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Abstract

Thet*CD11c* B cells, also known as age-associated (ABCs), are pivotal contributors to humoral
immunity following infection and in autoimmunity, yet their /7 vivo generation is incompletely
understood. We utilized a mouse model of systemic acute LCMV infection to examine the
developmental requirements of ABCs that emerged in the spleen and liver. IL-21 signaling through
STAT3 was indispensable for ABC development. In contrast, IFN-y signaling through STAT1
was required for B cell activation and proliferation. Mice that underwent splenectomy or were
deficient in lymphotoxin a generated hepatic ABCs despite the lack of secondary lymphoid organ
contributions, suggesting that the liver supported de novo generation of these cells separately
from their development in lymphoid organs. Thus, IFN-y and IL-21 signaling have distinct,
stage-specific roles in ABC differentiation, while tissue microenvironment provides additional
cues necessary for their development.

Introduction

Co-expression of Thet and CD11c marks the overlapping B cell subsets described in aging,
infection, and autoimmunity, termed age-associated (ABCs), atypical memory, and double-
negative B cells, respectively (1-4). Thet*CD11c™ B cells (hereafter, ABCs) contribute
humoral protection against infections (5, 6), while also associated with autoimmune

disease progression (7-12). Prior /n vitro studies revealed that the ABC phenotype emerges
following TLR7 and BCR stimulation combined with exposure to IFN-y and IL-21 (12-14).
IFN-y primarily signals through STAT1, upregulating Tbet in cultured B cells, while

IL-21 activates STAT1, STAT3, and STAT5, and induces CD11c expression (10, 14, 15).
However, it is unclear how these signals are coordinated 7 vivoto drive the integrated ABC
developmental program. Compared to other B cells, ABC exhibit unusual tissue localization,
the basis of which is poorly understood. They persist as memory cells in the spleen and
lung following infection (6, 16-18), and infiltrate disease-affected nonlymphoid tissues in
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autoimmunity (17, 19, 20). Understanding development and localization of ABCs will help
reveal how they mediate tissue protection and damage.

We interrogated signals driving ABC generation using acute LCMV infection (6, 14). We
found that STAT1 signaling ensured activation and proliferation of B cells, while the IL-21-
STAT3 axis drove ABC differentiation. These cells emerged in a tissue-specific pattern

that did not seem to result from B cell intrinsic differences across organs. Moreover,
development of splenic and liver ABCs could be uncoupled, suggesting de novo generation
in nonlymphoid tissues.

Materials and methods

Mice

Mice were maintained and used following guidelines by the Institutional Animal Care and
Use Committee of Yale School of Medicine and Rutgers New Jersey Medical School.
C57BL/6N animals were from Charles River. MbIC™ (020505), /fngr1Vfl (025394), Ifnar
il (028256), StatFV/l (016923), CD19C"e (006785), Ther’~(004648) and CD45.1 (002014)
mice were from the Jackson Laboratory. StatZ/fl mice were from Lothar Hennighausen
(NIH). /21" mice (13001) were from Taconic. Thet-AmCyan mice were obtained from
Jinfang Zhu (NIH). L7a™'~ (Jax 002258) were from Andrew Wang (Yale University).
CD19¢"e Thet Tl mice were from Philippa Marrack (National Jewish Health). Mice were
used at 6-8 weeks with sex- and age-matched controls.

Primary B cell culture

Splenic B cells were purified using a magnetic negative selection kit (EasyStep, StemCell
Technologies) and cultured for 48 hours. When indicated, 10ug/ml of Fab fragment anti-igM
(Jackson Immuno), 100ng/ml of R848 (Invivogen), 50ng/ml of 1L-21, 2 ng/ml of I1L-12,
10ng/ml of IFN-y (all from Peprotech), and 3000 U/ml of IFNa (Pbl assay science) were
used.

Cell transfers and viral infections

B cells purified by magnetic negative selection from spleens and LNs of CD45.1 and
C57BL/6N mice were mixed in equal numbers prior to i.v. injection of 1x107 total cells into
each MD4 mouse. Mice were infected 24 hours after transfer. Mice were injected i.p. with 2
x 10° PFU LCMV or i.v. with 10* PFU LCMV-Armstrong.

Sham and splenectomy surgery

Buprenorphine (Ethiga)- and bupivacaine-treated mice were anesthetized with isoflurane.
The spleen (with blood vessels and pancreatic tissue) was exteriorized from a left-sided skin
incision. Blood vessels were ligated and splenectomy performed. The incision was closed
with nonabsorbable sutures and VetBond skin glue.

Flow cytometry and analysis

Spleens and surface lymph nodes were mechanically dissociated. Livers were digested
with 2 mg/ml Collagenase 1V (Worthington) and centrifuged in 33%/66% Percoll (Sigma).
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Surface staining was performed as previously described (antibodies, Supplemental Table
1) (6). Foxp3/Transcription Factor Staining kit (eBioscience) was used for intracellular
staining.

FTY720 administration

Statistics

FTY720 (Millipore) in saline was administered via i.p. injections every 2 days at 1mg/kg.

Data were analyzed using one-way and two-way multiple-comparison ANOVA in Prism 8
(GraphPad Software). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Results and Discussion

IL-21 signaling drives ABC differentiation

To dissect signals driving ABC differentiation, we cultured purified splenic B cells from
C57BL/6N mice for 48 hours in the presence of various stimuli, including BCR and TLR7
agonists, and cytokines. Similar to previous findings, IFN-y and IL-21 respectively elevated
Thet and CD11c expression, which was further amplified by BCR and TLR activation
(Supplemental Fig 1A-B) (10, 13-15). CD11c was upregulated only with IL-21, whereas
Thet was induced by multiple type I cytokines including IFN-y, IL-21, IFN-a, and 1L-12
(Supplemental Fig 1A-C), suggesting that IL-21 drives emergence of the ABC phenotype.

To test the /n vivo contribution of these cytokines, mice lacking B cell expression of IFNAR,
IFNYR, or IL-21R (MbIC™® IfnarfVfl, Mb1CTe 1fngiT and Mb1Ce 1121/ respectively)
along with Mb1C" controls were infected with LCMV. At day 10 p.i., the peak of ABC
response (6), all groups of conditional knockout mice exhibited reduced frequencies of
activated and proliferating splenic B cells marked by CD44 and Ki67 (gating strategies in
Supplemental Fig 1D-E, Fig 1A-B, Supplemental Fig 2A), suggesting that type | IFNSs,
IFN-y and IL-21 were required for optimal B cell activation. Among activated B cells, Thet
was decreased in all conditional knockouts, whereas CD11c induction was only impaired

in the absence of IL-21R (Fig 1C). Mice lacking B cell expression of 1L-21R but not
IFNAR nor IFNyR had decreased ABC frequency among activated B cells compared to
controls, indicating IL-21 is the principal cytokine driving their differentiation /n vivo (Fig
1B, Supplemental Fig 2A). Although B cell-specific deficiency in either IFNyR or IL-21R
impaired ABC development (Fig 1D), the former resulted mainly in defects in activation
and proliferation, whereas the latter had an additional bottleneck in differentiation (Fig 1E).
These data indicate distinct, stage-specific function of cytokines in ABC development, in
contrast with previous models that postulating simultaneous roles for IFN-y and IL-21 in
upregulating Thet and CD11c.

STAT1 and STAT3 interactions orchestrate ABC development

IL-21 and IFNs activate STAT signaling in B cells, but how this promotes ABC development
is unclear. MbIC™e Stat1f/fl mice lacking STAT1 expression in B cells had decreased
activated (CD44*Ki67*) B cells compared to MbIC™ controls and MbIC™e StatFVfl mice
upon infection with LCMV (Fig 2A-B), despite comparable overall and activated B cells
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prior to infection (Supplemental Fig 2B). STAT1-deficient activated B cells further had
decreased Thet expression and unexpected upregulation of CD11c, in contrast to their
STAT3-decifient counterparts with decreased expression of both Thet and CD11c (Fig 2C).
An activation defect in total B cells was mainly responsible for reduced ABCs upon STAT1
deletion (Fig 2D), as it did not affect Thet and CD11c expression by activated B cells (Fig
2A-B). While the downstream mechanism underlying STAT1-mediated B cell proliferation
remains to be elucidated, this observation can be recapitulated /n vitro (data not shown) and
is in line with observations in other B cell subsets (21) and in patients with loss-of-function
STAT1 mutations having fewer ABCs in circulation (22). In contrast, Mb1¢" StatF/f mice
had defective ABC differentiation (Fig 2A-B) , suggesting STAT3 drives their formation
without significant effects on activation and proliferation. Likewise, patients with STAT3
loss-of-function mutations have decreased circulating ABCs (22).

To parse STAT1 and STAT3 orchestration of ABC development in the cytokine milieu, we
cultured MbICTe Stat1Vfl STAT1- and MbICTe StarFVf STAT3-deficient B cells, with both
demonstrating reduction in Thet expression upon 1L-21 stimulation versus MbIC™ controls.
By contrast, IFN-y and IFN-a induction of Tbet was only reduced in S7A7I-deficient B
cells (Fig 2E and Supplemental Fig 2C). These data suggest that STAT1 and STAT3 mediate
Thet expression in B cells, with 1L-21 signaling requiring both, whereas IFNs signaled via
STAT1. CD11c expression was abolished in the absence of STAT3 but unaffected in cells
lacking STAT1 (Fig 2F-G), suggesting that STAT3 drives CD11c expression in B cells,
consistent with findings in 1L-21R-deficient ABCs (Fig 1C). Furthermore, in Mb1-" control
cells, IFN-y or IFN-a was inhibitory to IL-21-mediated induction of CD11c in the absence
of TLR stimulation (Fig 2G and Supplemental Fig 2C). However, IFN-y- and IFN-a.-
stimulated STAT1-deficient B cells were insensitive to suppression of CD11c.These results
suggest that co-activation of STAT1 and STAT3 by IL-21 induced the ABC phenotype, while
additional IFN signaling through STAT1 upregulated Thet at the cost of CD11c (Fig 2H).

The environment of the spleen, not that of lymph nodes, is conducive to ABC development

ABCs are more abundant in the spleen than in lymph nodes (LNs) (18), suggesting the latter
lacks tissue-specific developmental signals. To address this, we performed splenectomy or
sham surgery on 7betAmCyan reporter mice (23), and four weeks later, i.v. infected them
with LCMV (24). The spleens of mice receiving sham surgery showed robust ABC response
at day 10 p.i., approximately 4-fold higher than LNs (Fig 3A). LNs of splenectomized

mice were deficient in ABCs, suggesting they rarely develop in LNs regardless of splenic
presence. Splenic tissue restriction of ABCs was unlike other B cell subsets such as germinal
center or plasma cells, which showed no tissue developmental preference (Supplemental Fig
3A).

Since both spleen and LNs are rich in IL-21 and Tfh cells promoting ABC development

(6), the lack of their robust LN differentiation could be due to tissue-specific differences

or a unique splenic precursor population, since the latter is home to diverse B cell subsets
such as immature/transitional and marginal zone B cells. To test if ABCs preferentially arise
from unique splenic progenitors, we transferred equal numbers of B cells purified from the
spleens or LNs of congenically marked mice into MD4 recipients expressing an irrelevant
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BCR transgene (25). At day 10 p.i. with LCMV, splenic ABCs were composed of roughly
50% of B cells of spleen- and of LN-origin (Fig 3B), suggesting that the splenic as opposed
to the LN environment was conducive to development of ABCs.

ABCs differentiate de novo in the liver

ABCs emerge in the liver following Ehrlichia and hepatitis virus infections (26, 27);
however, the origin of the hepatic population is unclear. Hepatic ABCs accumulate at

day 10 p.i. with LCMV, with absence of ABCs in circulation confirming liver infiltration
(Supplemental Fig 3B). To determine when ABCs seeded the liver during infection, we
infected Thet-reporter mice and treated them every other day with FTY720, a functional
antagonist of S1IPR1, to block lymphocyte egress into circulation (Fig 4A). While FTY720
did not significantly affect generation of splenic ABCs, consistent with development of
this resident population (6, 18), ABCs were largely absent from the liver of treated mice
regardless of the timing of injection, starting from day 2 or 6 p.i. (Fig 4A). Thus, the liver
population was likely seeded later in infection by circulating precursor B cells.

To determine whether the liver population resulted from differentiated ABCs leaving splenic
residence or from de novo hepatic differentiation, we analyzed splenectomized Thet-reporter
mice at day 10 p.i. with LCMV. We found robust hepatic ABC response despite lack

of splenic or LN ABC generation (Fig 4B), suggesting that hepatic subset did not result
from splenic ABC translocation. To further assess this possibility, we infected lymphotoxin
a-deficient (L 7a~'") mice lacking LNs and Peyer’s patches. Splenic generation of ABCs
was impaired in L7a™'~ mice (Fig 4C), likely due to the reduction of Tfh cells necessary for
development of the splenic subset (Supplemental Fig 3C) (6, 28). Yet, development of the
liver subset was unaffected in £7a~/~ mice. These data, along with the experiments using
FTY720, indicated that ABCs differentiated de novo in the liver from precursor circulating
B cells. While consistent with clonal overlap between blasting B cells in the spleen and liver
(26), our work further interrogated the inter-dependency of splenic and hepatic ABCs and
elucidated their developmental point of divergence.

We next infected MbI1C™ Stat3f/fl and A761C7e control mice and examined hepatic
development of ABCs. At day 10 p.i., STAT3-deficient animals had reduced ABCs in the
liver (Fig 4D), confirming STAT3-signaling governs their differentiation across tissues. This
contrasts with LNs, which generate few ABCs despite abundant STAT3-activating cytokines
produced by Tfh cells (6).

Therefore, we propose that unique environmental signals underlie the tissue-specific
development of ABCs. Further clarifications of these site-specific requirements are
necessary for therapeutic targeting of ABCs in vaccination and autoimmunity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

J Immunol. Author manuscript; available in PMC 2024 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Song et al.

Page 6

Acknowledgement

We thank the Craft lab, Daniel Waizman, and Tomomi Yoshida for discussions and Yale Flow Cytometry Facility
for technical support. The authors declare no competing financial interests.

J.S.W. was supported in part by NIH grants KO1 AR067892 and R01 AR073912. J.C. and laboratory support came
in part from the Lupus Research Alliance, and NIH grants R37 AR40072 and RO1 AR074545.

Abbreviations:

References

1.

ABCs age-associated B cells

LCMV lymphocytic choriomeningitis virus
LNs lymph nodes

p.i. post infection

i.p. intraperitoneal

i.v. intravenous

Hao Y, O'Neill P, Naradikian MS, Scholz JL, and Cancro MP. 2011. A B-cell subset uniquely
responsive to innate stimuli accumulates in aged mice. Blood 118: 1294-1304. [PubMed:
21562046]

. Rubtsov AV, Rubtsova K, Fischer A, Meehan RT, Gillis JZ, Kappler JW, and Marrack P. 2011.

Toll-like receptor 7 (TLR7)-driven accumulation of a novel CD11c+ B-cell population is important
for the development of autoimmunity. Blood 118: 1305-1315. [PubMed: 21543762]

. Moir S, Ho J, Malaspina A , Wang W , DiPoto AC , O'Shea MA , Roby G, Kaottilil S, Arthos J,

Proschan MA , Chun T-W , and Fauci AS 2008. Evidence for HIV-associated B cell exhaustion in
a dysfunctional memory B cell compartment in HIV-infected viremic individuals. J Exp Med 205:
1797-1805. [PubMed: 18625747]

. Wei C, Anolik J, Cappione A, Zheng B, Pugh-Bernard A, Brooks J, Lee EH, Milner EC, and Sanz

1. 2007. A new population of cells lacking expression of CD27 represents a notable component
of the B cell memory compartment in systemic lupus erythematosus. J Immunol 178: 6624—-6633.
[PubMed: 17475894]

. Racine R, Chatterjee M, and Winslow GM. 2008. CD11c expression identifies a population of

extrafollicular antigen-specific splenic plasmablasts responsible for CD4 T-independent antibody
responses during intracellular bacterial infection. J Immunol 181: 1375-1385. [PubMed: 18606692]

. Song W, Antao OQ, Condiff E, Sanchez GM, Chernova I, Zembrzuski K, Steach H, Rubtsova K,

Angeletti D, Lemenze A, Laidlaw BJ, Craft J, and Weinstein JS. 2022. Development of Thet- and
CD11c-expressing B cells in a viral infection requires T follicular helper cells outside of germinal
centers. Immunity 55: 290-307.6295. [PubMed: 35090581]

. Jenks SA, Cashman KS, Zumaquero E, Marigorta UM, Patel AV, Wang X, Tomar D, Woodruff MC,

Simon Z, Bugrovsky R, Blalock EL, Scharer CD, Tipton CM, Wei C, Lim SS, Petri M, Niewold
TB, Anolik JH, Gibson G, Lee FE, Boss JM, Lund FE, and Sanz I. 2018. Distinct Effector B

Cells Induced by Unregulated Toll-like Receptor 7 Contribute to Pathogenic Responses in Systemic
Lupus Erythematosus. Immunity 49: 725-739.e726. [PubMed: 30314758]

. LiuY, Zhou S, Qian J, Wang Y, Yu X, Dai D, Dai M, Wu L, Liao Z, Xue Z, Wang J, Hou G,

Ma J, Harley JB, Tang Y, and Shen N. 2017. T-bet+CD11c+ B cells are critical for antichromatin
immunoglobulin G production in the development of lupus. Arthritis Res Ther 19: 225. [PubMed:
28982388]

J Immunol. Author manuscript; available in PMC 2024 June 15.



Song et al. Page 7

9. Rubtsova K, Rubtsov AV, Thurman JM, Mennona JM, Kappler JW, and Marrack P. 2017. B cells
expressing the transcription factor T-bet drive lupus-like autoimmunity. J Clin Invest 127: 1392—
1404. [PubMed: 28240602]

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Wang S, Wang J, Kumar V, Karnell JL, Naiman B, Gross PS, Rahman S, Zerrouki K, Hanna

R, Morehouse C, Holoweckyj N, Liu H, Manna Z, Goldbach-Mansky R, Hasni S, Siegel R,
Sanjuan M, Streicher K, Cancro MP, Kolbeck R, and Ettinger R. 2018. IL-21 drives expansion and
plasma cell differentiation of autoreactive CD11chi T-bet+ B cells in SLE. Nat Commun 9: 1758.
[PubMed: 29717110]

Woodruff MC, Ramonell RP, Nguyen DC, Cashman KS, Saini AS, Haddad NS, Ley AM, Kyu

S, Howell JC, Ozturk T, Lee S, Suryadevara N, Case JB, Bugrovsky R, Chen W, Estrada J,
Morrison-Porter A, Derrico A, Anam FA, Sharma M, Wu HM, Le SN, Jenks SA, Tipton CM,
Staitieh B, Daiss JL, Ghosn E, Diamond MS, Carnahan RH, Crowe JE Jr., Hu WT, Lee FE, and
Sanz 1. 2020. Extrafollicular B cell responses correlate with neutralizing antibodies and morbidity
in COVID-19. Nat Immunol.

Brown GJ, Cafiete PF, Wang H, Medhavy A, Bones J, Roco JA, He Y, Qin Y, Cappello J, Ellyard
JI, Bassett K, Shen Q, Burgio G, Zhang Y, Turnbull C, Meng X, Wu P, Cho E, Miosge LA,
Andrews TD, Field MA, Tvorogov D, Lopez AF, Babon JJ, Lopez CA, Gonzalez-Murillo A,
Garulo DC, Pascual V, Levy T, Mallack EJ, Calame DG, Lotze T, Lupski JR, Ding H, Ullah

TR, Walters GD, Koina ME, Cook MC, Shen N, de Lucas Collantes C, Corry B, Gantier MP,
Athanasopoulos V, and Vinuesa CG. 2022. TLR7 gain-of-function genetic variation causes human
lupus. Nature 605: 349-356. [PubMed: 35477763]

Sindhava VJ, Oropallo MA, Moody K, Naradikian M, Higdon LE, Zhou L, Myles A, Green N,
Nundel K, Stohl W, Schmidt AM, Cao W, Dorta-Estremera S, Kambayashi T, Marshak-Rothstein
A, and Cancro MP. 2017. A TLR9-dependent checkpoint governs B cell responses to DNA-
containing antigens. J Clin Invest 127: 1651-1663. [PubMed: 28346226]

Rubtsova K, Rubtsov AV, van Dyk LF, Kappler JW, and Marrack P. 2013. T-box transcription
factor T-bet, a key player in a unique type of B-cell activation essential for effective viral
clearance. PNAS 110: E3216-3224. [PubMed: 23922396]

Naradikian MS, Myles A, Beiting DP, Roberts KJ, Dawson L, Herati RS, Bengsch B, Linderman
SL, Stelekati E, Spolski R, Wherry EJ, Hunter C, Hensley SE, Leonard WJ, and Cancro MP. 2016.
Cutting Edge: IL-4, IL-21, and IFN-gamma Interact To Govern T-bet and CD11c Expression in
TLR-Activated B Cells. J Immunol 197: 1023-1028. [PubMed: 27430719]

Isnardi I, Ng YS, Menard L, Meyers G, Saadoun D, Srdanovic |, Samuels J, Berman J, Buckner
JH, Cunningham-Rundles C, and Meffre E. 2010. Complement receptor 2/CD21- human naive

B cells contain mostly autoreactive unresponsive clones. Blood 115: 5026-5036. [PubMed:
20231422]

Rakhmanov M, Keller B, Gutenberger S, Foerster C, Hoenig M, Driessen G, van der Burg M, van
Dongen JJ, Wiech E, Visentini M, Quinti I, Prasse A, Voelxen N, Salzer U, Goldacker S, Fisch P,
Eibel H, Schwarz K, Peter H-H, and Warnatz K. 2009. Circulating CD21low B cells in common
variable immunodeficiency resemble tissue homing, innate-like B cells. PNAS 106: 13451-13456.
[PubMed: 19666505]

Johnson JL, Rosenthal RL, Knox JJ, Myles A, Naradikian MS, Madej J, Kostiv M, Rosenfeld
AM, Meng W, Christensen SR, Hensley SE, Yewdell J, Canaday DH, Zhu J, McDermott AB,

Dori Y, Itkin M, Wherry EJ, Pardi N, Weissman D, Naji A, Prak ETL, Betts MR, and Cancro

MP. 2020. The Transcription Factor T-bet Resolves Memory B Cell Subsets with Distinct Tissue
Distributions and Antibody Specificities in Mice and Humans. Immunity 52: 842—-855.e846.
[PubMed: 32353250]

Claes N, Fraussen J, Vanheusden M, Hellings N, Stinissen P, Van Wijmeersch B, Hupperts R, and
Somers V. 2016. Age-Associated B Cells with Proinflammatory Characteristics Are Expanded in a
Proportion of Multiple Sclerosis Patients. J Immunol 197: 4576-4583. [PubMed: 27837111]
Arazi A, Rao DA, Berthier CC, Davidson A, Liu Y, Hoover PJ, Chicoine A, Eisenhaure TM,
Jonsson AH, Li S, Lieb DJ, Zhang F, Slowikowski K, Browne EP, Noma A, Sutherby D, Steelman
S, Smilek DE, Tosta P, Apruzzese W, Massarotti E, Dall'Era M, Park M, Kamen DL, Furie RA,
Payan-Schober F, Pendergraft WF 3rd, Mclnnis EA, Buyon JP, Petri MA, Putterman C, Kalunian
KC, Woodle ES, Lederer JA, Hildeman DA, Nusbaum C, Raychaudhuri S, Kretzler M, Anolik JH,

J Immunol. Author manuscript; available in PMC 2024 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Song et al.

21.

22.

23.

24.

25.

26.

27.

28.

Page 8

Brenner MB, Wofsy D, Hacohen N, and Diamond B. 2019. The immune cell landscape in kidneys
of patients with lupus nephritis. Nat Immunol 20: 902-914. [PubMed: 31209404]

Domeier PP, Chodisetti SB, Soni C, Schell SL, Elias MJ, Wong EB, Cooper TK, Kitamura D,
and Rahman ZS. 2016. IFN-y receptor and STAT1 signaling in B cells are central to spontaneous
germinal center formation and autoimmunity. J Exp Med 213: 715-732. [PubMed: 27069112]

Keller B, Strohmeier V, Harder I, Unger S, Payne KJ, Andrieux G, Boerries M, Felixberger PT,
Landry JJM, Nieters A, Rensing-Ehl A, Salzer U, Frede N, Usadel S, Elling R, Speckmann C,
Hainmann I, Ralph E, Gilmour K, Wentink MWJ, van der Burg M, Kuehn HS, Rosenzweig SD,
Kélsch U, von Bernuth H, Kaiser-Labusch P, Gothe F, Hambleton S, Vlagea AD, Garcia Garcia A,
Alsina L, Markelj G, Avcin T, Vasconcelos J, Guedes M, Ding JY, Ku CL, Shadur B, Avery DT,
Venhoff N, Thiel J, Becker H, Erazo-Borras L, Trujillo-Vargas CM, Franco JL, Fieschi C, Okada
S, Gray PE, Uzel G, Casanova JL, Fliegauf M, Grimbacher B, Eibel H, Ehl S, \oll RE, Rizzi

M, Stepensky P, Benes V, Ma CS, Bossen C, Tangye SG, and Warnatz K. 2021. The expansion
of human T-beti9" CD21!°W B cells is T cell dependent. Sci Immunol 6: eabh0891. [PubMed:
34623902]

Yu F, Sharma S, Edwards J, Feigenbaum L, and Zhu J. 2015. Dynamic expression of transcription
factors T-bet and GATA-3 by regulatory T cells maintains immunotolerance. Nat Immunol 16:
197-206. [PubMed: 25501630]

Sheikh AA, Cooper L, Feng M, Souza-Fonseca-Guimaraes F, Lafouresse F, Duckworth BC,
Huntington ND, Moon JJ, Pellegrini M, Nutt SL, Belz GT, Good-Jacobson KL, and Groom JR.
2019. Context-Dependent Role for T-bet in T Follicular Helper Differentiation and Germinal
Center Function following Viral Infection. Cell Rep 28: 1758-1772.e1754. [PubMed: 31412245]

Mason DY, Jones M, and Goodnow CC. 1992. Development and follicular localization of tolerant
B lymphocytes in lysozyme/anti-lysozyme IgM/IgD transgenic mice. Int Immunol 4: 163-175.
[PubMed: 1622894]

Trivedi N, Weisel F, Smita S, Joachim S, Kader M, Radhakrishnan A, Clouser C, Rosenfeld AM,
Chikina M, Vigneault F, Hershberg U, Ismail N, and Shlomchik MJ. 2019. Liver Is a Generative
Site for the B Cell Response to Ehrlichia muris. Immunity 51: 1088-1101.e1085. [PubMed:
31732168]

Burton AR, Pallett LJ, McCoy LE, Suveizdyte K, Amin OE, Swadling L, Alberts E, Davidson
BR, Kennedy PT, Gill US, Mauri C, Blair PA, Pelletier N, and Maini MK. 2018. Circulating and
intrahepatic antiviral B cells are defective in hepatitis B. J Clin Invest 128: 4588-4603. [PubMed:
30091725]

Yang K, Liang Y, Sun Z, Xue D, Xu H, Zhu M, Fu YX, and Peng H. 2018. T Cell-Derived
Lymphotoxin Is Essential for the Anti-Herpes Simplex Virus 1 Humoral Immune Response. J
Virol 92.

J Immunol. Author manuscript; available in PMC 2024 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Song et al.

Page 9

Key points
Cytokines driving ABC emergence have stage-specific functions.

ABCs differentiate de novo in the liver.
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Figure 1. IFN-y and IL-21 play distinct rolesin driving genesis of ABCs.
(A,B) CD44 and Ki67 expression in B220* CD19* and CD11c and Tbet expression in

B220* CD19* CD44Ni Ki67* splenocytes in mice at day 10 p.i. with i.p. LCMV (A) with
quantification (B). (C) Expression of Thet and CD11c in B220* CD19* CD44M Ki67*
splenocytes. (D) Frequencies and numbers of splenic ABCs. (E) Model. Data representative
of two independent experiments with 5 or 6 mice per group. Means = SEM, one-way
ANOVA.
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Figure 2. STAT1-STAT 3 interactionsin ABCsfollowing viral infection.
(A,B) CD44 and Ki67 expression in B220* CD19* and CD11c and Tbet expression in

B220* CD19* CD44Mi Ki67* splenocytes in mice at day 10 p.i. with i.p. LCMV or
uninfected MbI“"® mice (A) with quantification (B). (C) Expression of Thet and CD11c

in B220* CD19* CD44M Ki67* splenocytes. (D) Frequencies and numbers of splenic ABCs.
(E-G) Thet and CD11c expression of purified cultured B cells. (H) Model. Data pooling

two experiments representative of four independent experiments each with 2 to 6 mice per
group(A-D) or representative of three experiments with 2 to 3 biological replicates (E-G).
Means £ SEM, B-D: one-way ANOVA, E-G: two-way ANOVA.
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Figure 3. Tissue environments contribute to organ-specific generation of ABCs.
(A) CD11c and Thet expression in B220* CD19* CD44N cells and quantifications of ABCs

from LNs and spleens of 7beAmCyan reporter mice at day 10 p.i. with i.v. LCMV. (B)
5x108 of CD45.1 purified splenic B cells and 5x10°% of CD45.2 purified LN B cells were
transferred into CD45.1/CD45.2 MD4 recipient mice 24 hours prior to i.p. infection with
LCMV. Percentage of each population among total transferred cells in total splenic B cells
(left) and ABCs (right). Data representative of two independent experiments with 4 to 5
mice per group (A) or with 4 to 7 mice per group (B). Means + SEM, one-way ANOVA.
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Figure 4. Hepatic ABCsarise from circulating B cells following viral infection.
(A) Saline and FTY720 administration to 76etAmCyan reporter mice following i.v. LCMV

infection and Thet*CD11c* B cell numbers at day 10 p.i. (B-D) CD11c and Thet expression
of liver B220* CD19* CD44" cells (top of B and D) and frequencies and numbers of hepatic
ABCs (bottom of B and D). Data are representative of three independent experiments (A),

or two independent experiments with 2 to 5 mice per group (B-D). Means £ SEM, one-way
ANOVA.
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