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ABSTRACT Humoral immunity is a major component of the adaptive immune response
against viruses and other pathogens with pathogen-specific antibody acting as the first
line of defense against infection. Virus-specific antibody levels are maintained by contin-
ual secretion of antibody by plasma cells residing in the bone marrow. This raises the im-
portant question of how the virus-specific plasma cell population is stably maintained
and whether memory B cells are required to replenish plasma cells, balancing their loss
arising from their intrinsic death rate. In this study, we examined the longevity of virus-
specific antibody responses in the serum of mice following acute viral infection with
three different viruses: lymphocytic choriomeningitis virus (LCMV), influenza virus, and ve-
sicular stomatitis virus (VSV). To investigate the contribution of memory B cells to the
maintenance of virus-specific antibody levels, we employed human CD20 transgenic
mice, which allow for the efficient depletion of B cells with rituximab, a human CD20-spe-
cific monoclonal antibody. Mice that had resolved an acute infection with LCMV, influ-
enza virus, or VSV were treated with rituximab starting at 2 months after infection, and
the treatment was continued for up to a year postinfection. This treatment regimen with
rituximab resulted in efficient depletion of B cells (.95%), with virus-specific memory B
cells being undetectable. There was an early transient drop in the antibody levels after rit-
uximab treatment followed by a plateauing of the curve with virus-specific antibody lev-
els remaining relatively stable (half-life of 372 days) for up to a year after infection in the
absence of memory B cells. The number of virus-specific plasma cells in the bone marrow
were consistent with the changes seen in serum antibody levels. Overall, our data show
that virus-specific plasma cells in the bone marrow are intrinsically long-lived and can
maintain serum antibody titers for extended periods of time without requiring significant
replenishment from memory B cells. These results provide insight into plasma cell longev-
ity and have implications for B cell depletion regimens in cancer and autoimmune
patients in the context of vaccination in general and especially for COVID-19 vaccines.

IMPORTANCE Following vaccination or primary virus infection, virus-specific antibod-
ies provide the first line of defense against reinfection. Plasma cells residing in the
bone marrow constitutively secrete antibodies, are long-lived, and can thus maintain
serum antibody levels over extended periods of time in the absence of antigen. Our
data, in the murine model system, show that virus-specific plasma cells are intrinsi-
cally long-lived but that some reseeding by memory B cells might occur. Our find-
ings demonstrate that, due to the longevity of plasma cells, virus-specific antibody
levels remain relatively stable in the absence of memory B cells and have implica-
tions for vaccination.

KEYWORDS antibodies, B cell responses, plasma cells, immune memory, viral immunity

Editor Stacey Schultz-Cherry, St. Jude
Children's Research Hospital

Copyright © 2022 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Rustom Antia,
rantia@emory.edu, or Rafi Ahmed,
rahmed@emory.edu.

*Present address: Andreas Wieland,
Department of Otolaryngology and Pelotonia
Institute for Immuno-Oncology, The Ohio State
University, Columbus, Ohio, USA.
§Present address: Jaturong Sewatanon,
Department of Microbiology, Faculty of
Medicine Siriraj Hospital, Mahidol University,
Bangkok, Thailand.
^Present address: Scott N. Mueller, Department
of Microbiology and Immunology, The
University of Melbourne, The Peter Doherty
Institute for Infection and Immunity,
Melbourne, Australia.

The authors declare no conflict of interest.

Received 5 January 2022
Accepted 4 March 2022
Published 11 April 2022

May 2022 Volume 96 Issue 9 10.1128/jvi.00026-22 1

PATHOGENESIS AND IMMUNITY

https://orcid.org/0000-0001-9648-7922
https://orcid.org/0000-0002-9591-2621
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/jvi.00026-22
https://crossmark.crossref.org/dialog/?doi=10.1128/jvi.00026-22&domain=pdf&date_stamp=2022-4-11


Acute viral infections and vaccinations induce long-term humoral immunity through
the generation of memory B cells (MBCs) and plasma cells that contribute to humoral

immunity through complementary mechanisms (1). Plasma cells preferentially reside in
the bone marrow (BM), which is a specialized niche for the long-term survival of these
cells through provision of various signals (2–5). Importantly, plasma cells constitutively
secrete large amounts of antibodies without requiring antigenic stimulation through the
B cell receptor (BCR) (2–4), which allows for the maintenance of serum antibody levels for
extended periods in the absence of antigen. BM plasma cells thus represent long-lived
effector cells contributing to immediate protection or limitation of pathogen spread. In
contrast, MBCs represent a reservoir of antigen-specific B cells capable of rapidly respond-
ing to antigen by proliferating and differentiating into antibody-secreting plasma cells,
thus rapidly increasing pathogen-specific antibody titers and also giving rise to more
MBCs. Some of these MBCs can also enter germinal center reactions and undergo addi-
tional somatic hypermutation, thus qualitatively improving the humoral response for the
encountered pathogen. Importantly, the MBC population is also long-lived and can be
maintained for extended periods of time (6, 7), with human pathogen-specific MBCs
being detectable for several decades after vaccination and infection (8–10).

The long-term maintenance of virus-specific antibodies for decades or even life
raises the important question of how the virus-specific plasma cell population is stably
maintained. While plasma cells are intrinsically long-lived, reseeding of the plasma cell
population by MBCs might still be required to maintain a stable pool of plasma cells
over extended periods of time (4). However, to which degree and how MBCs can
replenish the plasma cell pool in vivo is unclear. MBCs can differentiate into plasma
cells through BCR-dependent as well as BCR-independent signals. Antigen persistence
or reinfection can result in antigen-driven proliferation and differentiation of MBCs
into plasma cells and thus contribute to the replenishment of the plasma cell pool in
an antigen-dependent manner. Of note, MBCs can also be stimulated in vitro to differ-
entiate into plasma cells by providing cytokine and/or Toll-like receptor stimulation
without the need for BCR stimulation (11–13). In addition, other nonspecific stimuli
such as bystander T cell help can stimulate MBCs and drive plasma cell differentiation
(14). However, the importance of such antigen-independent differentiation in vivo
remains unclear (14, 15).

We previously estimated the half-life of lymphocytic choriomeningitis virus (LCMV)-
specific plasma cells after irradiation-mediated B cell depletion (4). A caveat of this
study was that this was not a specific depletion of B cells and irradiation acting on
other cells might change the environment and affect the longevity of plasma cells.
Rituximab, a monoclonal antibody (MAb) specific for human CD20, allows for specific B
cell depletion and is widely used in the clinic for treatment of B cell malignancies and
autoimmunity (16). Of note, a study employing rituximab-mediated B cell depletion in
vaccinated rhesus macaques showed that the plasma cell pool is intrinsically long-lived
and can be sustained for extended periods of time in the absence of MBCs (17). Here,
we wanted to extend our earlier irradiation-based study by determining the longevity
of serum antibody responses in three different acute viral infections in human CD20
transgenic (hCD20tg) mice that allow for the selective depletion of B cells using rituxi-
mab (18–20). We performed longitudinal measurements of virus-specific antibodies in
the serum and analyzed the kinetics of virus-specific antibodies using a mixed effects
exponential change model to determine the half-life of the virus-specific antibody in
the absence of B cells.

RESULTS
Acute viral infections with LCMV, VSV, and influenza virus induce virus-specific

IgG antibodies that are maintained long-term. We first determined the kinetics of
the antibody response in three different mouse models of acute viral infections. We
infected BALB/c mice with either LCMV, influenza virus, or vesicular stomatitis virus (VSV)
and measured virus-specific IgG antibody titers in the serum by enzyme-linked immuno-
sorbent assay (ELISA). Mice infected with the different viruses exhibited similar virus-
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specific antibody kinetics (Fig. 1A to C). As previously reported, virus-specific antibody
levels increased sharply during the first 3 weeks postinfection, eventually reaching peak
levels around day 35 to 50, and were afterward stably maintained long-term (4).

Efficient depletion of virus-specific memory B cells after treatment of human
CD20 transgenic mice with rituximab. The efficiency and specificity of rituximab, an
anti-hCD20 MAb, to deplete naive and memory B cells in human CD20 transgenic
(hCD20tg) mice has been extensively characterized (18–20). Importantly, hCD20 expres-
sion in hCD20tg mice has been shown to faithfully recapitulate the expression of CD20 in
humans, being first expressed at the immature B cell stage, maintained at high levels in
all B cell subsets, including germinal center (GC) B cells, but being absent on plasma cells
(19). To study the effects of B cell depletion on virus-specific antibody titers, we initiated
rituximab treatment of hCD20tg mice 2 months postinfection with LCMV (Fig. 2A), a time
point at which the virus infection had been resolved and serum antibody titers were sta-
bly maintained for several weeks (Fig. 1). Of note, we previously demonstrated that the
GC B cell response peaks around 2 weeks postinfection and then gradually subsides and
reaches baseline levels within 4 to 6 weeks postinfection (21). Initiation of rituximab treat-
ment at 2 months postinfection was thus unlikely to interfere significantly with virus-spe-
cific GC B cell responses. Immune mice initially received three injections of 1 mg rituximab
within the first week, a regimen that was previously shown to result in efficient depletion
of B cells (20), or received phosphate-buffered saline (PBS) as control. Mice were subse-
quently treated with weekly injections of rituximab or PBS for the remainder of the experi-
ment to maintain B cell depletion, with B cell levels in the peripheral blood being moni-
tored by flow cytometry. The employed treatment regimen efficiently depleted total
circulating B cells (B2201 CD191) in LCMV immune hCD20tg mice and maintained the B
cell depletion to a high degree throughout the treatment period (Fig. 2B). Comparable
depletion kinetics and efficiencies were also observed in influenza and VSV immune
hCD20tg mice after initiation of rituximab treatment (Fig. 2C and D). The number of circu-
lating B cells in the peripheral blood declined sharply within 1 week of treatment initia-
tion, and maximum depletion was achieved after about a month of treatment. B cell num-
bers in the peripheral blood of rituximab-treated hCD20tg mice remained at almost
undetectable levels for the duration of the experiments. Of note, rituximab treatment effi-
ciently depleted circulating B cells (B2201 CD191) in LCMV immune hCD20tg mice but
did not affect B cell frequencies in LCMV immune non-hCD20 transgenic BALB/c mice
that exhibited peripheral blood B cell frequencies comparable to PBS-treated controls (20
to 30% of peripheral blood mononuclear cells [PBMCs]) throughout a 100-day treatment
course, underlining the specificity of rituximab for human CD20 but not mouse CD20.

After determining that circulating B cells were efficiently depleted by rituximab
treatment, we next wanted to investigate whether the treatment was also effective at
depleting virus-specific MBCs in the spleen, the major reservoir of MBCs in mice (4). We
therefore euthanized mice at the end of the treatment regimen, ranging between 185
and 346 days of continuous rituximab treatment, and quantified the number of virus-
specific MBC in the spleen by enzyme-linked immunosorbent spot (ELISPOT) assay as
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FIG 1 Acute viral infections generate durable antibody responses. Mice were infected with influenza (A), LCMV (B), or
VSV (C) and virus-specific antibody titers in the serum were measured by ELISA. Data (mean and SEM) from a
representative experiment (n = 5 mice) are shown.
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described previously (11). Virus-specific MBCs against all three viruses were readily
detected in the spleens of PBS-treated immune mice but undetectable in rituximab-
treated mice (Fig. 2E to G). These results demonstrate that splenic virus-specific MBCs
were efficiently depleted by rituximab.

Quantitating virus-specific serum antibody levels after depletion of memory B
cells. After confirming that rituximab treatment efficiently depleted virus-specific
MBCs, we next wanted to determine its effect on virus-specific IgG antibody levels. We
performed serial blood draws from immune mice treated with either rituximab or PBS
and determined virus-specific IgG antibody levels in the serum by ELISA. In all immune
mice, irrespective of the viral infection, we observed an early transient decline (about
3-fold) in virus-specific IgG levels within the first 3 to 4 weeks after rituximab treatment
was initiated (Fig. 3A to C). The initial drop of virus-specific IgG titers in rituximab-
treated animals was followed by a much slower decline over time, with antibody levels
remaining relatively stable up to 1 year postinfection (Fig. 3A to C). Similar results were
seen with hemagglutination inhibition (HAI) antibody to influenza virus and
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FIG 2 Efficient depletion of B cells in hCD20tg mice by rituximab. hCD20tg mice were infected with influenza virus, LCMV, or
VSV, and weekly treatment with rituximab (red) or PBS (black) was initiated on day 62 postinfection. (A) Experimental design. (B
to D) The frequency of B cells (B2201 CD191 CD32) among peripheral blood mononuclear cells (PBMCs) was monitored by flow
cytometry at the indicated times after infection with LCMV (B), Influenza (C), or VSV (D). Treatment initiation and period are
indicated by vertical dotted lines and gray shading, respectively. (E) Representative ELISPOT shows LCMV-specific IgG1 memory B
cells in the spleen of LCMV immune mice 295 days after treatment initiation with either rituximab or PBS. Graph shows the total
number of LCMV-specific IgG1 memory B cells in the spleen. Dotted line indicates the limit of detection. (F and G) Graphs show
the total number of Influenza-specific (F) and VSV-specific (G) IgG1 memory B cells in the spleen at the end of the treatment
period. Dotted horizontal lines indicate the limit of detection. Data (mean and SEM) from a representative experiment (n = 2 to 6
mice per group) are shown.
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neutralizing antibody to VSV (Fig. 3D and E). The similar kinetics of the above assessed
virus-specific antibody responses upon rituximab treatment, independent of the
employed infection or assay (Fig. 3A to E), prompted us to combine all of our available
data to
rigorously investigate the dynamics of virus-specific antibodies following rituximab-
mediated MBC depletion using a mixed effects exponential decline model. This model
recapitulated the initial transient decline in virus-specific antibody with an estimated
half-life of 29 days (95% confidence interval [CI], 24 to 38 days) within the first 17 days
of treatment, followed by a much slower decline in virus-specific antibody in the later
phase of rituximab treatment, with an estimated half-life of 372 days (95% CI, 208 to
1,751 days) after day 85 post treatment initiation (Fig. 3F). Overall, our data suggest
that virus-specific serum antibody titers induced by acute viral infections can persist at
high levels in the absence of virus-specific MBCs, with minimally declining titers at later
time points after initiation of B cell depletion.

Quantitation of virus-specific BM plasma cells in rituximab-treated mice. We
next examined virus-specific plasma cells in the BM of rituximab-treated mice. This was
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FIG 3 Examining the durability of virus-specific antibody after depletion of B cells. (A to F) Virus-specific
antibody responses were assessed in the serum of rituximab-treated (red) and PBS-treated (black) hCD20tg
mice immune to LCMV (A), influenza (B and D), or VSV (C and E). (A to C) Virus-specific IgG was measured by
ELISA. (D) Hemagglutination inhibition (HAI) titers of influenza immune mice. (E) VSV neutralization titers in
VSV immune mice. Treatment initiation and period are indicated by vertical dotted line and gray shading,
respectively. Horizontal dotted line indicates the limit of detection. Data (mean and SEM) from a
representative experiment (n = 4 to 6 mice per group) are shown. (F) Combined estimated half-life of virus-
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done by quantifying the number of virus-specific IgG-producing plasma cells in the BM
of immune mice by ELISPOT on viral antigen-coated plates in a short-term assay. Of
note, only plasma cells actively secreting antibody are detected by this assay (11–13).
The number of LCMV-specific IgG-producing BM plasma cells was assessed at two dif-
ferent time points (185 and 295 days) after treatment initiation. Rituximab-treated ani-
mals showed about a 3-fold reduction in the number of LCMV-specific BM plasma cells
compared to those of the PBS-treated controls (Fig. 4A). However, it is worth noting
that there was no drop in the number of LCMV-specific plasma cells between days 185
and 295 post rituximab treatment despite the continuous rituximab treatment and ab-
sence of virus-specific MBCs in these mice (Fig. 4A). These BM plasma cell data are con-
sistent with the relatively stable antibody response during this period. More impor-
tantly, these results demonstrate the inherent longevity of BM plasma cells after
depletion of B cells. These data also suggest that the observed reduction in plasma
cells occurred early after treatment initiation with rituximab as reflected by the sero-
logical analyses (Fig. 3). Of note, we observed a similar reduction in virus-specific IgG-
producing BM plasma cell in influenza and VSV-immune mice treated with rituximab
(Fig. 4B and C). The number of virus-specific BM plasma cells in all three infection mod-
els accurately reflected the levels of virus-specific antibody in the serum.

DISCUSSION

The data collected at different time points throughout the experiments of this study
enabled us to estimate the half-life of virus-specific antibody in the absence of virus-
specific MBCs. Our results demonstrate that virus-specific antibody levels in the serum
remain relatively stable in the absence of MBCs with a half-life of 372 days, and that
BM plasma cells, the major source of circulating IgG antibodies, are inherently long-
lived. This confirms and extends our original observations in the Slifka et al. study (4)
and is also consistent with the stable maintenance of plasma cells and antibody titers
observed in B cell-depleted rhesus macaques (17). Interestingly, untreated immune
mice showed no decline in virus-specific antibody levels, suggesting that under steady
state conditions a low level of reseeding of the plasma cell pool by MBCs might occur
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and contribute to the stable maintenance of serum antibody levels over extended peri-
ods of time.

A surprising observation of our study was the biphasic decline of virus-specific anti-
body titers with an initial 3- to 4-fold drop of virus-specific antibody titers within the
first 3 to 4 weeks after treatment initiation. Rituximab treatment of wild-type BALB/c
mice (lacking human CD20 expression) had no effect on antibody levels showing that
this drop was not due to altered virus-specific antibody half-life in the presence of rit-
uximab. The initial drop in virus-specific antibody titers most likely reflects the immedi-
ate depletion of a subset of plasma cells that retained hCD20 expression and are thus
a target of rituximab. Of note, expression of mCD20 on murine plasma cells has been
previously reported (15), suggesting species-specific difference in the regulation of
CD20 expression between mice and humans, which lack CD20 expression on plasma-
blasts and plasma cells. However, additional studies are required to elucidate the
mechanisms driving these differences and determine how BM plasma cells susceptible
to depletion by rituximab in the employed hCD20tg mouse model differ from refrac-
tory cells. In addition to human CD20 expression, refractory cells might also differ from
susceptible cells in terms of their microanatomical location within the BM and the
expression of inhibitory receptors equipping them with increased resistance to anti-
body-mediated depletion. The BM has been previously shown to be a niche with lim-
ited therapeutic IgG activity (22), but whether certain microanatomical niches within
the BM differ in their susceptibility to antibody-mediated depletion has not been eval-
uated. An additional explanation for the initial drop of virus-specific antibodies follow-
ing rituximab administration could be that the engagement of activating Fcg receptors
on granulocytes and macrophages induced an inflammatory state (23), impairing
plasma cell survival either directly or indirectly through modulation of the supporting
BM niche.

Although unlikely to be the sole mechanism due to the observed kinetics of the vi-
rus-specific GC B cell response (21), it is possible that depletion of some residual virus-
specific GC B cells at day 60 postinfection could have also partially contributed to the
initial drop of antibody titers upon rituximab treatment initiation. Future studies are
needed to address these questions and thus provide a more in-depth analysis of the
mechanisms responsible for the initial and transient drop in virus-specific antibody
titers.

Two previous studies reported no decline in plasma cell numbers in mice immu-
nized with the hapten 4-hydroxy-3-nitrophenyl-acetyl in the absence of MBCs (15, 24).
Given the estimated plasma cell half-life of 372 days, these studies are in line with our
data and underline the need for longitudinal studies of individual animals for extended
periods of time to capture slight decreases in cell numbers due to the natural death of
plasma cells. Furthermore, in line with our results, a decade-long study in nonhuman
primates showed the persistence of virus-specific antibody responses in the absence of
virus-specific memory B cells (17), further supporting the inherent longevity of virus-
specific plasma cells. By detecting BrdU-labeled plasma cells, this study also provided
direct evidence for the persistence of individual plasma cells for up to 10 years.

Antibody-mediated B cell depletion offers an elegant and direct way to deplete
MBCs; however, the efficiency of antibody-mediated depletion depends on intravascu-
lar access, with tissue-resident cells being only inefficiently depleted (19). While the
vast majority of virus-specific MBCs are located in the spleen, virus-specific MBCs have
also been found in various tissues, such as the lungs (25). As we only assessed virus-
specific MBCs in the spleen, we cannot entirely exclude the possibility that a small sub-
set of tissue-resident MBCs in other tissues remained and potentially gave rise to new
plasma cells in our study. However, the continued administration of rituximab in our
study was aimed at depleting newly differentiated plasma cells that retained hCD20
surface expression and reached the circulation.

Rituximab is used for the treatment of lymphomas, leukemias, and various autoim-
mune disorders, such as rheumatoid arthritis and pemphigus (16). The effect of rituximab
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on serum antibody levels has been reported to range from no significant decreases in se-
rum antibody levels to severe pan-hypogammaglobulinemia (26–36). Importantly, anti-
body responses to common virus and vaccine antigens have been demonstrated to be
relatively stable after rituximab treatment, suggesting that rituximab treatment preferen-
tially affects short-lived antibody responses, such as auto-reactive antibodies (36).

Infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) indu-
ces SARS-CoV-2-specific plasma cells that are detectable in the BM of convalescent
individuals for at least 11 months postinfection (37). However, little is known about the
longevity of SARS-CoV-2-specific plasma cells and whether SARS-CoV-2 mRNA vaccines
can induce a robust and long-lived plasma cell population in the BM. Our data suggest
that preexisting antibody levels against SARS-CoV-2 should be closely monitored in
cancer and autoimmune patients treated with B cell-depleting agents such as rituxi-
mab. Monitoring might be especially important in patients who are treated long-term
and/or initiated treatment shortly after mRNA vaccination, which poses the risk of dis-
rupting the SARS-CoV-2-specific plasma cell pool through abrogating novel plasma cell
formation in persisting GC reactions (38). However, further research is required to
determine the relative contribution of newly generated plasma cells for the mainte-
nance of the overall plasma cell pool over time in order to guide timing-related treat-
ment decisions in mRNA-vaccinated patients.

Overall, our study demonstrates that virus-specific plasma cells in the bone marrow
are intrinsically long-lived with a half-life of about 1 year, allowing the relatively stable
maintenance of antibody levels in the absence of memory B cells. These results provide
insights into plasma cell longevity and have implications for antibody-based B cell
depletion strategies in cancer and autoimmune patients in the context of vaccination
in general and especially for COVID-19 vaccines.

MATERIALS ANDMETHODS
Mice. The generation and characterization of hCD20tg mice has been described previously (18).

Briefly, the hCD20 locus was incorporated into bacterial artificial chromosomes and incorporated into
pronuclei of F2 embryos by the Yale Genomics Transgenic Mouse Service. Mice expressing hCD20 were
further characterized and backcrossed to a BALB/c background. hCD20tg mice were maintained and
bred at the Emory University School of Medicine animal facility. All experiments were performed in ac-
cordance with approved IACUC protocols.

Infections, antibody treatment, and lymphocyte isolation. Mice were infected at 6 to 8 weeks of
age. For influenza infections, anesthetized mice were administered 5 � 103 PFU of A/WSN/33 (H1N1)
diluted to 30mL in PBS intranasally. Acute LCMV infections were accomplished by injecting 2 � 105 PFU of
LCMV Armstrong diluted to 500 mL in PBS intraperitoneally, and 2 � 106 PFU of VSV-Indiana diluted to
500 mL in PBS was given intravenously for VSV infections. Peripheral blood was collected at the indicated
times via submandibular bleeding. Lymphocytes were isolated from peripheral blood, spleens, and bone
marrow as described previously (39). Rituxan (rituximab) was obtained from the Emory University Hospital
pharmacy, and treatment consisted of injecting the mice intraperitoneally with 1 mg/mouse on days one,
three, and five, followed by weekly injections of 1 mg as described previously (20).

Hemagglutinin inhibition assay. One part serum was added to three parts receptor destroying
enzyme (RDE) (Accurate Chemical & Scientific) and incubated at 37°C overnight. The RDE was inactivated
the following morning by incubating the samples at 56°C for 1 h. Samples were then serially diluted
with PBS in 96-well v-bottom plates, and eight hemagglutination units (as determined by incubation
with 0.5% turkey red blood cells [RBCs] in the absence of serum) of influenza virus were added to each
well. After 30 min at room temperature, 50 mL of 0.5% turkey RBCs (Lampire Biological Laboratories) sus-
pended in PBS-0.5% bovine serum albumin (BSA) was added to each well, and the plates were shaken
manually. After an additional 30 min at room temperature, the serum titers were read as the reciprocal
of the final dilution for which no hemagglutination was observed.

VSV neutralization assay. Serum was heat inactivated at 56°C for 30 min before being diluted 1:40
in serum-free Dulbecco modified Eagle medium (DMEM). Serial dilutions were performed and mixed
with 100 PFU VSV-Indiana at 37°C for 1 h. These were then placed on confluent Vero cells in 6-well plates
and incubated at 37°C for 45 min. After the incubation, the cells were covered with an agar overlay sup-
plemented with 10% DMEM and incubated at 37°C. After 2 days, the overlay was removed, and the cell
monolayers were stained with 1% crystal violet. The neutralization titer was reported as the reciprocal of
the dilution that inhibited 50% of the virus from forming plaques.

Antibodies and flow cytometry. For flow cytometry analysis of B cell depletion in the blood, iso-
lated peripheral blood mononuclear cells were stained with antibodies against CD3 (17A2), B220 (RA3-
6B2), CD19 (ID3), and hCD20 (2H7). Samples were acquired using a BD FACSCalibur or BD FACSCanto II,
followed by analysis using FlowJo.
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ELISPOT. ELISPOT assays were performed as previously described (12). Briefly, ELISPOT plates were
coated with 1.5 mL viral lysate/plate for LCMV and VSV, 2.5 mg/well for influenza, or 62.5 mL per well of
goat anti-mouse IgG1M1A (catalog number M30900; Caltag Laboratories) for total plasma cell num-
bers. PBS was added to these so that a total of 100 mL could be plated/well. The plates were incubated
at 4°C overnight. The following morning, plates were washed with PBS/0.1% Tween and then PBS, and
they were blocked for 2 h at room temperature (RT) with 10% RPMI. Lymphocytes were resuspended to
1 � 107 cells/mL, and 50 mL of this was added to the first well on each plate. Serial dilutions were per-
formed, and the plates were incubated at 37°C for 5 h. Plates were washed with PBS followed by PBS/
0.1% Tween, and 100 mL of biotinylated anti-IgG diluted 1:1,000 in PBS/0.1% Tween/1% fetal calf serum
(FCS) was added to each well before incubating the plates overnight at 37°C. The following morning,
plates were washed with PBS/0.1% Tween and 100 mL/well of horseradish peroxidase (HRP)-conjugated
avidin-D (Vector Labs) diluted 1:1,000 in PBS/0.1% Tween/1% FCS before incubating the plates for 1 h at
RT. Plates were washed with PBS/0.1% Tween followed by PBS, and 100 mL of the enzyme chromogen
substrate (see below) was added to each well for ;8 min to develop the spots. Plates were counted
manually. The enzyme chromogen substrate consists of 20 mg/mL 3-amino-9-ethylcarbazole (Sigma) in
dimethylformamide diluted 1:67 in 0.1 M Na-acetate buffer. This was filtered through a 0.2-mm mem-
brane, and 100mL H2O2/10 mL of substrate was added immediately before use.

Memory B cell assay. Memory B cell assays were performed with minor modifications as previously
described (11). Briefly, splenocytes were collected from immune mice and from one naive mouse/96-
well plate to irradiate as feeder cells. A master mix was made (amount per plate is listed as follows:
60 mL of 1 mg/mL R595 lipopolysaccharide [LPS] [ALX-581-008-L002; Alexis Biochemicals], 2 mL ConA-
stimulated supernatant [see below], 3 mL RPMI-10% FCS, 10 mL 1 � 107 cells/mL irradiated naive spleno-
cytes [sex-matched] 1,200 rad irradiation). To each well, 150 mL of stimulant master mix and 50 mL of
diluted splenocytes were added. Splenocytes were diluted as follows: 4 cell concentrations with 12
wells/concentration (across one row of plate). The first dilution was 2.5 � 105 splenocytes/well and then
followed by three 5-fold dilutions (5 � 104, 1 � 104, 2 � 103/well). The plates were incubated at 37°C
with 5% CO2 for 5 days. On the fourth day, ELISPOT plates were coated as described above. On day 5,
the plates were blocked as described above. The cultured cells were transferred to 96-well round-bot-
tom plates and centrifuged at 800 rpm for 3 min three times. Cells were resuspended in 200 mL
RPMI 1 1% FCS. Cells were transferred to ELISPOT plates and incubated overnight at 37°C with 5% CO2.
The remainder of the procedure is identical to the ELISPOT assay described above. ELISPOT wells were
scored positive for MBCs if there were greater than 3 plasma cell spots at a dilution where the day 0
ELISPOT assay revealed less than or equal to 1 plasma cell spot.

Concanavalin A (ConA) supernatant was prepared as follows: splenocytes were isolated from a naive
mouse and suspended at 1.25 � 106/mL in DMEM-5% FCS medium. Cells were cultured in a T-75 flask at
20 mL volume with 2.5 mg/mL ConA (product number C5275; Sigma) and 20 ng/mL PMA (product num-
ber P1585; Sigma) for 48 h at 37°C. The supernatant was transferred to 50-mL tubes and spun at
1,500 rpm for 10 min to remove the cells. The supernatant was sterilized by filtering through a 0.2-mm
syringe filter and aliquoted and frozen at280°C.

ELISA. ELISAs were performed as described previously (40). Briefly, Nunc MaxiSorp plates (catalog
number 442404; Nunc) were coated with 2.5mg per well of A/WSN/33, LCMV lysate, or VSV lysate diluted
in PBS and kept at 4°C overnight. The following day, serum was added at different concentrations, and
the plates were incubated at 37°C for 1 h. Plates were then washed three times with PBS/0.2% Tween
before HRP-conjugated goat a-mouse IgG was added (product number A4416; Sigma). SigmaFast OPD
tablets (product number P9187; Sigma) were used to develop the plates. The reactions were stopped
with 0.1 N H2SO4, and the plates were read at 490 nm. The antibody concentrations were determined by
endpoint titers.

Estimation of half-lives. Mixed effects exponential change models were used to model the dynam-
ics of antibody levels. Antibody (y) was log transformed to give linear models of the form ln(y) = a1 b �
time, which were fitted using lme4 package and R programming language. Models included population
level fixed effects and random effects for individual time series. Half-lives were calculated using the for-
mula half-life = ln(0.5)/slope.

Statistical analysis. Statistical analyses were performed using GraphPad Prism 9.3 (GraphPad
Software LLC). Values are expressed as mean and standard error of the mean (SEM). Unpaired two-sided
t test was used for comparisons of two groups and ordinary one-way analysis of variance (ANOVA) with
post hoc Tukey’s test for multiple comparisons. P values of less than 0.05 were considered statistically
significant.

Data availability. Code and data for modeling of antibody levels and calculation of half-lives are
available on GitHub (https://github.com/HA2342/WL).
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