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Abstract

Both infection and autoimmune disease can disrupt pre-existing antibody titers leading to
diminished serological memory, yet the underlying mechanisms are not well understood. Here,
we report that tumor necrosis factor-alpha (TNFa), an inflammatory cytokine, is a master regulator
of the plasma cell (PC) niche in the bone marrow. Acute recombinant TNFa treatment depletes
previously existing antibody titers following vaccination by limiting PC occupancy or retention in
the bone marrow. Consistent with this phenomenon, mice lacking TNFa signaling have elevated
PC capacity in the bone marrow and higher antibody titers. Using bone marrow chimeric mice,
we found that PC egress from the bone marrow is regulated in a cell-extrinsic manner, by
radiation-resistant cells via TNFa receptor 1 signaling, leading to increased vascular permeability
and CD138 downregulation on PCs. PC motility and egress in the bone marrow are triggered
within six hours of recombinant TNFa treatment. In addition to promoting egress, TNFa signaling
also prevented re-engraftment into the bone marrow, leading to reduced PC survival. While

other inflammatory stimuli can promote PC egress, TNFa signaling is necessary for limiting

the PC capacity in the bone marrow. Collectively, these data characterize how TNFa-mediated
inflammation attenuates the durability of serological memory and shapes the overall size and
composition of the antibody secreting cell (ASC) pool in the bone marrow.

Introduction

1duosnuey Joyiny

The longevity of prophylaxis against infection is directly linked to the long-term survival of
antibody-secreting cells (ASCs) (1-3). The bone marrow is a major niche for maintaining
long-lived plasma cells (PCs), a critical subset of ASCs in the body, particularly in humans
(4). Hematopoietic and non-hematopoietic cells that reside in the bone marrow produce
survival factors, like APRIL (5) and IL-6 (6), and retention factors such as CXCL12
chemokine (7-10) that are critical for PC survival.
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Various infections have been shown to reduce pre-existing antigen-specific antibody titers,
suggesting long-lived PCs have been disrupted. For salmonella infection, SiiE protein
directly targets integrin p1 expressed on ASCs and inhibits ASC interaction with bone
marrow stromal cells (11). Unvaccinated children exposed to measles have reported 40—
70% loss in antibody titer repertoire (12, 13), potentially by depletion of ASCs through
engagement of the signaling lymphocyte activation molecule, SLAMF1 (14). Malaria
infection leads to reductions in both malaria-specific and bystander ASCs (15-17), but

the mechanism of depletion has not been identified. In addition to these reported pathways
targeting ASCs, these infections are highly inflammatory, and linked with reduced antibody
titers. For example, reports have shown that children who developed higher temperatures
during malaria infection were found to have reduced tetanus, measles, and hepatitis B titers
(15).

Tumor necrosis factor alpha (TNFa) is highly-potent inflammatory cytokine found to be
elevated in patients infected with malaria (18, 19), salmonella (20), and measles (21).
Direct injection of human recombinant TNFa in patients can induce responses such as fever,
increased plasma cortisol and C-reactive protein, increased blood pressure, and hypotension
(22, 23). TNFa is highly secreted by macrophages and T cells, and it has two known
receptors, TNFa receptor 1 (TNFR1) and TNFa receptor 2 (TNFR2) (24, 25). TNFR1

is ubiquitously-expressed, whereas TNFR2 expression is limited to immune cells (26),
endothelial cells (27), cardiac myocytes (28), mesenchymal stem cells (29), neurons (30),
and oligodendrocytes (31). Signaling through TNFR1 can lead to activation of cell survival
and pro-inflammatory gene expression via complex 1 signaling (TRADD-RIP1-TRAF2) or
apoptosis via complex 2 signaling (TRADD-RIP-1-TRAF-2-FADD-procaspase 8/10) (32,
33). TNFR2 has been reported to promote cell activation, migration, proliferation, tissue
repair, and enhancement of TNFR1 signaling via crosstalk (25, 34).

Previous work by S/locombe et al., (35) has demonstrated that salmonella infection, alum
adjuvant, or repeated injections with recombinant TNFa (rTNFa) can decrease the number
of ASCs in the bone marrow. It is unclear however, what effect TNFa signaling has on
humoral immunity and LLPCs as well as which mechanisms are involved. In this study, we
aim to determine the effects of TNFa-mediated inflammation on the longevity of serological
memory and characterize the role of TNFa on retention and survival of bone marrow PCs.

TNF receptor double knock-out mice (DKO) (B6.129S-Tnfrsflatmllmx Tnfrs1btm1imx/J)
(Jackson Laboratories) were crossed with C57BL/6J (Jackson Laboratories) to generate
single TNF receptor knock-out mice (R1KO and R2KO). TNF-alpha knock-out mice
(TNFaKO) (B6.129-TNFtm1GKI) (Jackson Laboratories), C57BL/6 CD45.1 and C57BL/6
CD45.2 (B6) (Charles River) were used for steady state analysis, immunizations, and as
recipients for chimera experiments. B1-8M9", Blimp-1YFP, and Sdc1~/~ mice were described
previously and bred in-house (36, 37).
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Bone marrow chimeras

For chimeric animals, two million donor bone marrow cells were intravenously (i.v) injected
into lethally irradiated (950 RAD) recipient mice. Ten weeks later, recipient mice were
treated with 100uL PBS or 1ug of recombinant tumor necrosis factor alpha (rTNFa)
(Biolegend; 575206) for three consecutive days and then sacrificed. Mice were age-matched
within experiments, and all ranged between 10 and 16 weeks old. The Institutional Animal
Care and Use Committee approved the animal work conducted in this study.

Enzyme-linked immunosorbent assay (ELISA)

IgG-specific antibodies against nitrophenyl (NP) were detected by coating plates
[CORNING, REF#3361] with 2ug/ml of NP,5-Ovalbumin (OVA) (Biosearch Technologies)
overnight at 4°C. Plates were washed four times with 0.05% Tween 20 in PBS and

blocked with 100uL/well 1% BSA in PBS at room temperature for two hours. Serial
dilutions of 100 uL./well serum samples were plated at 1:1000 starting dilutions for NP

IgG antibody, followed by four-fold serial dilutions. Samples were incubated for two hours
at room temperature. Purified NP-specific antibody, 9T13 (100 ug/ml), was used as a
standard to quantify NP-1gG antibody levels and plated at a 1:100 dilution as an initial
titration. Plates were then washed and loaded with 50 uL/well 1gG horseradish peroxidase
(Jackson Immunoresearch Laboratories; 115-035-146) capture antibody at a 1:5000 dilution.
Plates were incubated for one hour and then washed. After the last wash, 50 uL/well
tetramethylbenzidine substrate (TMB) (Fisher Scientific) was used for detection for 5-10
minutes at room temperature in the dark, and reactions were stopped by adding 25 uL/well
sulfuric acid before the measurement of absorbance at 450nm by a plate reader (Wallac
1420).

To detect total 1gG antibody titers, plates were coated with 4ug/mi of AffiniPure Donkey
Anti-Mouse 1gG(H+L) (Jackson Immunoresearch Laboratories, 715-005-150) and incubated
overnight as previously described. Plates were then washed and blocked as described above.
Serum samples for systemic knock-out experiments (Figure 1) were plated at a starting
dilution of 1:1000 and followed by 5-fold serial dilutions. Plates were incubated for two
hours at room temperature. Plates were then washed, and 1gG horseradish peroxidase
(115-035-146 Jackson Immunoresearch Laboratories) was used as detection antibody and
loaded at 50 uL/well at a 1:5000 dilution. Plates were treated and quantified as previously
described.

To detect spike-specific 1gG antibodies, plates were coated with 0.2 ug/mL of spike

protein (SARS-CoV-2 Spike, expiCHO Lot: LHD8.1) and incubated overnight as previously
described. Plates were then washed and blocked as described above. Serum samples from
spike-expressing vaccinia infected mice were plated at a starting dilution of 1:50 and
followed by a 3-fold serial dilution. Plates were incubated at room temperature for two
hours and then washed. IgG-horseradish peroxidase detection antibody was used to quantify
spike-specific 1gG antibodly titers as previously described. Recombinant spike protein was
produced in house by Dr. Kartik Chandran lab.
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Enzyme-linked immunosorbent spot

To quantify NP-specific 1gG plasma cells, plates were coated with 20 ug/mL of NP3,-BSA
(bovine serum albumin) and incubated overnight at 37 C. Plates were then washed four
times with 200 1 of PBS and then blocked with 1% BSA/PBS. Plates were then washed
with sterile PBS and blocked with 1% BSA/PBS for two hours. Bone marrow (two femurs

+ tibia) or spleen cells from NP-KLH (emulsified in Alum) immunized mice were processed
into single cell suspension and resuspended in RMPI1 1600 media (10% FCS, Glutamine,
Penicillin/Streptomycin). Cells were then plated in triplicate (MAHAS4510, Millipore) at a
starting dilution of 500,000 cells/100 1 followed by a two-fold dilution and incubated at 37
C overnight. Plates were then washed with PBS and PBS-Tween (0.05%). A 1:5000 dilution
of 1gG-horseradish peroxidase detection antibody was added to quantify NP-specific 1gG for
two hours at room temperature. Plates were then washed with PBS-Tween (0.05%) and PBS.
TMB substrate (3,3’,5,5’-Tetramethylbenzidine, 3651-10, MABTECH INC) was added until
cells were detected and then washed vigorously with water. Plates were analyzed using an
AID Elispot reader (Version 3.2.3).

To quantify spike-specific 1gG plasma cells, plates were coated with 4 ug/mL of spike
protein (SARS-CoV-2 Spike, expiCHO Lot: LHD8.1) and incubated overnight at 37 C.
Plates were then washed as previously described. Bone marrow and splenic cells were
processed and resuspended in media as stated above. Cells were then plated in triplicate at a
starting dilution of 4,000,000 cells/100ul followed by a two-fold dilution and incubated at 37
C overnight. Plates were then washed with PBS and PBS-Tween (0.05%). A 1:5000 dilution
of 1gG-horseradish peroxidase detection antibody was added to detect spike-specific 1gG for
two hours at room temperature. Plates were then washed with PBS-Tween (0.05%) and PBS.
TMB substrate (3,3’,5,5’-Tetramethylbenzidine, 3651-10, MABTECH INC) was added until
cells were detected and then washed vigorously with water. Plates were analyzed using AID
Elispot reader (Mersion 3.2.3).

Recombinant vaccinia virus expressing SARS-CoV-2 spike (VacV-S)

A recombinant vaccinia virus expressing the SARS-CoV-2 2P (S2P) stabilized spike protein
ectodomain fused to a transmembrane targeting sequence from the vaccinia A56R protein
(VacV-S) was generated as described below. The parental strain used was Western Reserve
VacV expressing eGFP from the tk locus and bearing the K151E “super-secretor” mutation
in the A34R gene (PMID 8497053) (38). The S2P insert, from a construct described in

ref (PMID: 32075877; gift from J.S. McLellan), was subcloned into a transfer plasmid
containing the VacV A56R gene and 500-bp arms homologous to the tk locus. Recombinant
VacV-S was then generated by the trimolecular recombination approach (PMID 15114008).
Briefly, purified parental vaccinia DNA was cut with Apal and Notl-HF at pre-engineered
unique restriction sites in the tk gene. The spike-containing transfer plasmid and the
digested parental DNA were then co-transfected into BSC-40 cells infected with fowl pox
virus (VR-250 from ATCC). Virus production was allowed to occur for one week before
individual plaques were grown under 0.5% methylcellulose and sequenced.
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Immunizations and infections

For NP-1gG titer experiments, C57BI/6 mice were immunized intraperitoneally (i.p) with 50
ug nitrophenyl (NP)-conjugated keyhole limpet hemocyanin (NP-KLH) (NP[24]; Biosearch
Technologies) emulsified in 50,L of alum. For spike-1gG titer experiments, mice were
infected with 2x106 pfu vaccinia expressing spike from SARS-CoV-2 (VacV-S) in 200uL of
1X PBS intraperitoneally (i.p). Mice were also infected with a parental vaccinia strain that
did not express spike protein (VacV) as a negative control for spike-1gG titers. At six weeks
post-immunization, mice in both models were treated with 100uL of PBS or 1ug of rTNFa
for three consecutive days. Serum was collected by retro-orbital bleeding on the day before
the first treatment and on days 7, 14, and 30 after the last PBS or rTNFa treatment (Figure
6).

Adoptive Transfer

B1-8Mi9h and Blimp-1YFP mice were crossed to generate B1-8M9h, Blimp-1 YFP mice
(BHY). C57BI/6 (WT) or R1KO mice were treated with PBS, 1ug rTNFa, monoclonal
anti-TNFa (BioXCell, BE0058), or isotype control anti-horseradish peroxidase (BioXCell,
BE0088) antibodies every four days for the duration of the experiments. BHY donor mice
were primed with 50ug NP-KLH in alum and boosted with 50ug NP-KLH. Donor mice were
sacrificed and 2x107 splenocytes (~ 2x10° ASCs) were adoptively transferred i.v into WT
or R1KO mice 24 hours after the second treatment (Figure 7). All groups were sacrificed

or bled 14 days after the adoptive transfer. Transferred ASCs were quantified in the bone
marrow and spleen and NP-IgG titers were analyzed.

Dissemination and kinetic assays

To track ASCs that egressed from the bone marrow, mice were injected intra-tibially

(i.t) with 10uL of 500uM carboxyfluorescein succinimidyl ester (CFSE) (Sigma Aldrich),
approximately 15-20% of the PCs in the injected bone marrow are labelled (Figure 2F).
24hrs later, mice were treated with 100, L PBS or 1ug rTNFa and sacrificed the following
day (Figure 2E). To quantify PC egress, the total number of CFSE-positive PCs in the spleen
or contralateral leg (femur+tibia) was divided by the total number of CFSE-positive PCs in
the injected tibia. We have defined this number as the PC dissemination index.

Permeability, and survival assays

To quantify changes in vascular permeability, WT and TNFa receptor-deficient mice were
treated with rTNFa. Six hours later, mice were injected with 100pg 70kD Texas Red dextran
(D1380, Life Technologies Corp) and sacrificed fifteen minutes later. CD45" Dextran™ cells
were quantified in the bone marrow of rTNFa-treated mice and compared to non-treated
controls.

To assess changes in PC survival, age-matched Blimp-YFP mice were treated with 1pg of
rTNFa and sacrificed 6 hours post treatment and compared to non-treated controls. Blimp-1
expression was used to compare PCs of similar maturation in the blood, spleen, and bone
marrow. BCL-2 expression (geometric mean) in CD138Mgh B220!ow CD3M"edBLIMP-1nigh
ASCs was quantified to determine the microenvironment’s effect on PC survival.
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Intravital Imaging Analysis

Bone marrow intra-tibial imaging has been previously described (39). Briefly, mice were
anesthetized using isoflurane gas and hydrated with lactated ringers via subcutaneous
injection. Imaging was conducted with an Olympus FVE-1200 upright microscope (40).
Time lapses were conducted every 90 seconds. All image analysis was conducted using
Imaris software 9.2 to track cells and drift correct images. For drift correction, sessile
tomato-positive cells were tracked using manual methods to correct XYZ registrations over
time. Subtracted channels were used to isolate antibody secreting cell fluorescence from
background and bleed-through channel noise. The distance between ASCs and vessels were
calculations from vessels obtained by creating surfaces of vessels and then performing

a distance transformation. Distances were normalized by dividing the distance by the
average distance at all time points in pre-treated movies. All imaging and conditions were
independently repeated by two authors to confirm reproducibility.

Antibodies and flow cytometry

All flow cytometric analysis was conducted on BD FACS Avria Il or LSR 1I. The

data were analyzed using Flowjo software. To stain for ASCs, CD138 APC or PerCP-
Cy5.5 (clone 281-2, BD Biosciences or Biolegend), B220 APC-Cy7 (clone RA3-6B2,
Biolegend), CD98 PerCP-Cy5.5 or PE (clone 4F2, Biolegend), CD93 APC (clone AA4.1,
Biolegend), CD3 Efluor 450 (17A2, eBioscience), and CD184 BV421 or PE (clone 2B11/
CXCR4; BD Biosciences) were used. For B-cell lymphoma 2 (BCL-2 PeCy7; clone
BCL/10C4; Biolegend) and mantle cell leukemia (MCL-1 APC; clone D2W9E; Cell
Signaling Technologies) staining, cytofix/cytoperm kit (BD) was used. CD45.1 PE (clone
A20; Invitrogen) and CD45.2 BV450 (clone 104; BD Biosciences) antibodies were used
to distinguish donor and recipient cells in chimera studies. Fluorescent counting beads
(Spherotech) were used to quantify cell numbers routinely.

Quantification and statistical analysis

Results

Statistical analyses were performed using Graphpad Prism (version 8 and 9). Specific tests
used are listed in the figure legend with p values. As imaging data can produce highly
significant data due to large sample sizes, we compared groups from multiple experiments
independently and compared averages of averages from multiple experiments to ensure
that differences were not artifacts of large sample size. To calculate the EC50 value (the
reciprocal of the dilution that caused a 50% reduction of total 1gG titer), the non-linear
model (Y = Bottom + (XHillslopeyx(Top — Bottom) / (XHillSlope 1 C5QHillSIopey) was ysed
to calculate the EC50 value using Graphpad Prism 9. The reciprocal of the EC50 was then
calculated to quantify the dilution factor at which the total IgG concentration is half of the
total concentration at that timepoint.

TNFa signaling in radiation-resistant cells limits PC numbers in the bone marrow.

Since acute treatment with recombinant TNF-alpha (rTNFa) can rapidly reduce the number
of ASCs in the bone marrow (35), we hypothesized that naive mice that lack TNFa signaling
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might retain more PCs in the bone marrow under steady-state conditions. We analyzed PCs
(CD138Mghp22010W) in the blood, bone marrow (BM) and spleen of age matched C57BL/6
(WT), mice deficient for TNFa (TNFaKO), TNFa receptor 1 (R1KO), TNFa receptor 2
(R2KO), and mice lacking both TNFa receptors (DKO) (Figure 1A). Using Blimp-1-YFP
mice, in which YFP9" cells are predominantly PCs (Figure S1A), subsets within the PC
gate (CD138M9Nh220!oW), plasmablast gate (CD138M3" B220*) or B cell gate (B220M9h,
CD138-) were phenotyped (Figure S1B). Indeed cells in the PC gate were found to be
mature PCs (YFPhigh cp93high cp9ghigh MHC class 11'°% ) particularly in the BM and
spleen, and less so in the blood, but still distinct from plasmablasts (CD138M9" B220*) or
B cells (B220M3h CD138-) (Figure S1C). At steady-state, in comparison to WT mice, there
was a significant increase in the frequency and number of PCs found in the BM, blood, and
spleen in all groups with TNFa deficiencies, with the exception of blood PC from TNFaKO
and R1KO mice (Figure 1B-C).

Furthermore, all mice deficient for TNFa cytokine or receptor expression all had elevated
antibody titers, in line with increased PC numbers (Figure 1D). Differences in total
cellularity of the bone marrow were not altered in TNFa and TNF receptor deficient mice
(Figure S1D), thus basal or homeostatic TNFa signaling in naive mice limits PC numbers
and ultimately antibody titers.

rTNFa treatment induces PC egress from the bone marrow and limits ASC bone marrow
re-engraftment

A previous study had shown that chronic rTNFa treatment could reduce the number of PCs
in the bone marrow specifically (35), but the mechanisms involved were not fully resolved.
To determine what TNF signaling pathways were involved, WT, DKO, R1KO, and R2KO
mice were treated with rTNFa (1pg/day) and analyzed the next day. In WT mice treated
with rTNFa, we observed a 50% decrease in the number of BM PCs, with a concomitant
2-fold increase in PCs in peripheral blood, as compared to PBS-treated controls (Figure
2A). No changes in total PC number were detected in the spleen. As expected, we did not
see a significant in PC number in the BM, blood, or spleen of DKO mice upon treatment
(Figure 2B). R2KO mice treated with rTNFa showed a decrease in BM PCs, as in WT
mice, however, this was not accompanied by a comparable increase of PCs in the peripheral
blood (Figure 2C) beyond their hyper-elevated steady-state levels (Figure 1B). In contrast,
rTNFa treatment of R1KO mice did not result any significant changes in PC number in the
blood, bone marrow, and spleen (Figure 2D). These results indicate that TNFR1 signaling is
required in TNFa-mediated reduction of bone marrow PCs, while TNFR2 is not.

Although rTNFa treatment reduced PCs numbers in the BM while increasing them in the
blood, it was unclear if these were changes were causally linked, or other possibilities

might be at play. Thus, to track the fate of BM PCs after rTNFa treatment, we developed

a method to directly labeled BM cells /n situ by intra-tibial (i.t.) injection of fluorescent

cell tracking dye,, carboxyfluorescein succinimidyl ester (CFSE) (Figure 2E). CFSE-labeled
PCs were only detectable in the injected tibia on the day of injection (Figure 2F). This

dye is rapidly internalized in cells, cleaved, and becomes cell restricted, in a test tube

or in vivo. However, while labeling in cell suspension (e.g. in a test tube) is highly
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uniform, labeling here was done within an intact bone, and thus, the amount of dye
incorporation was heterogenous, presumably based on their proximity to the injection site

at the knee joint (Figure 2F). Immediately after CFSE injection, we quantified frequency

of CFSE+ PCs (CD138* B2207) in various organs, and found labeled PCs were only
detectable in the injected tibia, indicating the labeling approach was highly specific to the
injected bone (Figure 2F). To quantify dissemination and normalize for varying labeling
efficiencies, the number of CFSE* PCs in the distal sites, spleen or contralateral leg bones
(femur-+tibia) were normalized to the number of CFSE* PCs in the injected tibia, to generate
a dissemination index. Following TNFa treatment, PC dissemination index to the spleen was
significantly higher as compared to PBS-treated controls (Figure 2G). However, there was
no increase in dissemination to the contralateral leg bones, indicating that re-engraftment of
mobilized CFSE* PCs into a new bone might also be disrupted by TNFa signaling (Figure
2H). Thus, using in situ labeling BM PCs, we were able to confirm that rTNFa treatment
increases PC mobilization from the BM, over steady-state recirculation levels (40).

TNFR1 signaling in radiation-resistant cells regulates bone marrow retention of PCs in a
cell extrinsic manner

TNFa receptors are differentially-expressed in cells of both hematopoietic and non-
hematopoietic origin, and signaling could be occurring in a cell autonomous or non-
autonomous fashion to trigger mobilization. Therefore, we generated bone marrow chimeras
to determine which TNFa receptors expressed by which cell populations regulates PC
retention in the context of inflammation. Chimeras were generated using lethally-irradiated
recipients and donor cells from congenically-distinct WT, R1KO, R2KO and DKO mice
(Figure 3A, S2A). We confirmed donor-derived B cells constituted 90% or higher of the
total B cell pool in the spleen (Figure S2B). At ten weeks post reconstitution, all chimera
groups, generated using TNFa-deficient mice as donor or recipients, showed significantly
higher number of PCs in the spleen than the control group of WT recipients reconstituted
with WT donor cells (WT — WT) (Figure 3B), which mirrored results in non-chimeric
animals (Figure 1B). In contrast, PC numbers in the BM and blood from chimeric groups
using TNF deficient mice were all comparable to control chimera (WT— WT) group, in
contrast to what was observed in non-chimeric TNF deficient mice at steady state (Figure
1B), suggesting some steady-state changes in the chimeric setting. Nevertheless, acute
rTNFa could still mobilize BM PCs into the blood in WT-> WT control chimeras (Figure
3C). Based on chimeras using DKO mice as donor cells or as recipient mice, rTNFa
treatment did not mobilize PCs from the BM into blood in mice lacking TNF receptors

in radiation-resistant cells (WT— DKO chimeras). In contrast, chimeras with DKO donor
cells (DKO— WT), treatment with rTNFa was capable of mobilizing PCs (Figure 3C).
Similarly, chimeras lacking TNFR1 expression only in radiation-resistant cells (R1IKO—
WT) were also unable to mobilize PCs required TNFa-mediated egress of bone marrow PCs
(Figure 3D). However, in chimeras generated with R2KO mice, rTNFa treatment decreased
bone marrow PCs in all groups, indicating that TNFR2 expression was dispensable for PC
mobilization (Figure 3E). rTNFa treatment had no effect on overall PC numbers in the
spleen of chimeric animals (Figure S2C), similar to what was found in non-chimeric animals
(Figure 2A-D). Next, we confirmed that the decline in bone marrow PC and increase in
blood PC numbers seen in R1KO chimeras were linked, as seen in non-chimeric mice
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(Figure 2F). Tibial PCs were /n situ CFSE-labeled in chimeric mice as before (Figure 2E),
and tracked after rTNFa treatment. Results showed that dissemination of CFSE* PCs to

the spleen after rTNFa required TNFR1 expression in radiation-resistant cells (Figure 3F).
Taken together, these data show that TNFR1 signaling in radiation-resistant cells regulate PC
retention in the bone marrow.

Potentially different subsets of ASCs could be mobilized by TNFa in various chimeric
groups, either based on TNFa receptor expression, ASC maturity, or both. In lethally-
irradiated chimeras, while new PCs are continuously-generated from donor-derived
hematopoietic stem cells, some recipient ASCs persist following irradiation as they do not
proliferate and are highly differentiated, and this is consistent with a long-lived plasma cell
(LLPC) subset (41). These LLPCs, are distinguishable donor-derived PCs on the basis of
CD45 isotype (Figure S2A). To determine if different ASC subsets were more sensitive to
rTNFa-induced egress, we compared the change in humber of PCs in both donor-derived and
radiation-resistant host populations after TNFa treatment in WT control (Figure 3G). rTNFa
treatment decreased donor-derived PCs in WT control chimeras, which also correlated with
an increase in donor-derived PCs in the blood. However, radiation-resistant LLPCs were not
affected by TNFa treatment. In DKO chimeras, TNFa treatment reduced both donor and
radiation-resistant PC populations in the DKO — WT chimera, indicating that mobilization
was cell non-autonomous process and not dependent on PC expression of TNFa receptors
(Figure 3H). TNFa treatment induced an increase in donor-derived (DKO) PCs in the blood,
whereas long-lived radiation-resistant (WT) PCs remained unchanged. As expected, TNFa
treatment had no effect either donor-derived nor radiation-resistant PC populations in the
bone marrow or blood of WT — DKO chimeras. Collectively, these data indicate that
TNFa-mediated inflammation preferentially mobilizes less mature bone marrow PCs in a
cell non-autonomous manner.

TNFa signaling rapidly induces PC motility and vascular permeability in the bone marrow

To identify the mechanisms of TNFa-mediated cell-extrinsic egress, we conducted a kinetic
time course to determine how early bone marrow PC dissemination could be captured. PC
numbers were significantly decreased in the bone marrow and significantly increased in the
blood as early as six hours post initial rTNFa i.v. treatment when compared to non-treated
control mice (Figure 4A). At this six-hour timepoint, there was no change in splenic PCs.
Furthermore, this timepoint did not show the induction of TNFa-mediated apoptosis (Figure
4B-D). Because egress occurs rapidly after rTNFa, we used intra-vital two-photon imaging
of tibial bone marrow to visualize how treatment triggered PC mobilization. To visualize PC
motility and egress /n situ, in real-time, we bred the PC reporter, Blimp1-YFP, with cdh5-cre
(VeCad) Rosa26L-SL-1dTomato gjjeles, in which bone marrow endothelial cells are tdTomato+.
Previous work in our laboratory established that bone marrow PCs are motile in steady state
conditions, at track and displacements velocities averaging 1 micron/min and 0.2 micron/
min, respectively (40). Treatment with rTNFa increased YFPN9" ASC average track speed
by 20%, displacement velocity by 60%, and mean squared displacement (MSD) within 2-6
hours after treatment (Figure 4E-G, Video S1). Furthermore, the distance between ASCs
and vessels was significantly reduced in response to rTNFa treatment, consistent with egress
(Figure 4H).
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Next, we tested if TNFa altered vascular permeability in the bone marrow by the six-hour
timepoint, thus promoting PC egress. Previous studies have shown that TNFR1 stimulation
increased vascular permeability in vitro in HUVEC cells and in vivo in liver vessels (42).
However, in the absence of TNFR1 signaling, TNFR2 signaling in vivo could slightly
increase vascular permeability (42). WT, DKO, R1KO, and R2KO mice were treated with
rTNFa and at six hours, i.v. injected with Texas-red conjugated dextran and assessed
vascular leakage based on uptake of dextran by bone marrow mononuclear cells (Figure 41).
In WT mice, rTNFa increased dextran uptake by bone marrow mononuclear cells (Figure
4J). To see which TNFa receptor mediated this effect, we compared dextran uptake in R1KO
and R2KO mice (Figure 4K and L). Expression of either TNFa receptor was sufficient to
increase dextran uptake in the bone marrow. However, TNFa treatment of DKO mice did not
change dextran uptake in the bone marrow (Figure 4M).

Previously, we have shown that there is an inverse correlation between CXCR4 receptor
expression on bone marrow PCs and CXCL12 concentration in the bone marrow serum (40).
Additionally, inhibition of the CXCR4-CXCL12 axis can alter ASC motility and retention
within the bone marrow. Furthermore, studies have shown that TNFa treatment can inhibit
CXCL12 secretion from stromal cells (43-45). Here, we observed a significant increase in
CXCR4 expression with rTNFa treatment in bone marrow PCs (Figure 4N), indicating a
disruption in the CXCR4-CXCL12 axis. Collectively, these data show that rTNFa enhances
PC motility, association with vessels, increases vascular permeability and disrupts CXCR4-
CXCL12-mediated retention, which could potentiate bone marrow egress.

TNFa signaling promotes egress by downregulating CD138 expression in bone marrow

PCs

We analyzed the phenotype of in bone marrow PCs at six hours post rTNFa treatment.
Syndecan-1, or CD138, is a transmembrane proteoglycan that is highly expressed on

PCs and has been shown to engage with hundreds of proteins to enhance cell adhesion,
endocytosis, and wound healing (37, 46). CD138 expression has been shown to enhance PC
survival (37), and a decrease in its surface expression on myeloma cells has been associated
with apoptosis and egress from the bone marrow (47). Treatment with rTNFa caused CD138
expression to decrease in PCs in the BM of WT mice but not in the blood or spleen (Figure
5A). Furthermore, in both PBS and TNFa treated groups, CD138 expression on PCs in

the bone marrow and spleen were significantly higher when compared to the blood. As in
WT mice, BM PCs in R2KO mice showed a decrease in CD138 expression with TNFa
treatment, however, not in R1KO mice (Figure 5B). To assess if TNFa downregulation of
CD138 expression on bone marrow PCs was mediated by cell-intrinsic or cell-extrinsic
TNFa receptor signaling, we analyzed CD138 expression in donor and radiation-resistant
PCs populations in our chimeric groups (Figure 3). In chimeras using DKO mice, CD138
expression was down-regulated on BM PCs when radiation-resistant compartment expressed
TNFa receptors (DKO— WT) but not when it was absent (WT— DKO) (Figure 5C).
TNFR2 expression by radiation-resistant cells was dispensable for CD138 downregulation
(Figure 5D), however, in the absence of TNFR1, CD138 expression downregulation is
disrupted (Figure 5E). These results indicate that TNFR1 signaling down-regulates CD138
expression on PCs in a cell non-autonomous fashion. To determine if CD138 modulation is
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necessary for TNFa-mediated egress of bone marrow PCs, we treated CD138~/~ (CD138KO)
and WT mice with TNFa and quantified mature PC numbers at 24 hours post treatment. In
CD138KO mice and controls, PCs were identified as B220'° CD3"e9 cD93Migh cpgghigh
cells (Figure 5F). PC survival factor CD93 and amino acid transporter CD98 are highly
expressed on bone marrow PCs (48). TNFa treatment did not induce significant egress

of CD1387/~ PCs from the bone marrow (Figure 5F), indicating CD138 expression may
support PC retention in the bone marrow. These results suggest that TNFR1 signaling may
trigger down-regulation of CD138 on bone marrow PCs, thereby contributing to egress.

TNFa-mediated inflammation diminishes humoral longevity

The effects of TNFa-mediated PC egress from the bone marrow on antibody titer longevity
remains unknown. To assess the effect of TNFa on the longevity of antigen-specific titers
following vaccination, we employed several models. C57BL/6 mice were immunized with
NP conjugated to keyhole limpet hemocyanin (NP-KLH) with alum adjuvant (37, 49). At
6-weeks post immunization, mice were treated with PBS or rTNFa and NP-IgG titers were
tracked over time (Figure 6A). rTNFa treatment significantly reduced anti-NP IgG titers by
days 14 post treatment (Figure 6B). The half-life of NP-1gG titers was reduced to 26.54
days compared to the 47.52 days in PBS treated mice. High variance in BM NP-specific

PC counts between mice, particularly in PBS control group, made any decreases in PCs due
to TNFa undiscernible (Figure 6C). However, NP-specific PC numbers were significantly
decreased in the spleen of TNFa treated mice when compared to PBS control mice. Next,

to determine if TNFa could deplete antibody titers produced by a viral infection, mice were
infected with 2x10° pfu vaccinia expressing SARS CoV-2 spike. Results showed that rTNFa
treatment caused a significant decline in spike-binding 1gG titers (EC50) by day 30 post
treatment (Figure 6D). Here, TNFa treatment in vaccinia-infected mice caused a significant
decline in spike-specific PCs in the bone marrow (Figure 6E). Collectively, these results
show that TNFa-mediated inflammation can significantly reduce the longevity of serological
memory by reducing numbers of antigen-specific plasma cells in survival niches.

PC access to the bone marrow survival niche is critical for long-term humoral memory.
Previous results (Figure 2G) showed that rTNFa treatment mobilized BM PCs to the spleen
but they did not reengraft into the contralateral tibia. To determine if TNFa inhibited PC
engraftment into the bone marrow, WT recipient mice were chronically treated with PBS
and rTNFa (2x per week for three weeks). After the first week of treatment, splenocytes
were transferred into mice from transgenic mice, which express the NP-specific BCR heavy
chain, B18-high, and the PC reporter, Blimp-1 YFP. Fourteen days after transfer, mice were
sacrificed and transferred (YFP*) PC numbers and NP-specific IgG titers were quantified
(Figure 7A, S3A). rTNFa treatment inhibited transferred PC engraftment into the bone
marrow but not the spleen (Figure 7B). Furthermore, reduction in transferred PCs in the
bone marrow correlated with a reduction in NP-specific 1gG titers in serum (Figure 7C).
When R1KO were used as recipients in these experiments, NP-specific IgG titers were
10-fold higher than in WT mice, and rTNFa treatment did not dampen NP-specific IgG
titers. Therefore, TNFR1 signaling inhibits antigen-specific PC engraftment into the bone
marrow and concomitantly reduces corresponding circulating antibody titers.
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While TNFa was sufficient to inhibit bone marrow engraftment, it may not be necessary or
uniquely capable of disrupting bone marrow PCs. Thus, to test the specific requirement of
TNFa for inflammation-induced PC egress from the bone marrow, recipient WT mice were
immunized intraperitoneally (i.p.) with alum, to induce Th2-specific general inflammation
and inflammasome activation (50). WT recipient mice were chronically treated with either
anti-TNFa blocking antibody (BE0058) or isotype-matched control (BE0088) and adoptively
transferred with splenocytes containing transferred PCs. At fourteen days post adoptive
transfer (Figure 7D), anti-TNFa treated mice had increased transferred PC numbers in the
bone marrow and the spleen compared to isotype-treated mice (Figure 7E), indicating that
TNFa was necessary for limiting PC engraftment.

Under non-inflammatory steady-state conditions, the blood lacks any appreciable number

of mature PCs, suggesting cells rapidly engraft into survival niches. To determine if TNA-
induced egress of BM PCs affects their survival, Blimp-1 YFP mice were treated with
rTNFa and the expression of anti-apoptotic marker BCL-2 in highly mature PCs (CD138high
B220'ow cD3"d YFPNigh) (Figure S3B—C) was assessed in the bone marrow, spleen, and
blood was assessed. Bcl-2 expression in mature PCs was significantly lower in the blood
when compared to PCs in the bone marrow (Figure 7F), illustrating that the bone marrow
microenvironment is critical to long-term PC survival. Thus, by driving PC egress from the
bone marrow and keeping PCs mobilized, TNFa-mediated inflammation may ultimately lead
to reduced PC survival and faster decay of antigen-specific antibody titers.

Discussion

In this study, we report that TNFa-mediated inflammation is a key inhibitor of humoral
immune memory, depleting circulating antibody titers and PC survival through direct
disruption of the bone marrow niche. These findings are in line with initial studies (35)
indicating that TNFa and other inflammatory factors such as alum or infection, can disrupt
bone marrow PCs. Here, we find that TNFa is both necessary and sufficient for regulating
PC egress from and homing to the bone marrow, and that this process occurs within hours
after treatment. While alum can disrupt PC engraftment, anti-TNFa was sufficient to block
this effect, indicating that TNFa signaling is uniquely inhibiting engraftment. Within hours
of rTNFa treatment, PC motility and vascular permeability are increased within the bone
marrow leading to rapid PC mobilization into circulation. Both plasmablasts and plasma
cells could be mobilized, but radiation-resistant long-lived plasma cells were less sensitive,
suggesting they are protected from inflammation-induced egress, although the mechanisms
are unclear. Once in the blood and detached from their niche, PC survival in the blood is
likely compromised. Although we were not able to detect cell death /n vivo, this decrease
in BCL-2 is consistent with previous work showing human ASCs in the blood have lower
expression of BCL-2 survival molecule expression than ASCs in the bone marrow as well
as increased expression of death receptor CD95 (51). Consequently, we conclude that the
decreases in PC survival and antibody titer is largely due to the mobilization of PCs into the
blood and further inhibition of re-engraftment.

We also report that TNFa-mediated PC mobilization is a cell-extrinsic cell non-autonomous
process, mediated by TNFa receptor 1 signaling by radiation-resistant cells. While PCs do
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not require TNFa receptors for mobilization, it is unclear which radiation-resistant stromal
subsets are involved. It is tempting to speculate that bone marrow stromal cells play a

direct and local role in this process. Both human and murine endothelial cells are known

to respond to TNFa signaling through TNFR1 leading to increased expression of integrin
ligands, ICAM-1 and VCAM-1 (52-55), and they are likely responsible for inducing
increased vascular permeability and intravasation. These changes may promote egress of
PCs and other cells into circulation. In addition, bone marrow perivascular stromal cells
may also be responding locally to TNFa leading to PC egress. Previous work has shown
that three days following TNFa treatment, CXCL12 concentrations are reduced in the bone
marrow (45). As CXCL12 is a key regulator of ASC retention in the bone marrow (40), it

is likely this chemokine could be involved. While we could not detect decreases in CXCL12
within the first 24 hours post treatment (data not shown), CXCR4 levels were elevated by
PCs. However, we do not yet know if changes in surface CXCR4 reflect upregulating of
expression, reductions in CXCL12 ligand, or selective depletion of PCs with lower CXCR4.
While all three mechanisms may be at play, the last model is consistent with the limited
mobilization of radiation resistant LLPCs, which have the highest CXCR4 expression.

In addition to potential disruption of known retention mechanisms, TNFa treatment also led
to the down-regulation of syndecan-1 (CD138) expression on bone marrow PCs. Again, this
was mediated in a cell-extrinsic manner by TNFR1 signaling in radiation-resistant cells.
Previous work from our laboratory has shown that CD138 downregulation on malignant
myeloma increases their motility, recirculation and dissemination throughout the body (47).
Since PCs do not require TNFa receptors to downregulate CD138 directly, this may involve
additional cytokines or signals, such as IL-6, which can trigger CD138 downregulation on
normal PC (56) or induction of CD138 shedding (57).

Previous studies have proposed that the PC niche is limited and there is competition for
access to the bone marrow (58, 59). Our finding that mature PCs and antibody titers

are increased two- to five-fold in naive mice lacking TNFa or its receptors indicates that
steady-state tonic TNFa signaling may reduce the PC pool and thereby limit the duration of
antibody titer, particularly those from less mature ASCs. While this may seem detrimental

to overall humoral immunity, production of TNFa in the immune response may help recruit
effector PCs to sites of inflammation and infection (60, 61), and it may also be providing
new vacancies in the bone marrow niche for newly generated ASCs to engraft. This trade-off
may come at the cost of pre-existing PCs generated from previous vaccinations or infections,
as we have shown. While it is tempting to conclude that increases in PCs in the spleen

and BM in the TNFa-deficient mice at steady-state is solely due to changes in retention

in the BM, as TNFa can play important roles in organizing splenic architecture, and TNFa
plays pleiotropic roles throughout immune responses. Indeed, in chimeric mice lacking
TNFa signaling in either donor or recipient compartments, increases in splenic PCs were
maintained while BM niche was no longer enriched. Thus, multiple mechanisms are likely at
play and some of them are disrupted following lethal irradiation and BM transplantation.

Given that TNFa can disrupt PC-bone marrow niche interactions, it serves as a potential
therapeutic target in multiple contexts. Designing vaccines that either block or limit the
production of TNFa specifically may have pleiotropic effects of protecting pre-existing PCs
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and their antibody titers as well as minimizing TNFa-induced blockade of bone marrow
engraftment. Indeed, while alum can induce multiple pathways of inflammation (62, 63),
blocking TNFa was sufficient to increase ASC engraftment. On the contrary, in diseases
such as multiple myeloma, the bone marrow protects pathological ASCs and reduces
efficacy of chemotherapy (64-66). TNFa treatments can mobilize myeloma cells, increasing
their susceptibility to treatments with proteasomal inhibitors like bortezomib class drugs
(47). In patients with rheumatoid arthritis, treatments with anti-TNFa drugs, which may
reduce T cell-mediated inflammation in joints, may inadvertently retain anti-self ASCs in
the bone marrow, leading to additional effector damage (67). Previous studies have shown
that targeting a single TNF receptor can have beneficial effects in the context of autoimmune
diseases (68-70). Identification of the non-hematopoietic cell that regulates PC retention

in the bone marrow with TNF receptor 1 signaling may also provide potential therapeutic
targets to disrupt the retention of pathological PCs in the bone marrow and pave the way for
more successful therapies. Thus, harnessing TNFa signaling pathways to target the PC niche
may unveil new treatments in plasma cell dyscrasias.
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Key Points:
TNFa depletes antigen specific BM PCs and shortens serological memory.

TNFaR1 in radiation-resistant cells is required to mobilize BM PCs.
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Figure 2. rTNFatreatment induces ASC egress from the bone marrow.

(A-D) Quantification of PC total counts in the bone marrow, blood, and spleen of PBS- and
rTNFa-treated mice, one day after treatment. Analysis of (A) WT, (B) DKO, (C) R2KO, and
(D) R1KO mice. Each dot represents a mouse, combined from 2-3 experiments (E) Scheme
for CFSE i.t. experiment. (F) CFSE representative plot of PCs in the injected tibia bone
marrow and quantification of CFSE+ PCs in various organs and bones, immediately after

i.t. injection n=3 mice, with color-coded tissues from matching mouse. (G-H) Quantification
of CFSE+ ASCs in the injected tibia, contralateral tibia, and spleen. Dissemination is
quantified by dividing the number of CFSE+ PCs in the spleen (G) or contralateral leg bones
(femur+tibia) (H), ratioed to the number of CFSE+ PCs in the injected tibia. n=2 for (G)

and n=2 (H). Each dot represents a mouse, pooled from multiple experiments. Comparisons
of PC numbers, dissemination, and survival means were analyzed using student T-test.
*p<0.05, *P<0.01 (A-D, G-H).
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Figure 3. TNFR1 signaling in radiation-resistant cellsregulates ASC retention in the bone

marrow.

(A) Scheme for chimera generation and TNFa treatment schedule. (B) Quantification of
blood, bone marrow, and splenic PCs in PBS treated chimeras, labeled using donor —
recipient format. (C-E) Analysis of PCs counts in the bone marrow (per million live
mononuclear cells) and in blood (per mL) of PBS-treated (black-filled circles) and rTNFa-
treated (white-filled circles). (C) Analysis of WT, and DKO chimeras. (D) Analysis of
R1KO and WT chimeras. (E) Analysis of R2KO and WT chimeras. (F) Matching counts
of i.t.-labeled CFSE+ PCs in the injected tibia and spleen in PBS- treated (black-filled) or
TNFa-treated R1KO chimeras, and calculated dissemination index, as described in Figure
2. (G-H) Quantification of donor-derived (D) and radiation-resistant (RR) PCs in the bone
marrow and blood of WT (G) and DKO (H) chimeras. Chimera analysis was done using a
student T-test or Mann Whitney test for parametric and non-parametric data, respectively.
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N=2-3 experiments per chimera and each group contained between 3-5 mice per group.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4. rTNFa treatment enhances ASC motility and vascular permeability in the bone

marrow.

(A) Conditions for time course of assessing BM PC egress following TNFa treatment. Mice
were treated once with rTNFa and sacrificed 6 hours (red), 24 hours (green) or treated twice
with rTNFa and sacrificed 24 hours after the last treatment (blue), analyzing BM, spleen,
and blood, normalized to control (untreated) mice. Data are pooled from 2-3 experiments
and groups contained 3—4 mice per group. Each experiment was normalized to the mean of
the non-treated control (black). (B-D) Comparison of in MCL-1 (B), BCL-2 (C), and active
caspase-3 (D) expression in control (black) and 6 hours post TNFa treatment WT mice (red).
Comparison of ASC dynamics pre and post rTNFa treatment based on (E) track velocity, (F)
displacement velocity, and (G) mean squared displacement analysis. Data is pooled from 2
Blimp1-YFP, cdh5-cre (VeCad) Rosa26L-SL-tdTomato mice (H) Diagram and quantification of
changes in distance between ASCs (spheres) and vasculature (grey). The distance from the
ASC edge to the nearest VeCad-Cre+ vessel was quantified pre- and post-rTNFa treatment
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and normalized to the average ASC-vessel distance in the pre-treatment segment of the
movie. Color represents normalized 3D distance to the vessel (0 = closest to vessel, 1 no
change or farther than pre-treatment distance). Scale bar (black line in diagram), 1200um. (1)
Representative dot plot for gating dextran* of CD45" mononuclear BM cells. (J-M) Analysis
of dextran uptake in control (untreated) mice (black) or in mice 6 hours after TNFa treatment
using WT (J), R1KO (K), R2KO (L), and DKO (M) mice. N=3 for WT data and N=2 for
R1KO, R2KO, and DKO data, with 3-4 mice per group. (N) Quantification of CXCR4
expression in PBS and TNFa-treated WT mice. N=2, with 4-5 mice per group. For kinetic
experiments, significance was calculated using one-way ANOVA. For changes in vascular
permeability, track velocity, displacement velocity, and CXCR4 expression, significance was
calculated using a student T-test. *p<0.05, **p<0.01, and ***p<0.001, *** p<0.0001.
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Figure 5. r TNFa promotes bone marrow ASC egress by downregulating CD138 expression.
(A) Analysis of CD138 expression on PCs at 6 hours after PBS and rTNFa treatment in WT

BM, spleen and blood. (B) Analyses of BM PCs for WT, R1KO and R2KO mice in PBS
and rTNFa treated mice. Data for WT, R1KO, and R2KO mice are two pooled experiments
with 3-5 mice per group. (C-E) CD138 expression in donor (D) and radiation-resistant
(RR) ASCs in PBS- and rTNFa-treated DKO, R1KO, and R2KO chimeras. Data are from
two pooled experiments, expect for R2ZKO chimera with a representative experiment in
(D). (F) Gating strategy and quantification of bone marrow PCs in PBS and rTNFa-treated
WT and CD138KO (B220'°W cD3"d cD93Migh cD9gidM) mice. Data are from two pooled
experiments, with 3 mice per group. For all figures, analysis of CD138 in PBS and rTNFa-
treated groups were quantified using a student T-test or Mann Whitney test for parametric
and non-parametric data, respectively. *p<0.05, **p<0.01.

J Immunol. Author manuscript; available in PMC 2024 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Aaron et al.

Page 27

A
Days post treatment
1 6 weeks L1111 1 Ly days
-43 Pre o 7 14 30
! Immunization/infection
l PBS (black bars) or rTNFa (white bars)
l Serum collection
B - S C Bone Marrow Spleen
I TNFa Day 30 Day 30
NP IgG - i
40+ 30
500+ ns *kk . .
| l .0
400 e 4B 20
o2 o 5 U7
S 3001 a3 &8
a§ ’Eg)’“e 0%
9 > T 2L
2 = 200 23 2 g 10
100
0= 0-
Pre 7 14 30 Pre 7 14 30 PBS TNFa
Spleen
D Bone Marrow
E Day 30 Day 30
Spike-lgG ns
ns * 200+ * 600+ o
60004 M1 .
L]
8 5 1907 S 2 400+
e o= a=s
S 400 8 *o 8 °
g8 % 100 2%
b=
5§ 25 2 & 200
= ¥ % g 2
- 3 s 5=
0- 0- 0-
Pre 7 14 30 Pre 7 14 30 PBS TNFa PBS TNFa

Days post treatment

Figure 6. TNFatreatment limits Antigen-specific Antibody titer duration
(A) Diagram of immunization and infection experiments. PBS (black-filled bars) and TNFa

(white-filled bars) treated groups are indicated in each experiment. (B) NP-IgG titers of
NP-KLH in alum immunized WT mice were measured by ELISA. Data is representative of
two experiments with 5 mice per group. (C) Bone marrow and spleen NP-specific plasma
cell quantification was done using ELISPOT. Data is representative of two experiments. (D)
Spike IgG titers in vaccinia-infected mice were quantified using ELISA with 8 mice per
group. Data is representative of two experiments. (E) Bone marrow and spleen spike-specific
plasma cell were quantified using ELISPOT. Data is representative of two experiments. To
analyze anti-NP-IgG and anti-spike-1gG titer decay in PBS and TNFa treated groups (B
and D), one-way ANOVA and one-phase decay analysis were used. *p<0.05, **p<0.01 and
***p<0.001. (B) PBS Ty, = 47.52 days and TNFa Ty, = 26.54 days. PBS Ty, = not
established and TNFa Ty, = 7.33 days.
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Figure 7. TNFareduces PC survival and antigen-specific titer s by limiting bone marrow
retention and engraftment.

(A) Diagram of experimental design for (B-C) using B18-high Blimp-YFP splenocytes

for adoptive transfer into PBS and rTNFa treated WT recipients (B) Quantification of
transferred ASCs in the bone marrow and spleen of WT recipient mice from (A). Data are
from two pooled experiments, with 3—4 mice per group. (C) NP IgG titers of WT and R1KO
recipient mice from adoptive transfer experiment depicted in (A). Titers were normalized

to WT PBS treated control average. Data are from two pooled experiments with 3-5 mice
per group. (D) Diagram of ASC adoptive transfer into anti-TNFa or isotype control treated,
alum treated WT recipient mice. (E) Quantification of transferred ASCs in the bone marrow
and spleen of recipient WT mice. Transferred ASCs were normalized to the average of the
isotype control treated group. Data is representative of two pooled experiments with 3—4
mice per group. (F) BCL2 expression in (CD138M3h B220!ow cD3Med YFPhighy ASCs in the
bone marrow, blood, and spleen of PBS and rTNFa treated Blimp-1 YFP mice. Each dot is
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representative of one mouse. Significance was calculated for adoptive transfer experiments
using a student’s T-test. For non-parametric data, a Mann Whitney’s test was performed.
*p<0.05, **p<0.01. To quantify the effect of environment and TNFa treatment on YFP
ASCs (K), a two-way ANOVA was performed. *p<0.05
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