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Summary

Germinal centres (GCs) are sites where plasma and memory B cells form to generate high-affinity, Ig class
switched antibodies. Specialised stromal cells called follicular dendritic cells (FDCs) are essential for GC
formation. During systemic Salmonella Typhimurium (STm) infection GCs are absent, whereas extensive
extrafollicular switched antibody responses are maintained. The mechanisms that underpin the absence
of GC formation are incompletely understood. Here, we show that STm-induces a reversible disruption of
niches within the splenic microenvironment, including the T and B cell compartments and the marginal
zone. Alongside to these effects post-infection, mature FDC networks are strikingly absent, whereas
immature FDC precursors, including marginal sinus pre-FDCs (MadCAM-1+) and perivascular Pre-FDCs
(PDGFRP+) are enriched. As normal FDC networks re-establish, extensive GCs become detectable
throughout the spleen. Therefore, the reorganisation of FDC networks and the loss of GC responses are

key, parallel features of systemic STm infections.
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Graphical abstract

Observations from animal model using S. Typhimurium

Systemic Salmonella Infection *,7
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Introduction

A hallmark of the mammalian immune response is the induction of adaptive immune responses to
pathogens. An important contribution to the protection provided by the adaptive immune response is the
generation of antibodies, which is a typical consequence of infection and a key aim of vaccination®.
Antibodies can be generated through two predominant, interconnected pathways. In primary responses,
extrafollicular (EF) responses, which develop in the red pulp of the spleen or the medulla in lymph nodes,
provide the first wave of IgM and IgG, and these antibodies are typically of modest affinity as there is
limited affinity maturation of B cells that enter this pathway?. Moreover, antibodies from plasma cells
generated through the EF pathway is typically supplanted after a week® or so by antibodies secreted by
plasma cells derived from the germinal centre (GC) response®. GCs form in the B cell follicles of secondary
lymphoid organs (SLO) such as the spleen or lymph nodes>®. A key difference between the EF and GC
responses is that antibodies generated from the GC tend to be of higher affinity and most memory B cells

and the longest-lived plasma cells derive from this response’.

The generation of these productive outputs from the GC requires the interplay of multiple cell types at
different sites within SLO, with all processes dependent on the microarchitecture of SLO, including
interactions between T and B cells in the T zones and the follicles®. Whereas the organisation of cells
within T cell zones (TCZ) is dependent upon CCL21/CCL19 secreted by fibroblastic reticular cells (FRC)**°,
the generation of B cell follicles relies on CXCL13 secreted by follicular dendritic cells (FDC) and marginal
reticular cells (MRCs)'"23, Moreover, FDCs play a critical function in the GC by holding antigens in their
native conformation on their surface as immune complexes driving the selection of B cell clones with the
highest affinity'*'>. Therefore, the organisation of lymphoid tissues is essential for the efficient generation
of productive immune responses and FDCs are crucial for normal follicle architecture and the GC

reaction®®?’.

Antibody responses induced during natural infection can help moderate the spread of the pathogen and
secondary superinfections. Nevertheless, many pathogens can modulate the capacity to mount antibody
responses during infection, potentially affecting the capacity of the host to deal with current or later
infectious threats. Bacterial and parasitic infections such as those caused by Ehrlichia muris, Salmonella
Typhimurium (STm) and Plasmodium sp. induce atypical GC responses'®2!, Indeed, in models of STm
infection, GCs are not detectable until a month after infection, whereafter there is a significant increase
in serum antibody titres, and these are of a higher affinity 2>2%2> The altered kinetics described for these

pathogens are markedly different to the kinetics and processes described for GC responses that develop
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to non-viable, proteinaceous T-dependent antigens such as alum-precipitated ovalbumin or chicken
gamma globulin. In these models, the GC response is established by a week after immunization, and the
process is complete by around five weeks after immunization?*. Moreover, pathogens such as STm can
impair the induction of GC responses to co-immunized antigens, demonstrating that this effect is not
restricted to bacteria-associated antigens 2>2’. The reasons for this delay in GC induction are incompletely
understood but is not due to a failure to induce STm-specific T and B cell responses. For instance, within
24 hours of STm infection, T cell priming and Th1 cell differentiation is already established, and extensive
EF antibody responses are detectable soon after this2%2®, Despite these gaps in our understanding, some
insights into why STm has these effects have been reported. Factors that influence the level of the GC
response include the number of viable bacteria present?®?3, reduced T follicular helper (Tfh) cell
differentiation by IL-12 mediated induction of T-bet?, the recruitment of Sca-1+ monocytes to lymphoid
organs and ineffective cellular respiration dependent on TNF and IFNy?’. Despite these insights, it is
unclear whether STm infection influences stromal cell populations and the compartments within SLO after
infection. Here, we assessed the topological changes in the spleen and investigated the role of FDCs in the
lack of GCs during acute STm infection and found that STm infection can modulate mature FDC networks

for weeks and only when FDC networks reform do GC develop.
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Methods

Mouse and bacteria strains and infection of mice

All the experiments were performed following the animal research regulations established by the Animals
(Scientific Procedures) Act 1986 (ASPA) and under the licenses, P06779746 and 101581970 issued by the
Home Office. Wild-type adult C57BL/6 mice (6-8 weeks) were purchased from Charles River Laboratory
and housed in the Biomedical Services Unit at the University of Birmingham during the infection period.
Mice were systemically infected (intraperitoneally) with 5x 10* colony-forming units (CFU) of aroA-
deficient S. Typhimurium SL3261 attenuated strain as previously described?®*2. Control mice were injected
with sterile-filtered Dulbecco’s-phosphate-buffered saline (DPBS). Spleens were collected at the indicated
time points after the infection. Bacteria load per organ was quantified by plating 10-fold diluted tissue

homogenates on Luria-Bertani agar plates.

Flow cytometry

Single-cell suspensions were obtained by mechanical disaggregation of the spleen across 50 pum-cell
strainers and washed with cold RPMI-1640 medium containing 5% fetal bovine serum (FBS) and 5 mM
ethylenediaminetetraacetic acid (EDTA). Red blood cells were lysed using ammonium-chloride-potassium
(ACK) lysing buffer (Life Technologies). Cells suspensions were incubated with a CD16/32 antibody
(eBioscience) in FACS buffer (2% FBS, 5mM EDTA and 0.01% of sodium azide in PBS) to reduce
FcyRIIl/FeyRIl-mediated non-specific binding. Fixable viability dye eFluor 450 (eBioscience) was used to
discriminate between live and dead cells. Cell suspensions were incubated with a mix of the following
antibodies in FACS buffer: anti-B220 (RA3-6B2; BD Bioscience), anti-CD19 (1D3; BD Bioscience), anti-IgD
(11-26c¢.2a; BiolLegend), anti-IgM (l1/41; eBioscience), anti-CD21/35 (7E9; BiolLegend) and anti-CD23
(B3B4; BD Bioscience). To quantify stromal populations, a portion of spleens was digested on a solution
containing 0.2 mg ml? collagenase P (Roche), 0.1 mg ml* DNAase | in RPMI-1640 medium and enriched
by depleting CD45+ cell and TER119+ cells using MACS microbeads (Miltenyi Biotec). Cells suspensions
were incubated with anti-CD45 (30-F11; eBioscience), anti-erythroid cells (TER-119; BD Bioscience), anti-
Podoplanin (8.1.1; eBioscience), anti-CD31 (390; BD Bioscience), anti-MadCAM-1 (MECA-367; BD
Bioscience) and anti-CD21/35 (7E9; BioLegend). Samples were acquired using a BD LSR Il Fortessa flow

cytometer and data was analysed using Flowjo Software v10.8.1 for Windows (Ashland, OR, USA).


https://doi.org/10.1101/2022.12.11.519997
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.11.519997; this version posted December 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Immunohistochemistry

Spleens were obtained at different time points after infection as indicated in each figure, and frozen in
liquid nitrogen. Five-um slices were obtained using a Bright cryostat and fixed with acetone at 4°C for 20
min. Slides were rehydrated in Tris Buffer (TBS; pH 7.6) and labelled with the following antibodies for
immunohistochemistry analysis: anti-CD3 (145-2C11; eBioscience), anti-lgD (11-26C.1; BD Bioscience),
anti-follicular dendritic cell (FDC-M1; BD Bioscience) and MadCAM-1 (MECA-367; eBioscience). The
following secondary antibodies were used and incubated at room temperature for an hour: Peroxidase-
conjugated goat anti-Armenian Hamster IgG (H + L) from Fitzgerald, Biotin-SP-AffiniPure Donkey Anti-Rat
IgG (H+L) and Peroxidase-AffiniPure Donkey Anti-Rat 1gG (H+L) from Jackson ImmunoResearch
(Cambridge, UK). Peroxidase activity was detected using SIGMAFAST3,3'-Diaminobenzidine (DAB) tablets
and hydrogen peroxide dissolved in TBS buffer pH 7.6. Alkaline phosphatase enzyme activity was detected
using VECTASTAIN[R] ABC-AP Kit (Vector Laboratory) and developed with a mix of Naphthol AS-MX
Phosphate-free acid, fast blue B salt and Levamisole [(-)-tetramisole hydrochloride] in TBS buffer pH 9.2.
All chemical reagents for immunohistochemistry were purchased from Sigma-Aldrich. Slides were
mounted in VectaMount Permanent Mounting Medium (Vector Laboratories), and the total spleen area

was imaged using a microscope slide scanner (Zeiss Axio Scan.Z1).

Immunofluorescence microscopy

Cryosections were rehydrated in PBS-0.01% Tween 20 and incubated at room temperature with the
primary antibodies in a PBS solution containing 1% of bovine serum albumin, 1% of normal human serum
and 0.01% of sodium azide. The following antibodies were used: anti-IgD (11-26C.1; BD Bioscience), anti-
B220 (RA3-6B2), anti-CD3 (145-2C11; eBioscience), anti-laminin (Polyclonal; Invitrogen), anti-CD209b
(SIGN-R1; 22D1; eBioscience), anti-CD169 (Siglec-1; 3D6.112; Biolegend), anti-CD205 (205yekta;
eBioscience), anti-CD11c (N418; BioLegend), anti-lgM (Polyclonal; Southern Biotech), anti-milk fat globule
epidermal growth factor 8 protein (Mfge-8; 18A2-G10; MBL), anti-fibroblasts monoclonal antibody (ER-
TR-7; Invitrogen), anti-follicular dendritic cell (FDC-M1; BD Bioscience), anti-CD21/35 (REA800; Miltenyi
Biotec), anti-CD31 (Polyclonal; R&D System), anti-PDGFR[3 (APB5; eBioscience), anti-CCL21 (Polyclonal;
R&D System) and anti-CXCL13 (Polyclonal; R&D System), anti-MadCAM-1 (MECA-367; eBioscience), anti-
Ki-67 (Polyclonal; Abcam), peanut agglutinin (PNA; Vector Laboratories), and anti-Salmonella (Polyclonal;
Abcam). The following fluorescent-labelled streptavidin and secondary antibodies were used to detect
unconjugated antibodies and incubated for 45 min in the dark: AlexaFluor 488-conjugated anti-rat 1gG,

Cy3-conjugated anti-rat IgG, AlexaFluor 647-conjugated anti-hamster IgG, Cy3-conjugated anti-rabbit IgG,
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AlexaFluor 555-conjugated streptavidin, AlexaFluor 488-conjugated streptavidin, Brilliant Violet 421-
conjugated streptavidin. Four-step indirect IF staining was performed for the detection of chemokines
using AlexaFluor 488-conjugated anti-sheep IgG, rabbit anti-AlexaFluor 488, and AlexaFluor 488-
conjugated anti-rabbit IgG. Slides were mounted with ProLong Glass Antifade Mountant (Thermofisher
Scientific), and images were acquired with Zeiss Axio Scan.Z1 or Zeiss LSM780 Confocal Microscope. Pixel
intensity quantification was performed with Fiji (Imagel) software (National Institutes of Health) and ZEN

3.0 Software.

Laser Capture Microdissection, RNA isolation and quantitative PCR

Eight-micron sections for microdissection were cut onto membrane slides (Carl Zeiss™ 1.0 PEN NF 41590-
9081-000), stained with 1% (v/v) cresyl violet acetate and stored at -80°C. Slides were bought to room
temperature and microdissection was performed using the PALM Robo Software V.4.6 software using the
brightfield “AxioCam CC1” setting on a Zeiss PALM MicroBeam Laser Capture Microdissection microscope.
Microdissected tissue was collected into tubes containing 20 ul of RLT buffer and B-Mercaptoethanol.
Afterwards, collection tubes were stored at -80°C prior to RNA extraction. RNA extraction from the
microdissected samples was completed as per the protocols provided using the RNeasy FFPE kit (Qiagen).
The RNA was then reverse transcribed using the high-capacity reverse transcription cDNA synthesis kit
(Applied Biosystems) according to the manufacturer's specifications. Quantitative RT-PCR (Applied
Biosystems) was performed on cDNA samples for Ccl19, Cxcl13, Lta, Ltb, Ltbr, Tnfr1 and Tnfa mRNA
expression. B-actin was used as an endogenous control. The primers and probes used were from Applied
Biosystems, and samples were run in duplicates on a 384-well PCR plate (Applied Biosystems) and
detected using an ABI PRISM 7900HT instrument. Results were analysed with the Applied Biosystems SDS
software (SDS 2.3). The mean of two technical replicates (C: values) was used to calculate the AC; value
for which the C; of the B-actin was subtracted from the C; of the target gene C; value, and the relative
amount was calculated as 272%. C: values above 34 were not accepted, and neither were technical

replicates with more than two-cycle differences between them.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 for Windows (Version 9.4.1 (681). The bar
height in all graphs represents the median, and the error bars display the 95% confidence interval (Cl).
Two-tailed, unpaired, t-test was applied when comparing two groups, and one-way ANOVA and Tukey’s

or Dunnett’s multiple comparison test was performed when comparing between groups or against the
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non-infected (NI) control, respectively. A significant difference between groups was considered when the

p-value was < 0.05.

Results

Salmonella Typhimurium infection perturbs the organisation of the white pulp
microarchitecture

Systemic infection of susceptible C57BL/6 mice with attenuated STm SL3261 results in a self-resolving
infection characterised by rapid colonisation of the spleen and bacterial numbers peaking from the first
week before gradually decreasing after the third week (Fig. 1a). In parallel, STm infection induces a marked
splenomegaly which peaked at 21 days, when spleens were around 10 times the mass of non-infected
control mice (Fig. 1b). As reported previously?®, GCs are not a feature of early STm infections and are only
consistently detected at day 42 after infection when the infection and associated splenomegaly has largely
resolved (Fig. 1c-d). We hypothesised that GC responses are delayed during STm infection because
infection induces a perturbed white pulp (WP) topography thus inhibiting the generation of productive
responses. Assessment of the WP containing the combined T and B cell compartments in the spleen
showed that the proportion of the spleen that is WP decreased between 7 and 30 days after infection
before recovering to similar proportions as non-infected mice by day 42 post-infection (Fig. 2a, b).
Moreover, at day 21, when the effects of infection on splenic architecture are most pronounced, the
absolute area of individual white pulps was significantly smaller than in control mice and contained poorly
defined T and B cell areas, with a relative paucity of T and B cells within their respective compartments
(Fig. 2a-e). Features that characterised the WP post-infection included the altered distribution of dendritic
cells (DCs; DEC205+ CD11c+ cells). These cells are mostly restricted to the TCZ in non-infected mice, but
were found throughout the WP area after infection, including in and around B cell follicles (Fig. 2f;

Supplementary Fig. 1a).

The marginal zone (MZ) borders the WP and discrete populations of macrophages and B cells reside in
this site, including CD169+ metallophilic macrophages (MMM®s) and SIGN-R1+ MZ macrophages
(MZM®s) as well as MZ B cells. Moreover, the cell populations in the MZ can regulate GC B cell
responses?¥3°, By day 7 after infection, immunofluorescence (IF) microscopy showed a reduced detection
of CD169+ MMM®s, which was more apparent from day 21 and afterwards, and a near absence of signal
for SIGN-R1+ MZMs (Fig. 3a-c; Supplementary Fig. 1b). Additionally, STm infection induced a reduction

in B cells in the MZ as assessed by both imaging and flow cytometry (Fig. 3a, d-f). Whilst MZ B cells
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recovered by day 42, this was not the case for CD169+ MMM®Os and SIGN-R1+ MZM®s. Therefore, STm

infection results in a significant remodelling of the WP and MZ splenic microarchitecture.

STm-induced loss of organised FDC networks correlates with the lack of GCs

The perturbed microarchitecture observed after infection suggested that stromal cells which orchestrate
the migration of cells in SLO might be affected by STm. FDCs play a critical role in the antigen-mediated
selection of B cell clones in the GC, and since organised GCs are not detected in the first weeks after
infection, we examined the localisation of FDCs networks after infection. FDCs can be identified by the
expression of milk fat globule epidermal growth factor 8 protein (Mfge-8) in conjunction with the
expression of CD21/35. The classic anti-FDC antibody FDC-M1 recognises Mfge-83. Spleens from non-
infected and infected mice were stained with the FDC-M1 antibody to detect FDCs (Fig. 4a). This identified
a classical distribution of FDC networks in follicles and immature FDCs in the MZ in non-infected mice.
Seven days after STm infection, there was a noticeable decrease in the number of compact FDC networks,
instead, a filiform reticular pattern staining in the MZ predominated. By day 14 some FDC-M1+ cells were
also found as individual cells distributed throughout the WP. At 21 days, few FDC-M1+ cells were detected
within the follicles. Flow cytometry showed that there was a reduced density, but not absolute number
of FDCs in spleens at day 21 post-infection (Fig. 4b-d), reflecting the significant increase in spleen size (Fig.
1b) and cellularity at this time3*33,From day 28 post-infection classical FDC networks started to organise
again, and these appeared normal by day 42 (Fig. 4a-d; Supplementary Fig. 2a). These findings were
confirmed using a different IF staining panel with spleen sections co-stained for complement receptors
(CR1/2; C€D21/35) which are highly expressed in FDCs and with anti-Mfge-8 (18A2-G10), which target
different epitopes than FDC-M1 (4C11)*! (Fig. 4e; Supplementary Fig. 2b). This confirmed the
reorganisation of the FDC networks and the in situ quantification showed a reduced MFI of FDC markers
in WP (Supplementary Fig. 3a, b). This was not related with direct infection of FDC or follicles by STm as
few bacteria were detected in follicles or associated with FDC (Supplementary Fig. 3c). Next, the lack of
organised FDC networks and the development of GCs were evaluated in parallel. Spleen sections from
non-infected mice and STm-infected mice stained with peanut agglutinin (PNA), anti-lgD, and anti-Mfge-
8. GCs (PNA+ IgD-) were only detected when classical FDC networks were recovered, for instance at 28
days few GCs were detected only in follicles displaying a more compact FDC network and by 42 days,
nearly all follicles contain a GC and an organised FDC network (Fig. 5a). The maintenance of the FDC
network in the adult spleen is dependent on LT/LTBR and TNF/TNFR signalling®*3¢. Gene expression of

Ltb, Lta, Ltbr, Tnf, and Tnfr1 was investigated by RT-PCR in microdissected WP isolated from the spleens


https://doi.org/10.1101/2022.12.11.519997
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.11.519997; this version posted December 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

of non-infected mice and mice infected for 21 days. Ltb expression was significantly downregulated (Fig.
5a), whereas Ltbr and Tnfr gene expression was significantly upregulated in WP of infected mice compared
to non-infected mice (Fig. 5¢, d). Tnf and Lta expression was not different between the groups (Fig. 5e, f).
Overall, the transient absence of GC is associated with the lack of FDC networks and perturbations in gene

expression in the lymphotoxin and TNF pathways.

Perivascular and marginal sinus FDC precursors expand during infection

We assessed the effects of infection on other stromal cells that may contribute to follicle organisation.
One such cell-type are MRCs, which express the adhesion molecule MadCAM-1, secrete CXCL13 and have
been described as marginal sinus pre-FDCs as they also share the expression of Mfge-8 in the MZ in steady-
state!>?”. Spleen sections from non-infected mice or mice infected with STm were stained for MadCAM-
1, anti-Mfge-8 and anti-CD21/35 and assessed by IF (Fig. 6a; presented as a merge of all staining on the
top row or just Mfge-8 and MadCAM-1 on the bottom row). STm infection induced a noticeable expansion
of MadCAM-1+ cells from 7 days up to 28 days after the infection, and these cells were detected not only
in the MZ but also in the follicles, and some were positive for Mfge-8 (Fig. 6a; Supplementary Fig. 3d).
Analysis by flow cytometry confirmed that there was an expansion in the frequency and number of MRCs
at day 21 post-infection, which was not observed at day 42 (Fig. 6b). Additionally, FDC-M1+/Mfge-8+ cells
were observed around CD31+ blood vessels. These cells also expressed the perivascular pre-FDC marker,
platelet-derived growth factor receptor beta (PDGFRPB) (Fig. 6¢c, d). Therefore, marginal sinus FDC

precursors expand during STm infection.
MadCAM-1-expressing cells become major producers of CXCL13 during infection

Given the re-organisation of the WP and the lack of FDC networks induced after STm infection, we
hypothesised that STm infection perturbs the expression of chemokine profiles within the WP. Key
amongst these chemokines are CCL21 and CXCL13, which are required for normal T zone and follicle
segregation. The distribution of these chemokines was examined by IF microscopy and gene expression
from microdissected WP in spleens from non-infected mice and after 21 days of STm-infection. CCL21
gene expression was reduced in the WP and was also reflected at the protein level in T zones of infected
mice compared to naive controls (Fig. 7a, b; Supplementary Fig. 4a). In contrast, and despite perturbed
FDC networks being detected, the expression of CXCL13 was comparable both when gene expression was
measured in WP and protein expression in follicular areas (Fig. 7c, d; Supplementary Fig. 4b). In non-

infected mice, most CXCL13 staining is associated with FDCs in follicles. In contrast, at day 21 post-
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infection, most CXCL13 is associated with MadCAM-1+ cells, which are distributed throughout the WP and
are not restricted to the marginal sinus (Fig. 7e; Supplementary Fig. 4c). Thus, during STm infection
MadCAM-1+ cells provide an alternative source of CXCL13 to compensate for the reduced expression of

this chemokine by FDCs during this time.

Discussion

Here, we show how systemic Salmonella infection induces the disorganisation of the splenic WP and loss
of GC formation, and the later detection of GCs correlates with the induction and resolution of these
changes. The capacity of STm infection to impact GC induction and maintenance is not restricted to STm-
specific responses but also impacts GC induced to a diverse spectrum of other pathogens and antigens,
including model antigens, bacterial flagellin, the microbiota, influenza virus and the helminth
Nippostrongylus brasiliensis*>8. The diversity of these antigens and the observation that STm infection
impacts pre-existing and ongoing GC responses indicates the antigen independence of these effects. Since
B cells from STm-infected mice maintain the capacity to develop into GC B cells?, it indicates that a
significant contributory reason for the absence of GC in the first weeks of infection is that STm disrupts

the niches in which GCs develop.

Previous studies have shown how non-B cell-intrinsic mechanisms including the recruitment of discrete
Sca-1+ monocyte populations, TLR4 expression and IL-12-mediated suppression of Tfh cells can impair GC
formation after STm infection?”?8, The impact of IL-12 induced to Salmonella is likely to act early, possibly
in the first 24 hours after infection since this cytokine is produced by conventional and monocyte-derived
dendritic cells from 2 hours post-infection to promote Th1l differentiation?®. In contrast to these early
events, the identification of perturbed FDC and MZ organisation occurs later and indicates that the
structures needed to support GC development and function are not maintained during the peak of the
infection. Despite the multiple and quite marked effects of Salmonella on the host adaptive immune
response, it isimportant to contextualise the lack of GCs as being a selective effect and not representative
of a general impairment in the capacity of the host to induce antibody responses to the pathogen. Many
B cell responses remain active in the host during the period when GC are not detectable. For instance,
extensive EF B cell responses are detectable from the first days after infection®. These responses are
induced in a T-independent manner with B cell switching to IgG dependent upon BCL6*PD1'°CXCR5" T cells
and CD40L*3%3%  Moreover, the EF response-derived antibody is functional and can moderate

bacteraemia and subsequent re-infection?. Therefore, the tissue reorganisation observed in primary
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infection is not a barrier to productive EF responses and so the impairment of the GC response to
Salmonella is unlikely to have evolved simply as a strategy to impair antibody responses per se. Therefore,

whether there is a selective advantage to the host or to the pathogen remains unclear.

A hallmark of the GC is the organisation of multiple cell types within follicles. This includes FDCs which are
essential not only for providing chemokines to recruit B cells but also for antigen-driven selection'164°,
The STm-induced changes in FDCs and the downregulation of key phenotypic markers, alongside the
timing of these changes, are fully consistent with changes in FDCs being a key reason why GC do not form
or are not maintained. Nevertheless, it is unlikely that direct infection of FDCs drives these effects as
bacteria are rarely detected in FDC and B cell follicles, but mainly localise in iNOS+ inflammatory foci in
the red pulp during the weeks after infection examined here**2. This contrasts with what is observed
after other infections where impaired GC responses associated with disruption of FDCs have been

observed. For instance, FDCs are directly infected and lost subsequently in draining LNs after the

Bluetongue virus infection of sheep®.

FDCs are plastic stromal cells that originate from perivascular cells and require B cell-derived TNFR and
LTBR signalling for their maintenance®?"44%, The de-clustering of FDC induced by STm infection is
unlikely to reflect the death of FDCs as although the density of FDCs in the spleen was significantly reduced
after infection, the total numbers were not and these cells are known to be long-lived and resistant to
stresses such as radiation exposure>*8, Another potential outcome is that FDCs lose maturity and partially
de-differentiate as FDC-like cells were readily detectable in the follicles and expansion of MadCAM-1+
MRCs in the MZ and throughout the follicle was observed. Likewise, the capacity to form normal FDC
networks could also occur due to the reduced density of B cells in the follicles or/and an intrinsic decrease
of LTap expression, which may limit LTBR signalling. The other LTPBR ligand, LIGHT (TNFSF14) may
contribute to this process*. Here, we have shown that the expression of genes within the TNFR and LTBR
signalling pathways in the WP were modulated by STm infection. TNF is produced by multiple innate
immune cell types and T cells after infection and plays pleiotropic roles in controlling infection in tissues
such as the spleen and liver®®>2, Less is known about the contribution of lymphotoxin and TNF to the
organisation of WP after STm infection. We did attempt to modulate FDCs by targeting the LTPBR and
modulation of TNF using agonistic and neutralising antibodies, respectively. Targeting LTBR did not
provide consistent results, with some mice showing accelerated induction of FDCs and GCs, but not all.
The reasons for this are unclear but we speculate that they may be consequences of trying to maintain

agonistic LTBR signalling for a sufficiently long time to have lasting effects. In contrast, neutralising TNF
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during Ehrlichia muris infection enhances GC responses?! but we observed an enhanced loss of FDCs and
no GC response during STm-infection. The loss of FDCs, GCs and impaired humoral immunity after
interference with the TNF signalling using either TNF-neutralising antibodies or gene-targeted mice has

36,46:47,5354 and under inflammatory environments

been described extensively in steady-state conditions
such as sepsis®. These results suggest that during active infection, the targeting of specific cell types may
be more difficult than targeting soluble factors such as TNF and highlights the potential difficulty in using
single agent interventions to target different bacterial infections as each infection may have a distinct

immune signature.
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Figure titles and legends
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Figure 1. Kinetics of GC development during STm infection. Mice were infected i.p with 5x10° STm SL3261
and the spleens recovered at the indicated times. a Bacteria loads (CFU) per spleen. Each symbol
represents one mouse. b Spleen weights from individual infected and NI mice. c Top row: representative
images of spleen sections from infected and NI mice stained to detect IgD expressing cells (green) and
PNA binding cells (red); bottom row: the same area as per top row showing PNA-binding and Ki-67
expressing cells. Scale bars 200 um. d Quantification of GC area determined by measuring 45 follicles per
section. Each point represents the area measured for each GC. Data is representative of 2-3 experiments
with 4 mice each, the bar height represents the median, and the error bars display the 95% Cl. One-way
ANOVA and Tukey’s multiple comparison test for a or Dunnett’s multiple comparison test for b and d were
performed. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, nonsignificant.
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Figure 2. STm infection-induced alteration of the splenic microarchitecture. Mice were infected as per
Fig. 1. a Cryosections from spleens were stained to detect T cells (CD3+; magenta), B cells (B220+; green),
and the reticular fibre network (basement membrane; laminin+; white) to define the compartments in
the WP. Representative low-magnification images are shown in the top row (scale bar 500 um), and
confocal images in the bottom row represent higher magnifications of the selected areas. Scale bar 100
pum. b Graph showing the proportion of WP per total area of spleen section. Each symbol represents a
single mouse. ¢ Graph showing the area (in um?) of 15 randomly selected individual WP. d, e The density
of B and T cell staining respectively per WP (determined as the median fluorescence intensity (MFI) of the
signal for B220 and CD3). f Cryosections from spleens were stained to detect MMM®Os (CD169+; white),
DCs (DEC205+ in green and CD11c+ in red), and naive B cells (IgD+; blue). Scale bar 200 um. Images and
in situ quantification representative of 2 experiments with at least 4 mice in each group, the bar height
represents the median, and the error bars display the 95% Cl. One-way ANOVA and Dunnett’s multiple
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comparison test for b, and two-tailed, unpaired, t-test for c-e was performed. *p < 0.05, **p < 0.01, ****p
< 0.0001. ns, nonsignificant.
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Figure 3. STm infection-induces changes in macrophages and B cells in the MZ. Mice were infected as
per Fig. 1. a Cryosections from spleens were stained to detect MMM®s (CD169+; green), MZMOs (SIGN-
R1+; red) and MZ B cells (IgM+; blue). Scale bar 200 um. b, ¢ In situ quantification of the signal for CD169
and SIGN-R1, respectively, in individual WP was measured and expressed as MFI. Each symbol represents
the MFI per WP. d Representative flow cytometry contour plots for the identification of MZ B cells. MZ B
cells were gated on B220*CD19*IgM*IgD*CD21MCD23™ expression. e, f Graphs displaying the percentage
and absolute number, respectively, of MZ B cells at the indicated times. Data is representative of 2
experiments with at least 4 mice each, the bar height represents the median, and the error bars display
the 95% Cl. One-way ANOVA and Dunnett’s multiple comparison test was performed for b, ¢, e and f. *p
<0.05, **p < 0.01, ***p <0.001, ****p < 0.0001. ns, nonsignificant.
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Figure 4. FDC network remodelling during STm infection. Mice were infected as per Fig. 1. a
Representative images of spleen cryosections stained by immunohistochemistry to detect FDC (FDC-M1+;
blue) and T cells (CD3+; brown), scale bar 100 um. b Representative dot plots of FDCs and MRCs detected
in spleens of NI mice and mice infected for 21 and 42 days. Cells were gated on non-haematopoietic cells
(CDA45), non-endothelial (CD31), non-erythroid (TER119) cells and based on the expression of podoplanin,
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MadCAM-1 and CD21/35. ¢, d Graphs showing the proportion of total cells and absolute number of FDCs
at 21 days and 42 days after STm infection. Each point represents results from one spleen, the bar height
represents the median, and the error bars display the 95% Cl. Two-way ANOVA and Sidak’s multiple
comparison test was performed for c-d. **p < 0.01; ns, nonsignificant. e IF images stained to detect
laminin (blue), FDCs (Mfge-8+; red), and CR1/CR2 (CD21/35+; green). Top row shows a merged image of
the markers, and the middle and bottom rows show single-colour images of the same area. Scale bar 200
pum.
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Figure 5. GCs are detected in parallel with the normalisation of FDC networks. Mice were infected as per
Fig. 1. a Representative IF images of B cell follicles (IgD+; blue), FDCs (Mfge-8+; green), and GCs (PNA+;
red) detected in spleens of infected and NI mice. Scale bar 100 um. b-f Graphs showing the expression of
individual genes in WP isolated by microdissection from NI mice or mice infected for 21 days. Each point
represents the gene expression detected in WP from one individual mouse, the bar height represents the
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median, and the error bars display the 95% Cl. Two-tailed unpaired, t-test was used to compare groups.
*p <0.05, **p < 0.01, ns, nonsignificant.
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Figure 6. STm infection induces the expansion of MRCs. Mice were infected as per Fig. 1. a Representative
IFimages show MRCs (MadCAM-1+; red), FDCs (Mfge-8+; green), and CR1/2 (CD21/35; magenta). Top row
images show all markers combined at different time points after infection; triple positive cells are present
as white. The bottom row images show the merge of MadCAM-1 and Mfge-8 signal; double positive cells
are present as yellow. Scale bar 200 um. b Flow cytometry quantification of the proportion and absolute
cell number of MRCs in NI mice and STm-infected mice after 21 days and 42 days. Cells were gated on
CD45°CD31 TER119'podoplaninMadCAM-1*CD21/35". Each point represents one spleen, the bar height
represents the median, and the error bars display the 95% CI. Two-way ANOVA and Sidak’s multiple
comparison test between the NI and STm-infected group was performed. *p < 0.05, **p < 0.01; ns,
nonsignificant. ¢ IF images on top row show the merged staining for FDC-M1 (red), IgD (blue), CD3 (white)
and Ki-67 (green). Bottom row displays single-colour images for FDC-M1 (red). Scale bar 50 um. d Top
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panels show IF images for the combined staining of Mfge-8 (green), CD31 (blue) and PDGFR[ (red).
Bottom row shows IF images for combined Mfge-8 and PDGFR[3 staining. Scale bar 100 um.
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Figure 7. CXCL13 expression in the follicles is maintained after infection with STm. Mice were infected
as per Fig. 1. a Representative IF images show CCL21 (green) expression along with B220 (blue) and ER-
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TR-7 (red) staining in NI mice (top row) and mice infected for 21 days (bottom row). Left-hand panels show
merged images, and single-colour panels are displayed in the other panels. b Gene expression of Cc/21 in
WP of NI mice and mice infected with STm for 21 days. ¢ Representative IF images of spleen sections
stained for CXCL13 (green), IgD (blue), and CD21/35 (red) in control mice (top row) and STm-infected mice
for 21 days (bottom row). Merged three-colour images (left), CXCL13 and CD21/35 merged images
(second column), and single-colour channels (two columns to the right) are displayed. Scale bar 50 um. d
Graph represents gene expression of Cxc/13 in WP from NI mice and mice infected with STm for 21 days.
Each point in the graphs represents the gene expression detected in WP from one individual mouse, the
bar height represents the median, and the error bars display the 95% Cl. Two-tailed unpaired, t-test was
used to compare groups. **p < 0.01, ns, nonsignificant. e Spleen sections were stained for CXCL13 (green),
IgD (blue), MadCAM-1 (red) and CD3 (white). Representative IF images on top row show NI mice and
images from STm-infected mice are shown in the bottom row. Images on the right displayed four-channel
merged images, MadCAM-1 and CXCL13 merged images are presented in the second column and double-
positive cells are yellow. Single-colour images are shown to the left. Scale bar 50 um.
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Supplemental information titles and legends
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Supplementary Figure 1. DCs, MZM®s, MMM®s and MZ B cells in the spleen after STm infection. Mice
were infected as per Fig. 1. a Cryosections from spleens were stained to detect MMM®s (CD169+; white),
DCs (DEC205+; (green) and CD11c+ (red)), and naive B cells (IgD+; blue). Scale bar 200 um. b Cryosections
from spleens were stained to detect MMM®s (CD169+; green), MZMOs (SIGN-R1+; red), MZ B cells (IgM+
cells in the MZ; blue) and B cells (IgD+; magenta). Scale bar 200 pum.
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Supplementary Figure 2. FDC analysis in the spleen during STm infection. Mice were infected as per Fig.
1. a Representative images of spleen cryosections stained by immunohistochemistry to detect FDC (FDC-
M1+; blue) and T cells (CD3+; brown). Scale bar 200 um. b IF images stained to detect laminin (blue), FDCs
(Mfge-8+; magenta and FDC-M1; red), and CR1/CR2 (CD21/35+; green). Top row shows low magnification
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and merged images of all markers, and the second row represents higher magnifications of the selected
areas. The bottom two rows show single-colour images. Scale bar 200 um.
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Supplementary Figure 3. Distribution of STm and FDCs in the WP of the spleen 7 days after infection.
Mice were infected as per Fig. 1. a,b Graphs display the in situ quantification of the MFI for the detection
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of CD21/35 and Mfge-8 at different time points after STm infection in individual WP. Each symbol
represents the MFI per WP, the bar height represents the median, and the error bars display the 95% CI.
One-way ANOVA and Dunnett’s multiple comparison test was performed for a-b. *p < 0.05, ***p < 0.001,
****pn <0.0001. c Cryosections were stained to detect FDCs (Mfge-8+; red), CR1/2 (CD21/35+; green) and
STm (magenta) in NI mice (left column) and mice infected for 7 days (six images to the right). The yellow
signal represents Mfge-8 and CD21/35 double positive cells. Scale bar 200 um. d Representative IF images
show MRCs (MadCAM-1+; red), FDCs (Mfge-8+; green), CR1/2 (CD21/35; magenta), and laminin (blue).
Scale bar 200 pm.
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Supplementary Figure 4. Chemokine expression in the splenic WP after STm infection. Mice were
infected as per Fig. 1. a Representative IF images show CCL21 (green) expression along with B220 (blue)
and ER-TR-7 (red) staining in NI mice (top row) and mice infected for 21 days (bottom row). Scale bar 50
um. b Representative IF images of spleen sections stained for CXCL13 (green), IgD (blue), and CD21/35
(red) in control mice (left) and mice infected with STm for 21 days (right). Scale bar 50 um. c Spleen

26


https://doi.org/10.1101/2022.12.11.519997
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.11.519997; this version posted December 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

sections from NI mice (left) and STm-infected mice (right) were stained for CXCL13 (green), IgD (blue),
MadCAM-1 (red) and CD3 (white). Scale bar 50 um.

27


https://doi.org/10.1101/2022.12.11.519997
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.11.519997; this version posted December 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

References

10.

11.

12.

Plotkin, S.A. (2008). Vaccines: correlates of vaccine-induced immunity. Clin Infect Dis 47, 401—
409. 10.1086/589862.

MaclLennan, I.C.M., Toellner, K.-M., Cunningham, A.F., Serre, K., Sze, D.M.-Y., Zuiiga, E., Cook,
M.C., and Vinuesa, C.G. (2003). Extrafollicular antibody responses. Immunol Rev 194, 8—18.
10.1034/j.1600-065x.2003.00058.x.

Smith, K.G., Hewitson, T.D., Nossal, G.J., and Tarlinton, D.M. (1996). The phenotype and fate of
the antibody-forming cells of the splenic foci. Eur J Immunol 26, 444-448.
10.1002/€ji.1830260226.

Elsner, R.A., and Shlomchik, M.J. (2020). Germinal Center and Extrafollicular B Cell Responses in
Vaccination, Immunity, and Autoimmunity. Immunity 53, 1136—-1150.
10.1016/j.immuni.2020.11.006.

Victora, G.D., and Nussenzweig, M.C. (2022). Germinal Centers. Annu Rev Immunol 40, 413-442.
10.1146/annurev-immunol-120419-022408.

Maclennan, I.C. (1994). Germinal centers. Annu Rev Immunol 12, 117-139.
10.1146/annurev.iy.12.040194.001001.

Weisel, F.J., Zuccarino-Catania, G. v, Chikina, M., and Shlomchik, M.J. (2016). A Temporal Switch
in the Germinal Center Determines Differential Output of Memory B and Plasma Cells Accession
Numbers GSE76502 Weisel et al Article A Temporal Switch in the Germinal Center Determines
Differential Output of Memory B and Plasma Cells. Immunity 44, 116-130.
10.1016/j.immuni.2015.12.004.

Hofmann, J., Greter, M., du Pasquier, L., and Becher, B. (2010). B-cells need a proper house,
whereas T-cells are happy in a cave: the dependence of lymphocytes on secondary lymphoid
tissues during evolution. Trends Immunol 31, 144-153. 10.1016/].it.2010.01.003.

Luther, S.A., Tang, H.L., Hyman, P.L., Farr, A.G., and Cyster, J.G. (2000). Coexpression of the
chemokines ELC and SLC by T zone stromal cells and deletion of the ELC gene in the plt/plt
mouse. Proc Natl Acad Sci U S A 97, 12694-12699. 10.1073/pnas.97.23.12694.

Link, A., Vogt, T.K., Favre, S., Britschgi, M.R., Acha-Orbea, H., Hinz, B., Cyster, J.G., and Luther, S.A.
(2007). Fibroblastic reticular cells in lymph nodes regulate the homeostasis of naive T cells.
Nature Immunology 2007 8:11 8, 1255-1265. 10.1038/ni1513.

Gunn, M.D., Ngo, V.N,, Ansel, K.M., Ekland, E.H., Cyster, J.G., and Williams, L.T. (1998). A B-cell-
homing chemokine made in lymphoid follicles activates Burkitt’s lymphoma receptor-1. Nature
1998 391:6669 391, 799-803. 10.1038/35876.

Cyster, J.G., Ansel, K.M., Reif, K., Ekland, E.H., Hyman, P.L., Tang, H.L., Luther, S.A., and Ngo, V.N.
(2000). Follicular stromal cells and lymphocyte homing to follicles. Immunol Rev 176, 181-193.
10.1034/j.1600-065x.2000.00618..x.

28


https://doi.org/10.1101/2022.12.11.519997
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.11.519997; this version posted December 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

13. Katakai, T., Suto, H., Sugai, M., Gonda, H., Togawa, A., Suematsu, S., Ebisuno, Y., Katagiri, K.,
Kinashi, T., and Shimizu, A. (2008). Organizer-Like Reticular Stromal Cell Layer Common to Adult
Secondary Lymphoid Organs. The Journal of Immunology 181, 6189—-6200.
10.4049/jimmunol.181.9.6189.

14. Allen, C.D.C., and Cyster, J.G. (2008). Follicular dendritic cell networks of primary follicles and
germinal centers: Phenotype and function. Semin Immunol 20, 14-25.
10.1016/j.smim.2007.12.001.

15. Tew, J.G., Kosco, M.H., Burton, G.F., and Szakal, A.K. (1990). Follicular Dendritic Cells as Accessory
Cells. Immunol Rev 117, 185-211. 10.1111/j.1600-065X.1990.tb00573..x.

16. Wang, X., Cho, B., Suzuki, K., Xu, Y., Green, J.A., An, J., and Cyster, J.G. (2011). Follicular dendritic
cells help establish follicle identity and promote B cell retention in germinal centers. J Exp Med
208, 2497-2510. 10.1084/jem.20111449.

17. Hofmann, J., Greter, M., du Pasquier, L., and Becher, B. (2010). B-cells need a proper house,
whereas T-cells are happy in a cave: the dependence of lymphocytes on secondary lymphoid
tissues during evolution. Trends Immunol 31, 144-153. 10.1016/].it.2010.01.003.

18. Racine, R., Jones, D.D., Chatterjee, M., MclLaughlin, M., MacNamara, K.C., and Winslow, G.M.
(2010). Impaired Germinal Center Responses and Suppression of Local IgG Production during
Intracellular Bacterial Infection. The Journal of Immunology 184, 5085-5093.
10.4049/jimmunol.0902710.

19. Ryg-Cornejo, V., loannidis, L.J., Ly, A., Chiu, C.Y., Tellier, J., Hill, D.L., Preston, S.P., Pellegrini, M.,
Yu, D., Nutt, S.L., et al. (2016). Severe Malaria Infections Impair Germinal Center Responses by
Inhibiting T Follicular Helper Cell Differentiation. Cell Rep 14, 68-81.
10.1016/j.celrep.2015.12.006.

20. Cunningham, A.F., Gaspal, F., Serre, K., Mohr, E., Henderson, |.R., Scott-Tucker, A., Kenny, S.M.,
Khan, M., Toellner, K.-M., Lane, P.J.L., et al. (2007). Salmonella Induces a Switched Antibody
Response without Germinal Centers That Impedes the Extracellular Spread of Infection. The
Journal of Immunology 178, 6200—6207. 10.4049/jimmunol.178.10.6200.

21. Popescu, M., Cabrera-Martinez, B., and Winslow, G.M. (2019). TNF-a Contributes to Lymphoid
Tissue Disorganization and Germinal Center B Cell Suppression during Intracellular Bacterial
Infection. The Journal of Immunology 203, 2415-2424. 10.4049/jimmunol.1900484.

22. Di Niro, R., Lee, S.-J., Vander Heiden, J.A., Elsner, R.A., Trivedi, N., Bannock, J.M., Gupta, N.T.,
Kleinstein, S.H., Vigneault, F., Gilbert, T.J., et al. (2015). Salmonella Infection Drives Promiscuous
B Cell Activation Followed by Extrafollicular Affinity Maturation. Immunity 43, 120-131.
10.1016/j.immuni.2015.06.013.

23. Nanton, M.R., Lee, S.J., Atif, S.M., Nuccio, S.P., Taylor, J.J., Bdumler, A.J., Way, S.S., and McSorley,
S.J. (2015). Direct visualization of endogenous Salmonella-specific B cells reveals a marked delay
in clonal expansion and germinal center development. Eur J Immunol 45, 428-441.
10.1002/eji.201444540.

29


https://doi.org/10.1101/2022.12.11.519997
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.11.519997; this version posted December 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

available under aCC-BY-NC-ND 4.0 International license.

Mesin, L., Ersching, J., and Victora, G.D. (2016). Germinal Center B Cell Dynamics. Immunity 45,
471-482.10.1016/j.immuni.2016.09.001.

Bobat, S., Darby, M., Mrdjen, D., Cook, C., Logan, E., Auret, J., Jones, E., Schnoeller, C., Flores-
Langarica, A., Ross, E.A,, et al. (2014). Natural and Vaccine-Mediated Immunity to Salmonella
Typhimurium is Impaired by the Helminth Nippostrongylus brasiliensis. PLoS Negl Trop Dis 8,
e3341. 10.1371/journal.pntd.0003341.

Flores-Langarica, A., Bobat, S., Marshall, J.L., Yam-Pug, J.C., Cook, C.N., Serre, K., Kingsley, R.A.,
Flores-Romo, L., Uematsu, S., Akira, S., et al. (2015). Soluble flagellin coimmunization attenuates
Th1 priming to Salmonella and clearance by modulating dendritic cell activation and cytokine
production. Eur J Immunol 45, 2299-2311. 10.1002/eji.201545564.

Biram, A, Liu, J., Hezroni, H., Davidzohn, N., Schmiedel, D., Khatib-Massalha, E., Haddad, M.,
Grenov, A., Lebon, S., Salame, T.M.,, et al. (2022). Bacterial infection disrupts established germinal
center reactions through monocyte recruitment and impaired metabolic adaptation. Immunity
55, 442-458.e8. 10.1016/j.immuni.2022.01.013.

Elsner, R.A., and Shlomchik, M.J. (2019). IL-12 Blocks Tfh Cell Differentiation during Salmonella
Infection, thereby Contributing to Germinal Center Suppression. Cell Rep 29, 2796-2809.e5.
10.1016/j.celrep.2019.10.069.

Nikbakht, N., Shen, S., and Manser, T. (2013). Cutting edge: Macrophages are required for
localization of antigen-activated B cells to the follicular perimeter and the subsequent germinal
center response. J Immunol 190, 4923-4927. 10.4049/jimmunol.1300350.

Pirgova, G., Chauveau, A., MacLean, A.J., Cyster, J.G., and Arnon, T.l. (2020). Marginal zone SIGN-
R1+ macrophages are essential for the maturation of germinal center B cells in the spleen. Proc
Natl Acad Sci US A 117, 12295-12305. 10.1073/pnas.1921673117.

Kranich, J., Krautler, N.J., Heinen, E., Polymenidou, M., Bridel, C., Schildknecht, A., Huber, C.,
Kosco-Vilbois, M.H., Zinkernagel, R., Miele, G., et al. (2008). Follicular dendritic cells control
engulfment of apoptotic bodies by secreting Mfge8. ) Exp Med 205, 1293-1302.
10.1084/jem.20071019.

Ross, E.A., Coughlan, R.E., Flores-Langarica, A., Bobat, S., Marshall, J.L., Hussain, K., Charlesworth,
J., Abhyankar, N., Hitchcock, J., Gil, C., et al. (2011). CD31 is required on CD4+ T cells to promote T
cell survival during Salmonella infection. J Immunol 187, 1553-1565. 10.4049/jimmunol.1000502.

Jackson, A., Nanton, M.R., O’Donnell, H., Akue, A.D., and McSorley, S.J. (2010). Innate immune
activation during Salmonella infection initiates extramedullary erythropoiesis and splenomegaly.
JImmunol 185, 6198-6204. 10.4049/jimmunol.1001198.

Victoratos, P., Lagnel, J., Tzima, S., Alimzhanov, M.B., Rajewsky, K., Pasparakis, M., and Kollias, G.
(2006). FDC-specific functions of p5S5TNFR and IKK2 in the development of FDC networks and of
antibody responses. Immunity 24, 65—77. 10.1016/j.immuni.2005.11.013.

Endres, R., Alimzhanov, M.B., Plitz, T., Fltterer, A., Kosco-Vilbois, M.H., Nedospasov, S.A.,
Rajewsky, K., and Pfeffer, K. (1999). Mature follicular dendritic cell networks depend on

30


https://doi.org/10.1101/2022.12.11.519997
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.11.519997; this version posted December 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

available under aCC-BY-NC-ND 4.0 International license.

expression of lymphotoxin B receptor by radioresistant stromal cells and of lymphotoxin B and
tumor necrosis factor by B cells. Journal of Experimental Medicine 189, 159-167.
10.1084/jem.189.1.159.

Wang, Y., Wang, J., Sun, Y., Wu, Q., and Fu, Y.-X. (2001). Complementary Effects of TNF and
Lymphotoxin on the Formation of Germinal Center and Follicular Dendritic Cells. The Journal of
Immunology 166, 330-337. 10.4049/jimmunol.166.1.330.

Krautler, N.J., Kana, V., Kranich, J., Tian, Y., Perera, D., Lemm, D., Schwarz, P., Armulik, A.,
Browning, J.L., Tallquist, M., et al. (2012). Follicular dendritic cells emerge from ubiquitous
perivascular precursors. Cell 150, 194-206. 10.1016/j.cell.2012.05.032.

Lee, S.K., Rigby, R.J., Zotos, D., Tsai, L.M., Kawamoto, S., Marshall, J.L., Ramiscal, R.R., Chan, T.D,,
Gatto, D., Brink, R., et al. (2011). B cell priming for extrafollicular antibody responses requires Bcl-
6 expression by T cells. J Exp Med 208, 1377-1388. 10.1084/jem.20102065.

Gil-Cruz, C., Bobat, S., Marshall, J.L., Kingsley, R.A., Ross, E.A., Henderson, |.R., Leyton, D.L.,
Coughlan, R.E., Khan, M., Jensen, K.T., et al. (2009). The porin OmpD from nontyphoidal
Salmonella is a key target for a protective B1b cell antibody response. Proc Natl Acad Sci U S A
106, 9803—9808. 10.1073/pnas.0812431106.

Vinuesa, C.G., Linterman, M.A., Goodnow, C.C., and Randall, K.L. (2010). T cells and follicular
dendritic cells in germinal center B-cell formation and selection. Immunol Rev 237, 72—-89.
10.1111/j.1600-065X.2010.00937 .x.

Beristain-Covarrubias, N., Perez-Toledo, M., Flores-Langarica, A., Zuidscherwoude, M., Hitchcock,
J.R., Channell, W.M., King, L.D.W., Thomas, M.R., Henderson, I.R., Rayes, J., et al. (2019).
Salmonella-induced thrombi in mice develop asynchronously in the spleen and liver and are not
effective bacterial traps. Blood 133, 600—604. 10.1182/blood-2018-08-867267.

Perez-Toledo, M., Beristain-Covarrubias, N., Channell, W.M., Hitchcock, J.R., Cook, C.N.,
Coughlan, R.E., Bobat, S., Jones, N.D., Nakamura, K., Ross, E.A., et al. (2020). Mice Deficient in T-
bet Form Inducible NO Synthase-Positive Granulomas That Fail to Constrain Salmonella. J
Immunol 205, 708-719. 10.4049/jimmunol.2000089.

Melzi, E., Caporale, M., Rocchi, M., Martin, V., Gamino, V., di Provvido, A., Marruchella, G.,
Entrican, G., Sevilla, N., and Palmarini, M. (2016). Follicular dendritic cell disruption as a novel
mechanism of virus-induced immunosuppression. Proc Natl Acad Sci U S A 113, E6238—-E6247.
10.1073/pnas.1610012113.

Fu, Y.-X., Huang, G., Wang, Y., and Chaplin, D.D. (1998). B Lymphocytes Induce the Formation of
Follicular Dendritic Cell Clusters in a Lymphotoxin a—dependent Fashion. Journal of Experimental
Medicine 187, 1009-1018. 10.1084/jem.187.7.1009.

Mackay, F., and Browning, J.L. (1998). Turning off follicular dendritic cells [7]. Nature 395, 26-27.
10.1038/25630.

31


https://doi.org/10.1101/2022.12.11.519997
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.11.519997; this version posted December 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

available under aCC-BY-NC-ND 4.0 International license.

Matsumoto, M., Fu, Y.X., Molina, H., and Chaplin, D.D. (1997). Lymphotoxin-a-deficient and TNF
receptor-I-deficient mice define developmental and functional characteristics of germinal
centers. Immunol Rev 156, 137-144. 10.1111/j.1600-065X.1997.tb00965.x.

Matsumoto, M., Mariathasan, S., Nahm, M.H., Baranyay, F., Peschon, J.J., and Chaplin, D.D.
(1996). Role of Lymphotoxin and the Type | TNF Receptor in the Formation of Germinal Centers.
Science (1979) 271, 1289-1291. 10.1126/science.271.5253.1289.

Heesters, B.A., Myers, R.C., and Carroll, M.C. (2014). Follicular dendritic cells: Dynamic antigen
libraries. Nat Rev Immunol 14, 495-504. 10.1038/nri3689.

Ware, C.F., Croft, M., and Neil, G.A. (2022). Realigning the LIGHT signaling network to control
dysregulated inflammation. J Exp Med 219. 10.1084/jem.20220236.

Everest, P., Roberts, M., and Dougan, G. (1998). Susceptibility to Salmonella typhimurium
infection and effectiveness of vaccination in mice deficient in the tumor necrosis factor alpha p55
receptor. Infect Immun 66, 3355-3364. 10.1128/1A1.66.7.3355-3364.1998.

Mastroeni, P., Arena, A., Costa, G.B., Liberto, M.C., Bonina, L., and Hormaeche, C.E. (1991).
Serum TNFa in mouse typhoid and enhancement of a salmonella infection by anti-TNFa
antibodies. Microb Pathog 11, 33—38. 10.1016/0882-4010(91)90091-N.

Mastroeni, P., Villarreal-Ramos, B., and Hormaeche, C.E. (1992). Role of T cells, TNF alpha and IFN
gamma in recall of immunity to oral challenge with virulent salmonellae in mice vaccinated with
live attenuated aro- Salmonella vaccines. Microb Pathog 13, 477-491. 10.1016/0882-
4010(92)90014-f.

Pasparakis, M., Alexopoulou, L., Episkopou, V., and Kollias, G. (1996). Immune and inflammatory
responses in TNFa-deficient mice: A critical requirement for TNFa in the formation of primary B
cell follicles, follicular dendritic cell networks and germinal centers, and in the maturation of the
humoral immune response. Journal of Experimental Medicine 184, 1397-1411.
10.1084/jem.184.4.1397.

Matsumoto, M., Mariathasan, S., Nahm, M.H., Baranyay, F., Peschon, J.J., and Chaplin, D.D.
(1996). Role of Lymphotoxin and the Type | TNF Receptor in the Formation of Germinal Centers.
Science (1979) 271, 1289-1291. 10.1126/science.271.5253.1289.

Rana, M., Bella, A. la, Lederman, R., Volpe, B.T., Sherry, B., and Diamond, B. (2021). Follicular
dendritic cell dysfunction contributes to impaired antigen-specific humoral responses in sepsis-
surviving mice. J Clin Invest 131. 10.1172/JCI146776.

32


https://doi.org/10.1101/2022.12.11.519997
http://creativecommons.org/licenses/by-nc-nd/4.0/

