operated mice (n=12-14 per group). b-d, Total numbers of CD19* B cells and CD3* T cells in mLN,
BM and blood of stroke or sham—-operated mice (n=12-14 per group). e, Relative frequencies of B cells in blood,
mLN and S| LP after 12 h of stroke or sham—operation (n=3-4 per group) normalized to mean of sham. f, Mice
underwent stroke or sham surgery and received two times food gavage and were sacrificed 24 h after the operation
to analyze the number of B and T cells in PP. g, Total numbers of CD19" B cells and CD3* T cells in PP of stroke
or sham-operated mice that received food gavage (n=7 per group). h, Quantification of plasma DNA content in
sham-operated or myocardial infarction mice. Data represented as mean #s.d., Shapiro-Wilk normality, and
ordinary one—way ANOVA with Bonferroni’s multiple comparisons tests and for comparisons between two groups
two—tailed Mann-Whitney U test, *p<0.05, ***p<0.001, ****p<0.0001. PP=Peyer’s patches, SI LP=small intestine

lamina propria, mLN=mesenteric lymph nodes.
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Extended Data Fig. 5. Neutrophil-released NETs after tissue injury contributes to reduced B and T cell
numbers in PP. a, A sample-wise comparison showed a Pearson correlation coefficient for all analyzed samples
for mass spectrometry analysis. b, Relative plasma levels of citH3—-DNA complexes after 6 h of myocardial infarction
or sham operation (n=5 per group). ¢, Relative frequencies of blood Ly6G*CD11b* neutrophils in stroke mice treated
with anti-ly6G antibodies or vehicle (n=5-7 per group). d, Quantification of plasma DNA at 6 h and 24 h after stroke
+ isotype antibody or stroke + anti-Ly6G antibody injected mice (n=5-14 per group). e, The total numbers of CD3*
T cells in PP of stroke + isotype antibody or stroke + anti-Ly6G antibody—injected mice after 24 h (n=5-6 per group).
f, Brain infarct volumes after 24 h of stroke + isotype antibody or stroke + anti-Ly6G antibody—injected mice (n=5-7
per group). g, 3D reconstruction images of CD19* B cells and CD3* T cells in PP isolated from duodenum, jejunum
and ileum 24 h of stroke + isotype antibody or stroke + anti-Ly6G treated mice, scale bar=500 um. Data represented
as mean s.d., Shapiro-Wilk normality, and ordinary one-way ANOVA with Bonferroni’s multiple comparisons tests
and for comparisons between two groups two-tailed Mann-Whitney U test, **p<0.01, ****p<0.0001. PP=Peyer’s
patch, CitH3=citrullinated Histone-3.
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Extended Data Fig. 6. Neutrophil-deficiency blocked stroke triggered lymphocyte loss and shrinkage of B
cell follicles in PP. a, Percentages of blood Ly6G* CD11b* neutrophils in naive Ly6Ge®and Ly6GceMcl17 mice
(n=11-15 per group). b, Brain infarct volumes after 24 h of stroke in Ly6G°®and Ly6G®°Mcl1" mice (n=4-6 per
group). ¢, Total numbers of CD3* T cells after 24 h of stroke in spleens of Ly6G°®and Ly6G°*Mcl1 mice (n=4 per
group). d, 3D reconstruction images of CD19* B cells and CD3* T cells in PP isolated from duodenum, jejunum and
ileum 24 h after stroke in Ly6G®® and Ly6G®*Mcl1" mice, scale bar=500 um. Data represented as mean +s.d.,

statistical analyses were performed by two—tailed Mann-Whitney U test, *p<0.05, ****p<0.0001.
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Extended Data Fig. 7. Pharmacological inhibition of NET formation blocked stroke triggered lymphocyte
loss and reduction of B cell follicles in PP. a, Representative fluorescence histology images of PP stained with,
anti—-CD3, anti-CD19, anti-MPO and DAPI after 12 h of stroke and sham operation, scale bar=20 um. b, Relative
plasma levels of citH3—-DNA complexes after 6 h of stroke or Bi + Cl-amidine treated mice (n=6 per group). ¢, Total
numbers of B cells in PP of stroke + vehicle or stroke + Cl-amidine treated mice after 24 h (n=6-7 mice per group).
d, Brain infarct volumes after 24 h of stroke + vehicle or stroke + Cl-amidine treated mice (n=6-7 per group). e, 3D
reconstruction images of CD19* B cells and CD3* T cells in PP isolated from duodenum, jejunum and ileum 24 h of
stroke + vehicle or stroke + LDC7559 treated mice, scale bar=500 um. f, Brain infarct volumes after 24 h of stroke
+ vehicle or stroke + LDC7559 treated mice (n=4—-6 per group). Data represented as mean ts.d., statistical analyses

were performed by two—tailed Mann-Whitney U test, **p<0.01, ****p<0.0001. PP=Peyer’s patches.
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