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B and T lymphocytes of the adaptive immune system undergo proliferative bursts to
generate pools of antigen-specific cells for effective immunity. Here we show that in
contrast to the canonical view that G1 progression signals are essential after mitosis to
reenter S phase, B lymphocytes sustain several rounds of mitogen-independent cell divi-
sion following the first mitosis. Such division appears to be driven by unique character-
istics of the postmitotic G1 phase that has features of S and G2/M phases. Birc5
(survivin), a protein associated with chromosome segregation in G2/M, is expressed in
the G1 phase of divided B cells and is necessary for mitogen-independent divisions.
The partially active G1 phase and propensity for apoptosis inherited after each division
may underlie rapid proliferation and cell death, which are hallmarks of B cell prolifera-

tive responses.
mitogen-independent proliferation | clonal expansion | B lymphocytes | cell cycle regulation | G1-S

Activation of antigen receptors of B and T lymphocytes via antigen engagement is one
key signal that initiates responses to specific pathogens (1, 2). Antigen recognition
selects a tiny proportion of lymphocytes, which are induced to proliferate and execute
an immune response. This proliferative phase, termed clonal expansion, determines
effectiveness of subsequent adaptive immune responses. Additionally, antigen nonspe-
cific costimulatory signals provided by innate immune cells contribute to the magni-
tude of clonal expansion (3, 4). Regulation of lymphocyte proliferation has been
studied by treating cells ex vivo with one or more extracellular signals followed by anal-
yses of proliferative responses. In recent years, elegant experimental schemes have been
coupled with rigorous computational studies to gain deeper insight into these processes
(5-7). Two related questions lie at the heart of these studies. First, what determines the
proportion of lymphocytes out of the preexisting pool that will proliferate? Second,
how do lymphocytes count the number of divisions so as to have an effective, but lim-
ited, proliferative phase?

The prevailing view is that lymphocytes are induced to proliferate when the cumula-
tive response to incoming signals crosses an activation threshold (8). For lymphocytes,
the concept of division destiny (DD) has been invoked to signify the number of times
a cell divides in response to mitogenic signals (9, 10). DD is related to the mean divi-
sion number (MDN), which is the average number of cell divisions made over a
defined time period. It has been shown that DD is proportionate to levels of Myc that
are induced in response to the initiating signal(s) (11). Similarly, the extent of cell
division in germinal centers (GCs) has been recently shown to be proportional to Myc
levels (12), and combined absence of cMyc and nMyc abrogates B cell proliferation
in vitro (13).

The majority of studies of cell division in lymphocytes are carried out with persistent
mitogenic stimulation, presumably reflecting our bias that mitogenic restimulation is
necessary to incite multiple rounds of cell division for robust clonal expansion. How-
ever, it remains unclear whether clonal expansion 7z vivo requires persistent antigenic
stimulation. There is good evidence that signaling and proliferative phases can be spa-
tially segregated. This is most obvious in the GC, where B cell activation via T cell
help has been shown to be restricted to the GC light zone (LZ), whereas the bulk of B
cell proliferation occurs in the GC dark zone (DZ) (14, 15). Recent studies attribute
this to a synergistic effect of B cell receptor (BCR) and CD40 signals in the LZ for
optimal Myc induction (16) and cyclin D3—driven CDK4/6 activation in the DZ (17).
The simplest interpretation of this distinction is that GC B cells can undergo multiple
rounds of division without requiring continued mitogenic signaling. There is also tan-
talizing evidence that naive B cells can undergo such a signal-independent division
ex vivo, which suggests that this form of division may also be involved in clonal expan-
sion (11). Additionally, CD8" T cells have been shown to undergo several rounds of
division in the absence of persistent signaling (18, 19), suggesting that this may be a
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common feature of cell cycle regulation in lymphocytes.
Despite its uniqueness and likely physiological relevance, this
form of proliferation has received scant attention.

The decision-making process after mitosis that shunts daugh-
ter cells into a GO state or permits their reentry into G1 has
elicited much interest. The classical view, obtained largely from
population analyses of fibroblasts in culture, posits that a mito-
genic signal is required at the end of each mitosis for cells to
progress through the next G1 (20-22). However, analyses of
tumor cell lines and, more recently, untransformed mouse
embryonic stem (ES) cells, have shown that a subset of cells
within a population retain the ability to undergo G1 progres-
sion without additional signaling (23, 24). Maintenance of
CDK2 activity and loss of p53 have been shown to regulate
this form of cell cycle progression (23, 25). Although these
players have not been extensively investigated in lymphocytes,
there is good evidence that p53 regulates proliferation of
murine T lymphocytes (26).

Here we explored mechanisms by which primary murine B
lymphocytes make cell division decisions. We demonstrate that
commitment to DNA replication (S phase) programs B cells to
divide multiple times in the absence of overt mitogenic signal-
ing. The extent of division is limited by cell death rather than
by return to quiescence, and circumventing cell death permits
up to four rounds of division in 72 h. Mitogen-independent
cell cycle progression is driven by unique S- and G2/M-like
characteristics of the G1 phase of cells that have divided once,
such as, large cell size, low levels of p27, phosphorylated Rb,
and expression of G2/M markers survivin, Cenp-A, and Aim1/
aurora B. Pharmacologic inhibition of survivin blocked G1 pro-
gression in a B cell line and in primary B cells undergoing
mitogen-independent division. These observations indicate
that, in contrast to textbook models of the cell cycle, B cells
inherit a partially active G1 phase after cell division that per-
mits them to move quickly to the next S phase in the absence
of exogenous G1 progression signals. Our studies provide direct
evidence for Pardee’s hypothesis (20) that retention of features
of G2/M in postmitotic cells could trigger a second round of
cell cycle progression. We propose that these mechanisms may
assist in rapid cell division without differentiation that is
required for clonal expansion in response to antigens.

Results

B Cells Undergo Mitogen-Independent Division. Defranco et al.
first demonstrated that B cell mitogenic signals could be
removed at a defined time before initiation of DNA synthesis
without affecting the ability of cells to enter S phase (27). In
modern parlance this observation reflects the need for continu-
ous signaling for cells to progress past the restriction point in
G1 (28). The restriction point is characterized by phosphoryla-
tion of Rb, release of E2F factors, degradation of cell cycle
inhibitors (p21 or p27), and inactivation of Cdhl (29). Cell
cycle studies in fibroblasts indicate that mitogenic signals are
again required after traversing S and G2/M to induce G1 pro-
gression past the restriction point and reinitiate DNA replica-
tion. In contrast to this model, CD8* T cells undergo several
rounds of cell division even if mitogens are removed prior to
the first cell division (18, 19). Similar properties have also been
attributed to B cells (30); however, mechanisms that permit
lymphocytes to deviate from the classical model have not been
explored. To better understand this phenomenon, we started
our analysis by characterizing the requirement for mitogenic
signals for B cell proliferation.
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We activated naive splenic B lymphocytes with a variety of
mitogenic signals for 24 h and thereafter followed cell division
in the absence of overt signaling. We found that none of these
treatments induced cell division within 24 h. Yet, multiple
rounds of cell division occurred in the next 48 h, regardless of
whether mitogen was present continuously or not (Fig. 1A4).
Cells that lacked continuous mitogenic signals were, however,
considerably less viable (Fig. 14, numbers in italics). As previ-
ously noted (9), persistent CpG treatment led to reduced cell
size with divisions (Fig. 1B). In contrast, cell size increased with
additional divisions for all other stimuli with or without con-
tinued stimulation (Fig. 1B, green labels). We conclude that
splenic B lymphocytes are programmed to divide multiple
times in the absence of continued stimulation. This decision is
made during the first cell cycle and is terminated by cell death
in vitro.

To determine when the decision to divide without mitogen
was made, we activated cells with a pulse of BCR cross-linking
followed by anti-CD40 treatment (31). This regimen led to
similar numbers of divided (labeled divl and div2) and undi-
vided (div0) cells after 48 h, permitting further analyses of both
populations (Fig. 1 C, Top). Sorted divl, div2, or div0 cells
were cultured for an additional 72 h in the absence of mitogen.
We found that very few div0 cells divided, whereas divl and
div2 cells divided robustly despite undergoing extensive cell
death (Fig. 1C labeled “medium”) during culture. Similar
results were observed with other mitogens (SI Appendix, Fig.
S1A4). We conclude that B cells that have completed one
mitotic division gain the ability to undergo several additional
rounds of mitogen-independent proliferation.

To circumvent cell death, we repeated these experiments
by culturing sorted cells in B cell activating factor cytokine
(BAFF) containing medium. Though BAFF treatment averted
cell death, it also drastically reduced cell division especially at
later cell division stages (S/ Appendix, Fig. S1B). However, very
low concentrations (0.125 pg/mL) of two different clones of
anti-CD40 antibodies substantially enhanced cell viability dur-
ing mitogen-independent proliferation (Fig. 1C, labeled “+lo
anti-CD40”), while maintaining proliferation (SI Appendix,
Fig. S1B) and cell size (SI Appendix, Fig. S1C). Importantly,
this dose of anti-CD40 did not induce proliferation of div0
cells (Fig. 1C “div0 +lo anti-CD40”). Furthermore, this dose
of anti-CD40 did not change the proportions of cells that
divided during postsort culture but, instead, increased cell
numbers after longer culture periods (Fig. 1D). We conclude
that low levels of anti-CD40 provide survival signals without
affecting mitogen-independent cell division, suggesting that
this form of lymphocyte proliferation can generate substantial
cell numbers in the presence of appropriate antiapoptotic
activity.

Cell Cycle Characteristics beyond First Mitosis. To uncover
the basis for mitogen-independent proliferation of divl and
div2 (div12) cells, we first ruled out the possibility that div0
cells were refractory to further division. We found that anti-
IgM induced comparable cell division of both div0 and div12
cells (SI Appendix, Fig. S2A), demonstrating that div0 cells
could divide with proper mitogenic stimulation. To identify
differences between div0 and div12 cells, we assayed biochemi-
cal features of the cell cycle. We found that p27 levels were
lower in div12 cells (Fig. 2A4), whereas hyperphosphorylated Rb
(S807/S811), cMyc, and phospho-CDK2 (Thr160) levels were
higher in divl2 compared to div0 cells (Fig. 2B). Because cells
in G1 constituted the majority of cells in both div0 and div12
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Fig. 1. Mitogen-independent proliferation of murine spleen B cells. Splenic B cells were activated with CpG (50 ng/mL), LPS (5 pg/mL), F(ab’)2 anti-IgM (10
pg/mL) + anti-CD40 antibody (5 pg/mL) or pulse BCR stimulation followed by anti-CD40 (31) treatment as indicated. After 24 h, half the cells were washed
free of the stimulus and further incubated for an additional 48 h. Remaining cells were continuously stimulated for the entire 72-h period, followed by flow
cytometric analysis. (A) Cell division was assessed by CTV dilution at 24 h (gray) and at 72 h (green and red); “no wash” (red) refers to cells that were continu-
ously stimulated. Cells that were washed and incubated further in the absence of mitogen are shown in green. Numbers in italics refer to the percentage of
viable cells in each culture; numbers above CTV peaks refer to the cell generations. (B) Cell size was estimated by forward scatter for each cell generation at
24 and 72 h. Red and green labeling refers to cells that had been continuously stimulated or washed free of stimulus at 24 h, respectively. (C) After a 48-h
pulse anti-IgM plus anti-CD40 activation, B cells were sorted into populations of cells that had not divided (div0), divided once (div1), and divided twice
(div2). Each population was further cultured in medium alone or in medium with 0.125 pg/uL anti-CD40 (lo anti-CD40). CTV dilution after various times of cul-
ture is indicated on the Left. Numbers within histogram boxes refer to percentage of viable cells under each condition. (D) Cell percentages (Left) and cell
numbers (Right) generated after culture of div1 cells for 48 h in the absence of stimulation. Cell division was determined by CTV dilution as in C (colored
bars) using the proliferation modeling tool in FlowJo. (Upper) Cells were treated with low anti-CD40 (lo anti-CD40) and (Lower) cells were incubated in
medium alone (medium). Data shown are average of three independent experiments with error bars showing SEM.

populations (Fig. 2C), we tentatively concluded that these
changes reflected differences in G1 states of the respective
populations. This was confirmed by gating directly on cells in
G1 (Fig. 2D). Divl2 G1 cells were also significantly larger
and had increased granularity (S7 Appendix, Fig. S2 B and O).
These observations demonstrate that the G1 phase of postmi-
totic B cells is distinct from that of activated but nondivided
B cells.

PNAS 2022 Vol.119 No.18 2115567119

Persistent activity of CDK2 in G1 has been shown to permit
a subset of tumor cell lines to circumvent the requirement for
mitogen-induced activation of CDK4/6 for G1 progression
(23). In contrast, CDK4/6 is required for B cell proliferation in
the germinal center light zone (17). To determine whether
mitogen-independent B cell proliferation was similarly regu-
lated, we assessed the requirement for CDK1/2 and CDK4/6
using well-established pharmacologic inhibitors. Sorted div12
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Fig. 2. Postmitotic B cells are enriched for markers of G1 progression. Pulse anti-lgM+anti-CD40 activated cells (48 h) were purified into undivided (div0)
and divided (div12) populations. Cell cycle features were analyzed biochemically or by flow cytometry. (A) Immunoblotting analysis of p27 and g-actin levels
(Top) was performed using whole cell extracts from div0 or div12 cells as indicated. Protein expression was quantified by densitometry (Bottom); error bars
show SEM (n = 3). (B) Representative histograms showing intracellular levels of phospho-Rb (pS807/5811), cMyc and phospho-CDK2 (pT160) in divO (red),
and div12 (blue) cells by flow cytometry. Percentages of cells that express indicated target proteins were identified by gating (dotted line) with respect to iso-
type control (gray). Results from several independent experiments (dots) are shown at Bottom; error bars show SEM. (C) After 48-h activation, cells were
pulse labeled with EdU for 1 h followed by Click-iT reaction for Alexa-Fluor labeling. Cell cycle stages in divO0 and div12 cells were identified as G1 phase (2n
DAPI EAU"), S phase (EdU™), and G2/M phase (4n DAPI EJU™). Representative zebra plots of div0 (Top) and div12 (Bottom) cells are shown. Numbers in parenthe-
ses indicate the percentage + SEM of cells in each cell cycle stage (n = 6). (D) Representative histograms of cell cycle stage-specific intracellular levels of
phospho-Rb (pS807/5811), cMyc, and phospho-CDK2 (pT160) in divO (red) and div12 (blue) cells (Top). Protein positive cells were identified as in B, and % positive
cells from two to four independent experiments are shown Lower; error bars represent SEM (standard error of the mean). *P € 0.05, **P < 0.01, ***P = 0.001).

4 0of 12 https://doi.org/10.1073/pnas.2115567119 pnas.org



B 100- p<0.05
1 p<0.05
804 [T 1
A
div12 +medium 2 go- >2
1 1 =
|| 18 2IM 8 40 ' 2
22_2“0 "“"‘*9 iCdk1/2 2 12 >2 | 2
21 [ J |l 204
i 1! 2
. G T
0 ~ iCdk4/6 Aftersort ~ DMSO  iCdk4/6  iCdk1/2
>2 1
ﬂ? L DMSO C G1 S G2/M
J PAR! _p<00s p<005 ns
] [ |
2
A |div12 post-sort 4
CFSE - s
=S
T 50 2
(&)
25 1
0 0
O o O o 0 o 0
O & @ & © &
A Fetey S S N Raltes

Fig. 3. Effect of CDK inhibition on mitogen-independent B cell proliferation. Pulse anti-lgM+anti-CD40 activated cells (48 h) were purified by FACS into undi-
vided (div0) and divided (div12) fractions. After separation, div12 cells were cultured in medium alone in the presence or absence of CDK inhibitors as indi-
cated. CDK4/6 inhibitor (palbociclib, iCdk4/6: 1 pM) and CDK1/2 inhibitor (Cdk1/2 Inhibitor I, iCdk1/2: 10 uM). Proliferation was analyzed by CFSE dilution
and cell cycle states by DNA content analysis using DAPI. (A) Representative histograms of cell division (Left) and cell cycle stages (Right) measured after a
48-h culture of purified div12 cells in medium, with no inhibitor (labeled DMSO) or CDK inhibitors as indicated. Cell division numbers are indicated within
CFSE profiles. (B and C) Two independent inhibitor experiments from A were quantified to identify percentage of cells present in each division number (B) or

in each stage of the cell cycle (C). Error bars represent SEM (unpaired t test).

cells were cultured in the presence of either a CDK4/6 inhibi-
tor (palbociclib, iCdk4/6) or a CDK1/2 inhibitor (CDK1/2
inhibitor III, iCdk1/2) for 48 h, followed by analyses of cell
division and cell cycle profiles. At least three additional cell
divisions were evident in cells cultured without inhibitors (Fig.
3 A and B, labeled dimethylsulfoxide (DMSO)). By contrast, a
fraction of cells treated with iCdk4/6 divided once and then
accumulated in G1, whereas CDK1/2 inhibition resulted in
cells piling up in S/G2 without division (Fig. 3 A-C). Similar
patterns were observed after activation of the div0 population
with and-IgM (8] Appendix, Fig. S2 D and E). We inferred
that preexisting S/G2/M phase cells in the divl2 population
divided once in the presence of iCdk4/6; however, absence of
progression to the next S phase demonstrated that mitogen-
independent G1 progression required CDK4/6 activity. By
contrast, iCdk1/2 prevented mitosis of preexisting S/G2/M
cells within div12, resulting in a carboxyfluorescein succini-
midyl ester (CFSE) pattern similar to that of div12 cells imme-
diately after sorting (Fig. 34). We conclude that primary B cells
undergoing mitogen-independent proliferation require CDK4/
6 kinase activity to progress through G1, paralleling the find-
ings in GC B cells (17).

Differences in Pre- and Postmitotic G1. We used mass cytome-
try by time of flight (CyTOF) to compare G1 states of div0
and div12 cells after 48 h of mitogen-dependent culture (Fig.
44, phase I). Purified div0 and div12 cells were pulse labeled
with iododeoxyuridine (IdU) and cisplatin to identify S phase
cells and dead cells, respectively. Following fixation and perme-
abilization, surface and cell cycle markers and signaling-related
phosphoproteins were assayed as previously described (32).
Remaining div0 and div12 cells were cultured for an additional

PNAS 2022 Vol.119 No.18 2115567119

48 h before being similarly processed for CyTOF (Fig. 44,
phase II). t-distributed stochastic neighbor embedding (t-SNE)
analysis using 28 parameters (S/ Appendix, Fig. S3A) revealed
each cell population assayed in phase I was distinct and rela-
tively homogenous (Fig. 4B). The SPADE algorithm distrib-
uted three phase I subsets into 200 clusters. We used phospho-
H3 (H3 Serl0) to identify M phase cells, cyclin B1 to identify
G2 phase cells, and IdU positivity to identify S phase cells as
previously described (32). Remaining clusters were attributed
to GO/G1 phase cells (S Appendix, Fig. S3B). We found that
GO/G1 phases of naive, div0, and divl2 cells differed greatly
(Fig. 4C and SI Appendix, Fig. S3B). Clusters of naive cells
grouped together, presumably reflecting a homogenous popula-
tion of GO cells. The G1 of div0 cells was distinct from naive B
cells showing that these cells had responded to stimulation.
That they had not divided suggests that these clusters repre-
sented different stages of G1 progression induced by continued
stimulation during phase I. Why these cells did not progress all
the way through the cell cycle remains to be elucidated. Strik-
ingly, divl12 cells segregated into two distinct, but well sepa-
rated, G1 states that were distinct from the late G1 of div0
cells. Four G1 nodes each representing more than 10,000 cells
from div0 and div12 subsets were selected for further compari-
son (numbered in Fig. 4C).

Each distinct G1 subpopulation of div12 cells was marked
by high levels of Ki67, phospho-Rb (pS807/811), phospho-Akt
(pT307), phospho-Erk (pT202/pY204), and phospho-STATS
(pY694) compared to the div0 G1 subset (Fig. 4D and S/
Appendix, Fig. S3D). Additionally, divl2 G1 cells also con-
tained higher levels of phospho-4EBP1 (pT37/46), a marker
for activation of cap-dependent translation. Div0 G1 cells were
enriched instead for signaling molecules such as phospho-Sr,
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Fig. 4. CyTOF analysis of B cell division. (A) Experiment design: For analysis of mitogen-dependent B cell division (phase 1), CFSE-labeled B cells were acti-
vated as indicated for 48 h. [dU was added to cultures for the last 1 h prior to harvest, and undivided (div0) and divided (div12) cells were purified by flow
cytometry. Each population was labeled with a panel of antibodies directed against surface and cytosolic proteins (S/ Appendix, Fig. S3A). CyTOF analysis was
carried out using Cytobank. For analysis of cells that had undergone mitogen-independent division (phase Il), divO and div12 cells purified at the end of
phase | were further cultured in the absence of mitogen for an additional 48 h, resulting in the cell populations labeled as div0(48) and div12(48), respec-
tively. CyTOF analysis was carried out following IdU labeling, fixation, and antibody treatments. A total of 28 parameters were used to characterize three cell
populations from phase | (naive, div0, and div12) and two cell populations from phase Il [div0(48) and div12(48)]. (B) t-SNE profiles of phase | cell populations
as indicated. (C) SPADE analysis of GO/G1-stage cells showing distribution of 200 nodes (n = 2) in each of three cell populations from phase I. GO/G1 cells
were identified by excluding S phase cells (marked by IdU) and G2/M cells marked by cyclin B and phospho-H3 (S/ Appendix, Fig. S3B). Color and size coding
represent cell numbers in specific nodes. Numbered nodes were selected for further analysis (D). (D) Analysis of signaling proteins in four SPADE nodes with
the largest cell numbers from each of div0 and div12 cell populations. Heatmap representation of hierarchical cluster analysis carried out with the Cluster3.
0 program (56), with average linkage. (E) t-SNE profile of phase Il cell populations. (F) SPADE analysis phase Il G1 cells showing distribution of 50 nodes (n =
2) in each cell population. Cell cycle stages, colors, and size of nodes are as described in C. Numbered nodes were selected for analysis of signaling proteins
in G and S/ Appendix, Fig. S3F. (G) Analysis of signaling proteins from 16 SPADE nodes of divided (d) (blue) and undivided (u) (purple) B cells of phase II
div12(48) cell populations. Heatmap representation of hierarchical cluster analysis as carried out in D.

phospho-p38, phospho-Plcy2, phospho-NF-xB, and lower
levels of IxBa relative to divl2 GI1 cells (Fig. 4D). These
observations demonstrated increased expression of cell cycle
progression markers in divl2 G1 cells while higher levels of
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signal-transducing phosphoproteins were evident in div0 Gl
cells. We conclude that the G1 state of once divided B cells dif-
fers from the state reached after persistent signaling of naive B

cells that did not divide.
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We next probed the intracellular states of cells that accumu-
lated after incubating div0 and div12 cells for an additional
48 h in the absence of stimulation [Fig. 44, phase II, div0(48),
and div12(48)]. The majority of cells in div0(48) comprised
undivided cells, whereas the div12(48) population contained
substantial numbers of cells that had undergone mitogen-
independent division (S/ Appendix, Fig. S3E). Accordingly,
t-SNE analysis of div0(48) cells showed one major cell popula-
tion, whereas div12(48) cells were more heterogenous (Fig.
4F). Because of reduced live cell numbers in phase II cells, we
partitioned them into 50 clusters using the SPADE algorithm
(Fig. 4F). Div0(48) G1 cells conspicuously lacked Ki67 com-
pared to div12(48) G1 cells despite having comparable levels of
phospho-Rb (87 Appendix, Fig. S3F, nodes numbered in Fig.
4F). Receptor-proximal signaling proteins, pSrc and pSyk, were
largely inactive in both populations (S/ Appendix, Fig. S3F) and
a subpopulation of div12(48) G1 cells were enriched for
p4EBP1, pCREB, and pMAPKAPK2 (S Appendix, Fig. S3F).

To understand why only a subset of divl2 cells undergoes
mitogen-independent proliferation, we further selected 16
nodes comprising cells in G1 within div12(48). Using CESE
levels to distinguish cells that had undergone mitogen-
independent proliferation (Fig. 4F, blue) from those that had
not (Fig. 4F, purple), we found that surface IgD expression cor-
related inversely with cell division (Fig. 4G). Lower levels of
MHCII expression were also evident on a subset of divided
cells. Cells that had divided most (nodes 42 and 45) had rela-
tively higher levels of pErk, pMAPKAPK2, pCREB, p4EBP1,
pSTATS5, and pAKT compared to all other subpopulations
(Fig. 4G). Many of these phosphoproteins also distinguished
divl2 from div0 cells during phase I (mitogen-dependent) cell
division. We conclude that B cells can undergo at least three to
four rounds of mitogen-independent cell division by maintain-
ing and propagating a modified G1 state.

The Postmitotic Transcriptome. To search for possible mecha-
nisms by which such different G1 states were inherited or
maintained in div0 versus div12 cells, we carried out total RNA
sequencing (RNA-seq) from different cell subsets (S/ Appendix,
Fig. S4A4). Most genes, and associated biological pathways
(gene ontologies [GO]), that were either up- or down-regulated
in div0 or div12 cells compared to their naive precursors during
the first 48 h culture were common to both subsets (Fig. 5 A
and B, phase I and S/ Appendix, Fig. S4 B and C). Fewer genes
were uniquely down- (222) or up- regulated (515) in divl2
cells compared to div0 cells, that might confer the unique pro-
liferative properties of divl2 compared to div0 cells. Divl2
selective up-regulated genes revealed enrichment of pathways
related to centromeric chromatin and cellular metabolism (Fig.
5C and SI Appendix, Fig. S4D). Several of the identified
chromatin-associated pathways were related to processes that
occur in G2/M and postmitotic early G1 phases of the cell
cycle (33). These observations suggested either that 1) G2/M
phase RNA dominated the transcriptome of divi2 cells or 2)
G2/M-related RNAs were also present in G1 phase cells that
comprised the largest subpopulation within divl2. Because
only 2% of divl2 cells were in G2/M (Fig. 20), we favor
the interpretation that divl2 GI1 cells express several G2/M-
selective RNAs. GO analysis for div12-selective down-regulated
genes were enriched for lymphocyte activation, differentiation,
and adhesion pathways (S Appendix, Fig. S4E).

We further compared the transcriptomes of cells that had or
had not undergone additional (mitogen-independent) cell divi-
sion during 48 h of phase II culture and found 1,021 genes to
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be expressed at higher levels in cells that divided during this
phase (Fig. 5 A, Righr and SI Appendix, Fig. S4A). These genes
enriched for biological processes such as mitotic cell cycle, pro-
tein modification, and biosynthesis (SI Appendix, Fig. S4F),
including G2/M-specific pathways (Fig. 5D, red arrows). By
contrast, genes whose expression was higher in cells that did
not divide during phase II culture were conspicuously devoid
of cell cycle—related biological pathways (SI Appendix, Fig.
S4G). Thus, cells permissive to undergo mitogen-independent
division express a cell cycle-related transcriptome.

To search for possible networks that drive mitogen-
dependent (phase I) or independent (phase II) cell cycle pro-
gression, a pathway interaction database (PID) analysis was
performed. PID analysis identified five pathways that were
common to phases I and II and three that were unique to phase
IT (Fig. 5E). All five shared pathways corresponding to pro-
cesses involved in cell cycle progression. Of these, PLK1 signal-
ing, the FOXM1 transcription factor network, and aurora B
signaling (SI Appendix, Fig. S4 H-], respectively) are associated
with G2/M stages of the cell cycle (34, 35). PID networks
uniquely present in phase II cells were related to calcium signal-
ing via calmodulin, nucleocytoplasmic transport via karyopher-
ins, and 14-3-3 proteins and HIF-la transcription factor
network genes (Fig. 5E). The evidence of G2-like characteristics
of div12 cells drew our attention to G2/M-specific RNAs that
dominated the transcriptome of dividing B cells.

G2/M Features in G1 of Divided B Cells. To further substantiate
G2/M features in the G1 phase of cells competent to undergo
mitogen-independent division, we reexamined the CyTOF
data. We found several G2/M phase proteins were selectively
expressed in G1 phase clusters of divided (div12) compared to
nondivided (div0) cells (87 Appendix, Figs. S5A and S3D). The
predominance of CENP-related pathways in the divl2 tran-
scriptome prompted us to query the expression of Bire5 (also
known as survivin), a G2/M-specific factor in transformed cells,
where it assists mitotic chromosome segregation via interaction
with centromeric proteins (36, 37). Survivin is also an integral
part of FOXM1 transcription factor and aurora B signaling net-
works that featured in our PID analyses (S Appendix, Fig. S4 1
and /). Consistent with this mechanism, survivin has been
shown to be important for G2/M progression in developing B
cells and in proliferating germinal center B cells (38). We
found that Birc5> mRNA and protein were expressed at higher
levels in divl2 compared to divO cells and maintained thereaf-
ter in cells that had undergone three to four rounds of
mitogen-independent division (S/ Appendix, Fig. S5 B and O).
Additionally, Bire5 mRNA expression in phase I and phase II
correlated with Foxml1, Aurkb, and Plkl mRNA (SI Appendix,
Fig. S5D). To identify the cell cycle stage at which survivin was
expressed, we costained phase I cells with 5-Ethynyl-2’-deoxy-
uridine (EdU) and anti-survivin antibody for flow cytometry.
As expected, survivin was expressed at high levels in S and G2/
M stages of both div0 and div12 cells (Fig. 64); however, only
div12 cells expressed survivin at the G1 stage (Fig. 64 and S/
Appendix, Fig. SSE). Two other S/G2/M markers Ki67 and
Plk1 showed the same pattern of expression as Birc5 (Fig. 64).
To further examine expression of G2/M markers in B cells
that underwent mitogen-induced division, we isolated G1 and
SG2M stage cells from div0 and div1i23 B cell populations
using fluorescence ubiquitination cell cycle indicator (FUCCI)
mice (39) (SI Appendix, Fig. S5F). Whole cell extracts derived
from these cells were probed for expression of G2/M markers
that were not readily evaluated by flow cytometry. Expression
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Fig. 5. Transcriptomes of B cells undergoing mitogen-dependent and mitogen-independent division. Total RNA was prepared from three cell populations
of mitogen-dependent phase | (naive, div0, and div12) and two cell populations of mitogen-independent phase Il [div12(48)d and div12(48)u corresponding
to div12 cells that had divided or not during mitogen-independent culture]. Following RNA-seq differentially expressed genes were identified using DESeq2
with false discovery rate (FDR) <0.05 for phase | and <0.1 for phase Il (n = 2). (A) MA plots showing differentially expressed genes during phase | and phase
Il proliferation. For phase | analysis, gene expression was compared between div0 and naive B cells or between div12 and naive B cells (Left). For phase I
analysis, gene expression was compared between cells that had further divided in absence of signals [div12(48)d) and cells that had not divided further
(div12(48)u] (Right). (B) Venn diagrams showing overlap of up-regulated (Left) and down-regulated (Right) genes in div0 and div12 when compared to naive
cells. Numbers indicate genes in each category. (C) GO analysis was carried out using up-regulated genes that were shared by both div0 and div12 popula-
tions (1,230 genes in B, corresponding to 272 GOs) or genes that were uniquely up-regulated in div12 cells (515 genes in B, corresponding to 34 GOs). Venn
diagram shows the overlap between shared and unique GO categories. Top 5 GO categories (based on P < 0.05; S/ Appendix, Fig. S4 B and D) are shown. (D)
Top Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched from up-regulated (1,021) genes of phase Il divided B cells div12(48)d. Red arrow
indicate the mitosis specific pathways. (E) PID (57) analysis was carried out with genes that were up-regulated during phase | (shared between div0 and
div12 cells) or up-regulated during phase Il [div12(48)d compared to div12(48)u]. Enriched PIDs were scored by P value and weight (proportion of PID genes
identified in the differential gene expression analysis) (Left). Genes shared between phase | and phase Il cells are shown in bold (Right). Genes restricted to

phase Il are shown in italics while phase I-specific genes are nonbold.
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Fig. 6. G2/M features in G1 phase of dividing B cells. (A) Representative histograms demonstrating cell cycle stage-specific expression of survivin, Ki67, and
PIk1. For survivin, after the first 48 h of B cell activation (pulse anti-lgM+anti-CD40), cell cycle stages were identified as in Fig. 2C, using pulse EdU labeling
and DAPI (n = 3). Ki67 and Plk1 expression is after 48 h of LPS-stimulated B cells; cell cycle stages were identified by DNA content analysis as in Fig. 3A (n =
2). (B) Immunoblots for G2/M-specific proteins from whole cell extracts of FUCCI mouse splenic B cells (representative of two independent experiments).
Resting (lane 1) and 48 h LPS-activated B cells (lane 2), G1 (lane 3), and G2/M (lane 4) stages of divided B cells (div123) and G1 (lane 5) and G2/M (lane 6)
stages of undivided B cells (div0) after 48 h of LPS activation. (C) Survivin expression after 48 h of mitogen-independent division of div12 cells was assayed
by flow cytometry. Black boxes represent cell division states; div12(48)u cells did not divide during culture, div12(48)d cells divided during culture. Red box
marks survivin-positive cells. (D) G1 stage-specific survivin expression in cells that have undergone different numbers of divisions from div12 cells during 48
h of mitogen-independent culture. Representative histograms (Left) and quantification (Right; mean + STD, n = 2).

of Cdc20, Aim1/aurora B, and Cenp-A was readily apparent by
immunoblotting extracts obtained from G1 phase of div12 cells
but not of div0 cells (Fig. 6B). All three proteins were expressed
at higher levels in S/G2/M cells from both div12 and div0 pop-
ulations. Taken together, we conclude that B lymphocytes that
have completed one division express several G2/M markers in
the G1 phase. Additionally, survivin expression in G1 persisted
over the course of mitogen-independent division, especially in
cells that had divided most during culture (Fig. 6 C red box
and D). We hypothesized that survivin is a key determinant of
mitogen-independent progression to S phase.

The Role of Survivin in G1-S Progression in Divided B Cells. A
role for survivin at the G2/M stage of mitogen-dependent B
cell proliferation has previously been described (38). Evaluation
of its role in signal-independent G1 progression required a dif-
ferent experimental design than use of survivin-deficient B cells.
We first tested our hypothesis in a cell-line model. For this we
generated FUCCI-BJAB cells in which different cell cycle stages
could be purified based on red and green fluorescence (39) (S
Appendix, Fig. S6A). Survivin expression was apparent through-
out G1 (87 Appendix, Fig. S6B). To evaluate the role of survivin
at different stages of the cell cycle, we sorted G2/M or early G1
FUCCI-BJAB cells and cultured them for an additional 18 h in
the presence or absence of LLP3 (a blocker of survivin—Ran
interaction) (40) or S12 (a pseudoallosteric survivin antagonist)
(41). Consistent with its known function in mitosis, both survi-
vin inhibitors reduced cell cycle progression in G2/M cells (57
Appendix, Fig. S6 C, Upper). However, both inhibitors also
markedly reduced S phase reentry of early GI cells (87
Appendix, Fig. S6 C, Lower), indicating an essential role for sur-
vivin in late G1.

PNAS 2022 Vol.119 No.18 2115567119

To test the role of survivin during phase I (mitogen-depen-
dent) proliferation of primary B cells, LLP3 (15 pM) or vehicle
(DMSO) was added just after anti-IgM pulse + anti-CD40
activation and cells were analyzed for division by CFSE dilution
and S phase by EdU incorporation at 54 h. DMSO-treated
cells showed three divisions and 27% EdU™ S phase cells (Fig.
7A), while LLP3-treated cells showed only one division and
20% EdU™ S phase cells (Fig. 74). EAU" S phase cells were
present after each division of DMSO-treated cells (87 Appendix,
Fig. S7 A, Top) while in LLP3-treated cultures, S phase cells
were only observed in div0 population (87 Appendix, Fig. S7 A,
Bottom). These observations indicate that pharmacological inhibi-
tion of survivin blocks G1 to S transition beyond the first mitotic
division, but not progression through the first cell cycle.

We further assessed the effect of survivin inhibitors in
mitogen-independent B cell proliferation. Divided (divl or
div2) cells obtained after 48 h lipopolysaccharide (LPS) activa-
tion underwent an additional two to three divisions upon 24
h of secondary culture in the absence of mitogen (Fig. 75,
DMSO). Both LLP3 and S12 significantly reduced mitogen-
independent proliferation in a dose-dependent manner (Fig. 7B
and quantified for divl cells in Fig. 7C). EdU pulse labeling of
divl cells during secondary culture revealed that divided cells,
div2+ (consisting of div2, div3, and div4) had significantly
reduced numbers of cells in S phase (Fig. 7D). EAU™ cells that
did not divide during mitogen-independent proliferation (div1)
presumably reflected the well-known role of survivin during
G2/M and possibly S phase. Similar observations were made
for the divided (divl12) B cells obtained after pulse BCR +
anti-CD40 activation. Div12 cells that had not been treated
with inhibitor underwent one to two additional rounds of
mitogen-independent division. By contrast, additional cell
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*P < 0.05 and **P < 0.001 in Student’s t test, respectively.

division was inhibited in the transition to EdU™ cells by LLP3
(S Appendix, Fig. S7 B-D). These observations are consistent
with an essential role for survivin in S phase reentry during
mitogen-independent B cell proliferation.

Discussion

Humoral responses are characterized by two critical prolifera-
tive phases. The first occurs during clonal expansion of a tiny
fraction of antigen responsive cells. The second occurs during
the germinal center reaction that results in generation of effec-
tor cells and memory. The extent of lymphocyte proliferation
has been linked to the concept of division destiny, a cell auton-
omous condition that is proposed to be the cumulative out-
come of multiple signals that impinge on responding cells (11).
Mechanisms that underly multiple rounds of cell division dur-
ing clonal expansion remain unclear. Much more is known
about B cell proliferation in the GC, including the puzzling
observation that signaling occurs in the GC light zone, whereas
the bulk of cell division occurs in the dark zone in the apparent
absence of cell stimulation (14). Proliferation in the GC is con-
trolled by Myc (12) and recently shown to be driven by cyclin
D3 and Cdk4/6 (17). Here we show that the G1 state of B
lymphocytes after the first cell division is distinct from the G1
state of undivided activated B cells. This state is characterized
by phosphoproteins and RNA that are hallmarks of G2/M
(42). We propose that, contrary to prevailing dogma, B cells
carry over hallmarks of G2 into the postmitotic G1 phase. This
state permits G1 progression in a CDK4/6-dependent manner
without requiring renewed mitogenic stimulation. Importantly,
B cells undergoing mitogen-independent proliferation main-
tained their size over several divisions, likely due to enhanced
metabolic activity (43). During the time course of our in vitro
studies, mitogen-independent proliferation of B cells was
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limited only by accentuated cell death, which could be attenu-
ated via nonmitogenic CD40 stimulation. It is quite possible
that the extent of mitogen-independent proliferation in vivo is
further regulated by other survival signals, such as those result-
ing from Cxcl12/Cxcr4 interactions in the GC dark zone (44,
45). We propose that the ability of B cells to undergo multiple
cell divisions with limited stimulation is an important determi-
nant of clonal expansion and cell proliferation in GCs.

These observations raised two related questions. First, how
do features of G2/M phases persist in the postmitotic G1 phase
and second, what drives continued mitogen-independent cell
division? The prevailing view is PP1 and PP2A activity in late
G2/M dephosphorylates key proteins, such as pRb, p130 (42),
and AKT (46) and also inactivates Ras signaling (47), thereby
resetting the clock in the newly generated G1. Because many
of these targets remained phosphorylated in postmitotic G1,
we infer that phosphatase activity is attenuated in G2/M of
primary B lymphocytes, thereby leading to inheritance of a
partially activated G1 after cell division. Reduced PP2A activ-
ity may underlie elevation of the Ca**/calcineurin pathway in
postmitotic cells noted in our PID analysis (48, 49). Two
other pathways that were highlighted by the PID analysis,
SMAD signaling and HIF-1a network, also connect to GC
biology (50, 51). However, their role in clonal expansion, if
any, remains unknown. We also observed elevated Myc pro-
tein levels in postmitotic G1 and our transcriptomic analyses
revealed up-regulation of Myc target genes (52) during
mitogen-independent cell division. We hypothesize that
persistent Myc expression contributes to mitogen-independent
cell division by maintaining an elevated metabolic state.
Attempts to evaluate the role of PI3K or downstream effectors
such as mTOR using pharmacologic inhibitors were unsuc-
cessful due to excessive cell death in cultures treated with
inhibitors.
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We identified genes relevant for G2/M by comparing tran-
scriptomes and annotated pathway interaction database of cells
that were permissive for mitogen-independent proliferation.
Among these genes, Birc5 (survivin) caught our attention as
one with prior connection to multiple cell cycle stages. Though
primarily known as a factor important for chromosome segrega-
tion and survival in G2/M (38, 53), survivin has also been pro-
posed to activate CDK4/6 (54) and for Gl progression of
primed CD4" T cells (55). We found that survivin expression
in G1 correlated with the propensity for mitogen-independent
cell division and was highest in cells that had divided multiple
times without exogenous signals. Importantly, modulating survi-
vin function with two highly selective, but mechanistically
distinct, small molecule inhibitors of survivin reduced mitogen-
independent cell division, thereby identifying it as an essential
component of this form of G1-to-S progression. Whether survi-
vin expression is sufficient for mitogen-independent cell divisions
remains to be established.

In summary, we provide evidence that primary B cells undergo
several rounds of cell division without requiring renewed G1 pro-
gression signals after each mitosis. Thus, requirements for B cell
proliferation are distinct from current views of the cell cycle and
more in line with properties of tumor cells, a proportion of
which have been shown to be capable of G1 progression in the
absence of growth factor signals. However, primary B cells under-
going such mitogen-independent proliferation lack survival sig-
nals that are a hallmark of transformed cells. It is possible that
microenvironmental signals in secondary lymphoid organs coop-
erate with this property of B cells to tune the extent of expansion
during immune responses.

Materials and Methods

Mice and Cell Cultures. All experimental mice were 8- to 12-wk-old C57BL/6J
and FUCCI mice. Splenic primary B cells were isolated using negative magnetic
enrichment. B cells were labeled with cell trace dyes either CFSE or CellTrace Vio-
let (CTV) according to manufacturer protocol. Mitogenic activations were done
using goat anti-mouse IgM F(ab’)2 (Jackson Immunoresearch) and anti-CD40 as
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described earlier (31) or with LPS and CpG. Details of inhibitors and other
reagents are provided in SI Appendix, Table S1.

FACS, Flow Cytometry, CyTOF, and Western Blotting. Divided and nondi-
vided B cells were sorted based on cell trace dye levels using fluorescence-acti-
vated cell sorting (FACS) Aria Il or FACS Aria Fusion (BD Biosciences). Antibodies
used for flowcytometry and CyTOF are listed in S/ Appendix, Table S2. Intracellu-
lar staining, EdU Click-iT, and cell cycle analysis details are available in method
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using radioimmunoprecipitation assay (RIPA) buffer and proteins were separated
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branes were incubated with respective antibodies, and blots were developed
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