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Chronic viral infections subvert protective B cell immunity. An
early type | interferon (IFN-1)-driven bias to short-lived plasmablast
differentiation leads to clonal deletion, so-called “decimation,” of
antiviral memory B cells. Therefore, prophylactic countermeasures
against decimation remain an unmet need. We show that
vaccination-induced CD4 T cells prevented the decimation of naive
and memory B cells in chronically lymphocytic choriomeningitis
virus (LCMV)-infected mice. Although these B cell responses were
largely T independent when IFN-I was blocked, preexisting T help
assured their sustainability under conditions of IFN-I-driven
inflammation by instructing a germinal center B cell transcriptional
program. Prevention of decimation depended on T cell-intrinsic
Bclé and Tfh progeny formation. Antigen presentation by B cells,
interactions with antigen-specific T helper cells, and costimulation
by CD40 and ICOS were also required. Importantly, B cell-mediated
virus control averted Th1-driven immunopathology in LCMV-
challenged animals with preexisting CD4 T cell immunity. Our
findings show that vaccination-induced Tfh cells represent a cor-
nerstone of effective B cell immunity to chronic virus challenge,
pointing the way toward more effective B cell-based vaccination
against persistent viral diseases.
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D4 T cell induction represents a key goal of vaccination

and an important correlate of immunity to diseases of
global importance such as tuberculosis (1). Moreover, genetic
deficiency in CD4 T cell defense or the loss thereof in AIDS
allows the emergence of various microorganisms, resulting in life-
threatening opportunistic infections (2, 3). Significant gaps remain,
however, in our understanding of how CD4 T cells contribute to
protection against chronic viruses. While essential to contain
established HIV or cytomegalovirus infection (4-6), the potential
role of preexisting CD4 T cell immunity in the prevention of viral
persistence remains a matter of debate (7). Observations made in
the model of chronic lymphocytic choriomeningitis virus (LCMV)
infection of mice indicate that vaccination-induced CD4 T cell
immunity, similarly to adoptively transferred virus-specific CD4 T
cells, can result in severe immunopathological disease instead of
protection (8-10). Thl-biased CD4 T cell memory—a type of CD4
T cell immunity commonly induced by bacterially and virally vec-
tored vaccine delivery systems (11-13)—was found to trigger a
pathogenic cytokine storm upon chronic virus challenge, thus
questioning the utility of CD4 T cell-targeted vaccination for the
prevention of chronic viral infection.

Humoral immune protection against acute viral disease com-
monly requires a critical titer of preexisting serum antibodies,
irrespective of B cell memory (14). As an important exception,
recall responses by vaccination-induced memory B (memB)
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cells have the capacity to prevent hepatitis B virus (HBV) per-
sistence even after serum antibody immunity has waned (15,
16). Similarly, rapid neutralizing antibody (nAb) responses to
primary and, importantly, also secondary HCV infection are
associated with spontaneous viral clearance (17-20). These
findings highlight not only the tremendous potential of B
cell-based protection specifically in the context of chronic viral
diseases but also the need to better understand its functioning
and the requirements for its optimal exploitation in vaccination.

When aiming to harness B cell-based immunity against persis-
tent viral diseases, the subversion of early—and therefore time-
ly—humoral immune responses to these viruses is a major hur-
dle. This is evident in a delayed and inadequate antibody
response to HCV and HIV in man (21-23) and to LCMV in
mice (24). Often associated therewith is an accumulation of
so-called atypical memB cells, a common observation in persis-
tent microbial diseases such as HIV, hepatitis B and C, malaria,
schistosomiasis, and tuberculosis but also in systemic lupus
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erythematosus, all of which are characterized by chronic antigenic
stimulation (25-32). While atypical memB cells are commonly
defined by elevated expression levels of inhibitory receptors
and hyporesponsiveness to in vitro stimulation (25, 28, 29, 31,
32), observations in the context of human malaria infection sug-
gest atypical memB cells may represent a population of short-
lived antibody-secreting cells (ASCs) and thus may resemble
plasmablasts (33). We and others have reported that antiviral
B cells, whether naive or antigen-experienced memB cells,
undergo rapid terminal differentiation to short-lived ASCs and
near-total clonal deletion at the onset of chronic LCMV infec-
tion (34-36). This process, referred to as “B cell decimation,”
is driven by type I interferon (IFN-I)-induced inflammation
and may explain delayed antibody responses to persisting
viruses (21-24). Antibody-mediated blockade of the IFN-I
receptor (IFNAR) prevented B cell decimation and restored B
cell transcription factor profiles of mature B cell stages (34),
thus enabling a sustainable germinal center (GC)-based antivi-
ral B cell response. These findings suggested the utility of
IFNAR blockade as a therapeutic strategy to counter B cell
decimation. The same treatment given to SIV-infected nonhu-
man primates resulted, however, in the animals’ rapid progres-
sion to AIDS, illustrating the superordinate importance of
IFN-I signaling in antiviral defense (37). Strategies to prevent
B cell decimation and to enable effective primary and/or sec-
ondary B cell responses to chronic virus challenge remain,
therefore, an important unmet need.

CD4 T cell help, notably in the form of follicular T helper
cells (Tth), is essential for GC reactions and thereby for B cell
affinity maturation and long-term antibody as well as B cell
memory formation (38-40). Unlike protein-based immuniza-
tion, several viruses have the capacity to trigger early antibody
responses in a CD4-independent fashion (41, 42). Accordingly,
we have reported that under conditions of IFNAR blockade,
thus when B cell decimation was prevented, the early B cell
response to chronic LCMV challenge was CD4 independent
(34). In contrast to primary B cell responses, the dependence
of memB cell recall responses on primary and/or secondary
CD4 T cell help remains a subject of controversy (43, 44).
Accordingly, the differential availability and quality of memory
CD4 T cell help (45, 46) has been identified as a likely con-
founding variable across several recent studies on memB cell
recall responses (47-52).

Here, we investigated the role of vaccination-induced CD4 T
cell immunity in supporting primary and secondary B cell
responses to chronic viral challenge. We found that early, cog-
nate interactions of antiviral B cells with vaccination-induced
CD4 T cells reversed the cellular and molecular hallmarks of B
cell decimation, thereby enabling a robust and sustainable anti-
body response and the formation of B cell memory. In return,
effective B cell-mediated control of viral replication prevented
immunopathological complications of CD4 recall responses.
These observations establish vaccination-induced CD4 T cell
memory as an essential pillar of effective B cell immunity against
persistent viral challenge.

Results

Preexisting CD4 T Cell Help Prevents Decimation of Naive and
memB Cells upon Chronic Virus Challenge. To study the impact of
preexisting CD4 T cell help on B cell responses to chronic
LCMYV challenge, we immunized mice with a recombinant Lis-
teria monocytogenes (LM61) expressing from its transgene the
immunodominant LCMV glycoprotein (GP)-derived CD4 T
cell epitope GP61-80. Nontransgenic LM was used for controls.
Both groups of mice were given monoclonal GP-specific B cells
(KL25HL B cells) by adoptive transfer 4 wk later and were
challenged with a chronic strain and dose of LCMV (Fig. 14).
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At 5 d into the LCMV response, splenic GP66-77 (GP66)
tetramer—binding CD4 T cells of LM61-immunized mice were
significantly more abundant than in LM-vaccinated controls, as
expected (Fig. 1B and SI Appendix, Fig. S14). Intriguingly,
however, LM61-immune mice harbored also >20-fold-higher
numbers of KL25HL progeny B cells and >200-fold-higher
numbers of ASCs (Fig. 1C and SI Appendix, Fig. S1B). Accord-
ingly, they mounted >100-fold-higher LCMV-nAb titers than
LM-immunized controls (Fig. 1D). Altogether, these findings
suggested that preexisting GP-specific CD4 help prevented
GP-specific B cell decimation upon chronic viral challenge. When
B cell transfer and LCMV challenge were conducted only 9 d
after LM61 preimmunization, thus shortly after its clearance
(53), GPo66-specific CD4 T cell as well as KL25HL B cell
responses were similarly augmented (Fig. 1E), and this effect was
sustained for at least 20 d after chronic virus challenge (Fig. 1
E-G). Importantly, LM61 immunization also augmented the
number of KL.25HL B cells with a GC phenotype (GL7+CD95+,
Fig. 1 G and H) and promoted their participation in GC reac-
tions as evident from histological sections (Fig. 17). As both naive
and memB cells are susceptible to decimation (34), we next
assessed whether preexisting CD4 T help enables robust memB
cell recall responses to chronic viral challenge. We transferred
KL25HL cells into LCMV-infected primary recipients, where
they underwent robust virus-induced proliferation as evident
from uniform and complete carboxyfluorescein succinimidyl ester
(CFSE) dilution within only a couple of days (Fig. 1/ and S/
Appendix, Fig. S1 C-E). The resulting population of antigen-
experienced B220"GL7 CD138~ KL25HL memB cells consisted
of isotype-switched (IgMIgD") as well as unswitched IgM*IgD~
and IgM*IgD* memB cells (48, 50, 54, 55) (SI Appendix, Fig. S1
D and E) and was sorted for adoptive transfer into either LM61-
or LM-immune secondary recipients (Fig. 1/). At 7 d after
LCMYV challenge, substantial progeny populations of KL25HL B
cells and ASCs were recovered from LM61-immune mice, while
KL25HL memB cells in LM-immune control recipients were
largely decimated (Fig. 1K and SI Appendix, Fig. S1F). This effect
translated into ~100-fold-higher LCMV-nAb and GP-binding
antibody responses by memB cell progeny on day seven (Fig. 1 L
and M), which at this early time point of analysis were mostly
found outside B cell follicles (Fig. 1N). Altogether, these observa-
tions indicated that preexisting CD4 T help prevented the deci-
mation of both naive and memB cells. Analogous effects on
KIL25HL B cell and antibody responses were observed when
GPo66-specific T cell receptor (TCR)-transgenic CD4 T cells (SM
cells) from naive donor animals were engrafted in numbers to
approximate LM61-induced CD4 T cell responses (Fig. 1 O-Q).
RAG-deficient SM cells were similarly effective (SI Appendix,
Fig. S1 G and H), indicating that truly naive CD4 T cells, when
provided in sufficient numbers (56), can help B cells and prevent
their decimation.

LM61-Induced CD4 Responses Are Th1-Biased but Comprise a Tfh-
Like Population That Expands upon Recall. The prevention of B
cell decimation by LM61-induced CD4 T cells was surprising in
light of the reportedly pronounced Thl bias of these responses
(8), prompting us to investigate the heterogeneity of LM61-
induced CD4 T cell responses by single-cell RNA sequencing
(scRNAseq). We profiled the transcriptome of GP66 tetramer—
binding CD4 T cells, which we collected 9 d after LM61 preim-
munization (d9, Fig. 24) and 5 d following subsequent
KL25HL cell transfer and LCMV challenge (d 9 + 5, Fig. 24).
A principle component analysis and hierarchical clustering evi-
denced five and four main cell clusters on d 9 and d 9 + 5,
respectively (Fig. 2 B, C, F, and G). As expected, three Thl-like
clusters dominated the response at both time points, but 7 to
8% of cells fell into a fourth cluster, which by comparison to
published scRNAseq data (57), exhibited a Tth gene expression
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infection. Immune responses were analyzed
another 5 (B-D) or 20 d (E-/) later. GP66-
Tet* CD4 T cells (B and E) and KL25HL B cell
progeny (C and F) were enumerated, and
nAb titers in serum (D) were determined.
Exemplary flow cytometry (FACS) plots ana-
lyzing KL25HL B cell progeny are shown in
(G). For details on flow cytometry gating,
reference SI Appendix, Fig. S1 A and B.
GL7*CD95" KL25HL GC B cells are enumer-
ated in (H). KL25HL B cell progeny (CD45.
1+4) inside GCs (PNA) of splenic B cell follicles
(B220) were visualized by histology (/). (Scale
bars, 100 um.) The dotted line in (E) indi-
cates the technical detection limit as deter-
mined using an irrelevant tetramer (S/
Appendix, Fig. S1A). (J-N) Schematic of the
experimental layout to panels K-N. KL25HL
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L6 cells were adoptively transferred into LCMV-
infected primary recipients (200 plaque
forming units intravenous). Progeny memB
cells were purified from spleen 39 d later
(reference SI Appendix, Fig. S1 C and D) and
were adoptively transferred into LM61- or
LM-preimmunized secondary recipients, fol-
lowed by LCMV challenge. KL25HL memB
cell progeny were analyzed 7 d later (K),
and neutralizing (L) and GP-1-binding (M)
antibody titers were determined 4 and 7 d
later. Histological spleen sections (N) local-
ized KL25HL memB cell progeny (CD45.1%)
mostly outside B cell follicles (B220) and
GGCs. (PNA; Scale bars, 100 um.) (O-Q) SM
CD4 T cells were adoptively transferred to
recipients 1 d prior to KL25HL cell transfer
and LCMV challenge. Instead of SM transfer,
controls were LMgp61 preimmunized
(LM61), LM preimmunized (LM), or received
neither CD4 T cell transfer nor preimmuni-
zation (none). GP66-Tet-binding CD4 T cells
(0), KL25HL B cell progeny (P), and GP1-
binding antibodies (Q) were analyzed 5 d
after LCMV challenge. Symbols and bars repre-
sent means = SD. Number of biological repli-
cates (n) = 5 (B-D and K-N), n = 4 to 5

(E-I), and n = 4 (O-Q), Number of independent experiments (N) = 2 to 3. Unpaired two-tailed Student’s t test (B, D, E, and H), two-way ANOVA with Bon-
ferroni’s (C, F, and K-M) or Dunnett’s (P) posttest for multiple comparison, and ordinary one-way ANOVA with Dunnett’s posttest for multiple comparisons
(O and Q). ns: not significant; **, #Pp < 0.01; when used next to each other ** compares B cells, and # compares ASCs.

signature (Fig. 2 D, E, H, and I and SI Appendix, Fig. S2 A and
B). This Tth cell cluster was characterized by elevated messen-
ger RNA(mRNA) levels of the master transcriptional regula-
tors Bcl6, Tefl (encoded by the 7ef7 locus) and Id3, and of Tth
hallmark genes such as Cxcr5 and I/12] (Fig. 2 E and I and SI
Appendix, Fig. S2 A and B). In contrast, the expression of Thl-
related genes such as 7bx2! (encoding T-bet) and Selplg
(encoding PSGL1) was lower in these cells. A fifth yet very
minor Treg-like subset was only detected on day nine.

When analyzed by flow cytometry on day nine, vaccination
with LM61 induced a population of ~1 to 2% GP66-
Tet-binding CD44" cells (Fig. 2 J-L). Within this population, a
small but distinct subpopulation of cells coexpressed the Tth
markers CXCRS5 and PD-1, mostly in combination with ICOS
(Fig. 2 J-L). The GP66-specific recall response to LCMV on d
9 + 5 contained ~15 to 20% CXCR5"PD-1" cells (Fig. 2 J-L).
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In keeping with a persisting Th1-bias, this proportion of Tfh-
like cells was lower than in the primary GP66-specific response
of LM control-immunized animals (~40 to 60%, Fig. 2L). Still,
the total number of GP66-specific CD4 T cells in LM61-
preimmunized mice on d 9 + 5 exceeded the primary response
of LM control-vaccinated animals ~15-fold. By consequence,
the CXCR5*PD-1* Tfh-like subpopulation was also ~5-fold
more abundant than in the respective population of LM-
immune controls (Fig. 2L). When mice were vaccinated with
LM61 26 d prior to LCMV challenge and analyzed 5 d later
(d 26 + 5), GP66-specific Tth recall responses were comparable
to animals analyzed on d 9 + 5, both in magnltude and pheno-
type (Fig. 2 J-L). Experiments in IL-218™ reporter mice dem-
onstrated that approximately two-thirds of the Tfh-like
(CXCR5"%) GP66-specific cells expressed IL-21 (Fig. 2M and
SI Appendix, Fig. S2C), an important Tth signature cytokine
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that is not normally expressed by Thl cells (58). Altogether,
these observations indicated that the LM61-induced GP66
response was Th1 biased but also contained a subpopulation of
Tth-differentiated CD4 T cells, which expanded upon LCMV
challenge.

Bcl6-Dependent CD4 Response and Th2- but Not Th1-Polarized SM
CD4 T Cells Prevent B Cell Decimation. We aimed to establish a
functional link between CD4 T cell subset differentiation and
the cells’ ability to prevent B cell decimation. To assess whether
Th1 differentiation was required for the prevention of B cell
decimation, we performed adoptive transfer experiments with
SM cells lacking T-bet (SMxTbx21 /"), the master transcrip-
tional regulator of Thl differentiation. These cells’ expansion
upon LCMYV challenge and, importantly, also the expansion of
cotransferred KL2SHL B cells was comparable to control mice
receiving T-bet-sufficient SM cells (Fig. 3 4 and B). This find-
ing indicated that T-bet-mediated Th1 differentiation was not
required for CD4 T cells to prevent B cell decimation.

To test whether the Tth-like subpopulation in the LM61-
induced GP66 response was required for the prevention of B
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Fig. 2. LM61-induced CD4 responses are
Th1 biased but comprise a Tfh-like popula-
tion that expands upon recall. (A) Sche-
matic of the experimental design to panels
B-L. Mice were preimmunized with LM61
or LM on day 0, followed by KL25HL cell
transfer and LCMV challenge on day 9.
GP66-Tet+ CD4 T cell responses in spleen
were analyzed on day 9 and day 9 + 5 of
the experiment. (B-/) scRNAseq data from
cells recovered on day 9 (B-E; 14,459 cells
from two mice) or day 9 + 5 (F-/; 13,478
cells from two mice). PCA (B and F) and
t-distributed stochastic neighbor embed-
ding (C and G), normalized expression of
gene sets (57) (D and H) and expression lev-
els of select Tfh and Th1 hallmark genes (E
and /) are shown. (J-L) Representative FACS
plots of the indicated immunization groups
and time points show CD44"'GP66-Tet* CD4
T cells (pregated as shown in SI Appendix,
Fig. S1A) and these cells’ expression of
CXCR5 and PD-1 (J). Coexpression of these
markers together with ICOS is displayed in
(K). Total CD44"GP66-Tet* CD4 T cells, the
percentage thereof expressing both CXCR5
and PD-1, and the total number of the lat-
ter subset are displayed in (L, Left to Right).
(M) We immunized IL-219 reporter mice
with LM61 and challenged them with

. o] 2]~ 5 DEEC S :B‘“ ) LCMV as outlined in (A), and on d9 +5 com-
3 J LMB1 d9+5 a2 X ]3 J IR pared the IL-21 reporting by the CXCR5™
°l LMB1 Q2645 }"}3: Joo I — g_“]“ Tfh_lihie and Ci(CRS’ Th1-like subsets of
| Mao+s| Fe — e CD44™MGP66-Tet™ CD4 T cells. The percent-
age of IL-219™-positive cells in each subset
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is indicated in the bar chart. Numbers in
exemplary FACS plots indicate percentages
of gated cells. Symbols and bars represent
means= SD, Number of biological repli-
cates (n) = 5 (J-K) and n = 7 (M). Number
of independent experiments (N) = 1 (B-/)
and n = 2 (J-M). Ordinary one-way ANOVA
with Tukey’s posttest for multiple compari-
sons (L), unpaired two-tailed Student’s t
test (M). **P < 0.01.

cell decimation, we exploited Bcl6"'CD4“™ mice with a T
cell-specific deficiency in Bcl6, the master transcriptional regu-
lator of Tfh differentiation (59-61). When immunized with
LM61 and subsequently challenged with LCMYV, Bcl6™1CD4¢™
mice mounted a CD4 recall response that significantly exceeded
the primary response of LM control-vaccinated wild-type (wt)
and Bcl6"CD4“™ mice (Fig. 3C). However, as expected, the
number of CXCR5*PD-1* Tth-like CD4 T cells in Bcl6™"
CD4“™ mice did not exceed the respective primary responses
in LM-immune controls (Fig. 3D). Consistent with the lack of
Tth cells in Bcl6"CD4“™ mice, there was an almost complete
absence of the T-bet'™"¢CXCR5" subpopulation (Fig. 3 F and
G), which in control mice expressed elevated levels of Bcl6o
(Fig. 3H). Most importantly, Bcl6-deficient T help failed to
prevent B cell decimation. Unlike in wt mice where LM61 pre-
immunization augmented KL25HL B cell and ASC progen
~10- and ~50-fold, respectively, immunization of Bcl6™
CD4“™ mice failed to exert any discernible effect on KL25HL
B cell progeny (Fig. 3E).

To formally determine whether bona fide Th1 cells have the
capacity to prevent KL25HL B cell decimation we subjected
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Fig. 3. Bcl6-dependent CD4 response and Th2- but not Th1-polarized SM CD4 T cells prevent B cell decimation. (A and B) On day —1 we transferred
either T-bet-sufficient or T-bet-deficient SM CD4 T cells (SMxTbx21~") to naive recipients, followed by KL25HL cell transfer and LCMV challenge on
d 0. Controls were left without CD4 T cell transfer. After 5 d, we enumerated the progeny of adoptively transferred CD4 T cells (A) and KL25HL B
cells (B) in spleen. (C-H) CD4*Bcl6™ mice and wt controls were preimmunized with either LM61 or LM on day —9, followed by KL25HL cell transfer
and LCMV challenge on d 0. On d 5, we determined CD44"GP66-Tet* CD4 T cells (C), the CXCR5*PD-1* Tfh subset comprised therein (D), as well as
KL25HL cell progeny (E) in spleen. (F) Exemplary FACS plots characterizing T-bet"CXCR5'® Th1 and T-bet'®*/"*9CXCR5" Tfh cell subsets among the
CD44"GP66-Tet™ CD4 T cells enumerated in C. Bcl6 levels of the aforementioned Th1 and Tfh cell subsets in LM61-preimmunized wt control mice are
displayed (G) and quantified (H). (I-M) SM cells were polarized to either a Th1 (SM-Th1) or a Th2 phenotype (SM-Th2) using the appropriate in vitro
culture conditions (S/ Appendix, Fig. S3) and were adoptively transferred to syngeneic recipients on d —1. Control mice were either given naive SM
cells or were left without SM cell transfer (“none”). On d 0, all mice were given KL25HL cells and were challenged with LCMV. We analyzed the
expanded SM cells (/), Tfh-differentiated CXCR5+PD-1+ SM cells (J), and KL25HL progeny (K) from spleen on d 5. T-bet expression levels (L) of trans-
ferred SM cells including an isotype control stain as well as exemplary FACS plot of CXCR5 and PD-1 expression are shown (M). Percentage values in
L are shown as mean = SD. Numbers in exemplary FACS plots indicate the mean = SD (F) or the percentage of gated cells (M). Symbols and bars rep-
resent means *= SD, number of biological replicates (n) = 4 (A and B) and n = 4 to 5 (C-M). Number of independent experiments (N) = 2 (A-M).
Unpaired two-tailed Student'’s t test (A and H), two-way ANOVA with Dunnett’s posttest for multiple comparison (B, E, and K). Ordinary one-way
ANOVA with Dunnett’s posttest for multiple comparisons (C, D, I, and J). ns: not significant, **, #*#p < 0.01; when used next to each other, **com-
pares B cells, and **compares ASCs.

SM CD#4 T cells to two consecutive rounds of in vitro activa-  uniformly T-bet™, as expected (Fig. 3L). In keeping with supe-
tion and polarization to either a Thl or a Th2 phenotype rior plasticity and the resulting Tth phenotype, SM-Th2 but
(SM-Th1, SM-Th2; SI Appendix, Fig. S3). When transferred not SM-Thl cells prevented the decimation of KL25HL B
into naive recipients alongside with KL25HL B cells and chal-  cells (Fig. 3K).

lenged with LCMV, SM-Th2 cells expanded substantially less Altogether, these observations support the concept that the
than SM-Th1 cells (Fig. 3). Yet, SM-Th2 but not SM-Th1 cells LM61-induced CD4 T cell response comprised a Bcl6-
formed a sizeable population of CXCR5+PD-1+ Tfh-like dependent Tfh-like population of CXCR5"PD-1T-bet'**/"c8
progeny (Fig. 3 J and M), and they acquired only low to  CD4 Tcells, which was accountable for the prevention of B cell
intermediate T-bet levels, whereas SM-Thl cells were decimation upon LCMYV recall.
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T Help Prevents B Cell Decimation in an Antigen-Specific and MHC
Class II-Dependent Manner. Antigen-specific but also nonspecific
bystander interactions between T and B cells can contribute to
humoral immune responses (62). To test whether activated
CD4 T cells prevent B cell decimation in a bystander fashion,
we transferred either vesicular stomatitis virus (VSV)-specific
TCR-transgenic CD4 T cells (L7 cells) or SM cells, followed by
KL25HL B cell transfer and coinfection with VSV and LCMV
(Fig. 44). L7 cells expanded vigorously and secreted cytokines
upon peptide restimulation (Fig. 4B), a response that equaled
or exceeded the response of SM cells (Fig. 4C). Still, the
KL25HL B cell response in L7 cell recipients did not exceed
the one of control recipients without CD4 T cell transfer, indi-
cating that bystander L7 T help failed to prevent B cell decima-
tion (Fig. 4D).

To investigate whether KL25HL B cells were juxtaposed to
virus-specific SM CD4 T cells, likely reflecting cellular contacts,
we analyzed histological sections of spleens prepared 24 and 48
h after LCMV challenge (SI Appendix, Fig. S4 A-D). SM cells
and KL25HL cells were frequently juxtaposed (Fig. 4E). A
computational assessment confirmed that the juxtaposition
ratio of KL25HL cells with virus-specific SM cells in the T-B
border area exceeded the same B cells’ juxtaposition ratio with
polyclonal endogenous and thus mostly virus-unspecific CD4 T
cells (Fig. 4F), altogether suggesting early cognate T-B cell
interactions.

T help induced by LM61 immunization targets the same epi-
tope as adoptively transferred SM cells. To determine whether
another antiviral CD4 T cell specificity could prevent B cell dec-
imation similar to GP61-specific SM cells, we assessed the
effect of adoptively transferred LCMV nucleoprotein (NP)-spe-
cific TCR-transgenic CD4 T cells (NIP cells). NIP cells are pre-
dicted to provide help to KL25HL B cells that capture entire
LCMV particles and present virus-internal NP fragments on
MHC class II (MHC-II) (63). When challenged with LCMV,
NIP cells expanded somewhat less than SM cells (Fig. 4G).
Nevertheless, they were at least partially effective in preventing
B cell decimation (Fig. 4H).

We next assessed whether the prevention of B cell decima-
tion required direct antigen presentation by the respective anti-
viral B cells (64). LM61 preimmunization (Fig. 4/) prevented
the decimation of MHC-II-sufficient but not of MHC-
II-deficient KL25HL cells (Fig. 4J). In contrast, MHC-
II-deficient KL25HL cells expanded vigorously when LCMV
challenge was conducted in nondecimating IFNAR /" hosts
(Fig. 47), confirming their intrinsic ability to mount T-independent
responses to LCMV (34). Taken together, these observations
indicated that the prevention of B cell decimation by preexisting
T help relies on cellular interactions that involve MHC-II on
the responding B cell.

T Help Prevents B Cell Decimation in a CD40- and 1COS-Dependent
Manner. Since CD4 T cells provide help to B cells in the form of
costimulatory receptor engagement as well as cytokines, we
examined these signals in the context of T help-mediated pre-
vention of B cell decimation. ICOS blockade during LCMV
challenge did not interfere with the expansion of LM61-
preprimed CD4 T cells (Fig. 5 A and B), and as expected (65),
it did not prevent the juxtaposition of KL25HL cells and SM
cells in the T-B border area either (S Appendix, Fig. S4E), but
it largely abrogated the ability of preprimed CD4 T cells to pre-
vent B cell decimation (Fig. 5C). This indicated an essential
role for ICOS-ICOSL interactions in the prevention of B cell
decimation. Similarly and despite GP66-specific CD4 T cell
responses of normal magnitude, LM61 preimmunization of
CD40L-deficient recipients failed to prevent the decimation of
KIL25HL cells (Fig. 5 D and E). Consistent with these observa-
tions, CD40L-deficient SM cells also responded vigorously to
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LCMV challenge but could not restore KL25HL B cell
responses (SI Appendix, Fig. S54). Importantly, LM61 preim-
munization failed to prevent the decimation of CD40-deficient
KL25HL B cells (Fig. 5 F and G), although CD40 deficiency
did not prevent the cells’ juxtaposition to SM cells in the T-B
border area (SI Appendix, Fig. S4E). Altogether, these observa-
tions established an essential role for direct CD40-CD40L
interactions by virus-specific CD4 T cells and B cells, respec-
tively, to prevent decimation of the latter.

We also assessed a potential role of individual helper T cell
cytokines in this process. Adoptively transferred IL-4— or IFN-
y—deficient SM CD4 T cells were as effective at preventing B
cell decimation as their wt counterparts (S Appendix, Fig. S5 B
and C). In a complementary approach, we performed LM61
preimmunization experiments in either IL-10- or IL-21-
deficient hosts but failed to reveal an essential individual contri-
bution of either one of these cytokines to the prevention of B
cell decimation (SI Appendix, Fig. S5 D and E). These observa-
tions indicated that IL-4, 1L.-10, IL-21, and IFN-y were either
dispensable for T help-mediated prevention of B cell decima-
tion or played a largely redundant role in this process.

The experiments in Fig. 5 D-G and SI Appendix, Fig. S54
identified CD40L as a key signal preventing the decimation of
naive B cells, but the CD40L dependence of primary immune
responses can differ from recall responses (66). Hence, we
tested whether the prevention of memB cell decimation by T
help (compare Fig. 1 J-N) was similarly dependent on CD40L
signals. We generated KL25HL memB cells in LCM V-infected
primary recipients, then sorted and adoptively transferred the
cells into LM61-preimmunized secondary recipients, which
were either wt or CD40L deficient (Fig. 5SH). GP66-specific
CD4 T cell responses of LM61-preprimed CD40L-deficient
mice were of near-normal magnitude, but they failed to prevent
the decimation of KL25HL memB cells upon LCMV challenge
(Fig. 5 I and J). Hence, prevention of memB cell decimation by
T help depended on CD40L signaling, analogously to primary
B cell responses.

Taken together, our results reveal that preexisting CD4 T
help prevents B cell decimation in an antigen-specific manner,
which involves direct B cell-T cell contact with essential engage-
ment of the costimulatory receptors ICOS and CD40 as well as
MHC class II-dependent antigen presentation by B cells.

Preexisting CD4 T Help Antagonizes Inflammation and Instructs a
GC B Cell Program. We previously reported that IFNAR blockade
promotes transcription factor expression profiles of mature B
cell stages, thereby antagonizing ASC differentiation and deci-
mation (34). Here, we profiled the transcriptome of KL25HL
B cells 4 d after LCMV challenge (Fig. 6 A and B and S/
Appendix, Fig. S6). Preexisting T help, provided either by LM61
preimmunization or by SM cell transfer, augmented the expres-
sion of transcription factors characteristically up-regulated in
GC B cells (67). Among them were master regulators of the GC
B cell program such as Bcl6 and Mef2b (68, 69). Intriguingly,
these effects of T cell help on GC transcription factor profiles
closely mimicked analogous effects of IFNAR blockade on the
B cell transcriptome (Fig. 6 A and B). Both T help and IFNAR
blockade repressed inflammation-related hallmark gene sets
such as interferon-o response, interferon-y response, and TNF-«
signaling (Fig. 6C and SI Appendix, Fig. S7). In addition, they
augmented proliferation-related gene sets such as E2F targets
and G2M checkpoints but also metabolism-related gene sets
such as genes associated with oxidative phosphorylation (Fig. 6C
and SI Appendix, Fig. S7). To further investigate the functional
impact of preexisting CD4 T help on the GC program of B cells
undergoing chronic viral challenge, we made use of KL25HL
donor mice expressing an activation-induced deaminase (AID)
fate mapping reporter [KL25HL-AID™P (70)]. KL2SHL-AID*P
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Fig. 4. T help prevents B cell decimation in an antigen-specific and MHC class Il-dependent manner. (A) Schematic of the experimental design in B-D.
Recipient mice were given either LCMV-specific SM CD4 T cells or VSV-specific L7 CD4 T cells or no CD4 T cells on —d 1. On day 0 they received KL25HL
cells and were infected the same day with both LCMV and VSV. On day 5 we measured VSV P8-specific (B) and LCMV GP66-specific CD4 T cell responses
() in spleen by intracellular cytokine assay and enumerated KL25HL progeny (D). (E and F) We transferred SM cells (Thy1.1*) on day —1, followed by
KL25HL cell transfer (CD45.1%) and LCMV challenge on d 0. At 24 and 48 h later, we collected spleens for histological analysis. Exemplary image showing
colocalization of SM and KL25HL cells (Magnification bar, 10 um) (E). Juxtaposition ratios of KL25HL B cells with either LCMV-specific SM CD4 T cells or
polyclonal endogenous CD4 T cells. Each dot represents one mouse (average juxtaposition ratio calculated from ~100 to >1,000 KL25HL cells in the T-B-
border area of each section) (F). (G and H) We transferred GP-specific SM CD4 T cells or NP-specific NIP CD4 T cells on d —1, followed by KL25HL cell trans-
fer and LCMV challenge on d 0. Controls were left without T cell transfer (“none”). Adoptively transferred CD4 T cells (G) and KL25HL cell progeny (H)
were enumerated on d 5. (/ and J) Wt and IFNAR ™/~ recipients were preimmunized on d —9 as indicated (LM61, LM, or none), and on d 0 received either
MHC-II-deficient or —sufficient KL25HL cells simultaneously with LCMV challenge. CD44"'GP66-Tet™ CD4 T cells (/) and KL25HL progeny (J) were enumer-
ated on d 5 in spleen. Symbols and bars represent means = SD, number of biological replicates (n) = 4 (A-D, G, and H), n =510 6 (E and F), and n = 4 to
5 (/ and J). Number of independent experiments (N) = 2 to 3 (A-J). Paired (F) or unpaired two-tailed Student'’s t test (G), two-way ANOVA with Dunnett’s
posttest for multiple comparison (D and H), two-way ANOVA with Tukey’s posttest for multiple comparison (J), ordinary one-way ANOVA with Tukey’s
posttest for multiple comparisons (/). ns: not significant, *P < 0.05; **, ##p < 0.01; when used next to each other, ** compares B cells, and ## compares
ASCs. Datasets in A-D are from the same experiment as (G-H).

mice carry one allele of an engineered aicda locus (encoding for
AID), which drives a tamoxifen (TAM)-inducible Cre recombi-
nase (Cre-ERT?2). In conjunction with a Cre-inducible enhance
yellow fluorescent protein (EYFP) reporter gene, TAM admin-
istration induces EYFP expression in ~10 to 20% of AID™P
GC B cells (48, 70). KL25HL-AID™P B cells were transferred
into recipient mice immunized with either LM61 or LM, or into
a third cohort that was given IFNAR blockade instead of pre-
immunization. Upon LCMV challenge, TAM was administered
and KL25HL-AID™ B cells were analyzed 5 d later (Fig. 6D).
LM61 preimmunization as well as IFNAR blockade significantly
augmented both the absolute number and the proportion of
KL25HL-AID™P B cell progeny that reported AID (EYFP,
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Fig. 6F). This effect of preexisting T help was also evident on
histological sections (Fig. 6F). AID-reporting (EYFP+) B
cells populated the B cell follicles of LM61-preprimed or
IFNAR-blocked recipients, while only individual scattered
cells were found in LM-immune controls (Fig. 6F). These
results suggested that preexisting T help, analogous to
IFNAR blockade (34), prevents B cell decimation by instruct-
ing a GC B cell transcriptional program.

KL25HL B Cell Transfer Results in Virus Control and Prevents CD4 T
Cell-Driven Immunopathology upon Viral Challenge. Our results
suggested that effective B cell immunity to chronic viral chal-
lenge requires not only a suitable repertoire of antiviral B cells
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and d 3. CD44"'GP66-Tet™ CD4 T cells (B) and KL25HL progeny (C) were enumerated on d 5 in spleen. (D and E) On d —9, wt and CD40L ™'~ recipients were
preimmunized as indicated and challenged with LCMV on d 0. CD44"GP66-Tet* CD4 T cells (D) and KL25HL progeny (E) were enumerated on d 5 in spleen.
(F and G) Wt recipients were preimmunized on d —9 as indicated. On d 0, they received either CD40-sufficient or -deficient KL25HL cells simultaneously with
LCMV challenge. CD44"'GP66-Tet* CD4 T cells (F) and KL25HL progeny (G) were enumerated on d 5 in spleen. (H-J) Schematic of the experimental design to
(/ and J). KL25HL cells were adoptively transferred into LCMV-infected primary recipients. At 61 d later, progeny memB cells were purified from spleen (com-
pare SI Appendix, Fig. S1 C and D) and were adoptively transferred into LM61-preimmunized secondary recipients, either wt or CD40L deficient, followed by
LCMV challenge and analysis 7 d later. CD44"GP66-Tet* CD4 T cells (/) and KL25HL progeny (J) were enumerated in spleen. Symbols and bars represent
means = SD, number of biological replicates (n) = 4 (A-E), n = 4 to 6 (F~-G), and n = 3 to 4 (H-J). Number of independent experiments (N) = 2 to 3 (A-J).
Ordinary one-way ANOVA with Tukey’s posttest for multiple comparisons (B, D, F, and /) and two-way ANOVA with Tukey’s posttest for multiple comparison

(C, E, G, and J). ns: not significant; **, #P < 0.01; when used next to each other, ** compares B cells, and * compares ASCs.

but also preexisting CD4 T cells with the capacity to prevent
decimation of the former. This concept raised the question of
whether combined B cell- and CD4 T cell-based immunity was
associated with a risk of severe immunopathological disease, as
has been reported for vaccination-induced CD4 T cell memory
in the absence of virus-neutralizing B cells (8). Mice were
immunized with LM61 and were given KL25HL cells by adop-
tive transfer prior to LCMV challenge, while control animals
were left without cell transfer (Fig. 74 and SI Appendix, Fig.
S84). The interval between LM61 immunization and LCMV
challenge was either 9 (Fig. 7) or 28 d (SI Appendix, Fig. S8)
with analogous outcomes. As expected (8), LM6I-
preimmunized and LCMV-challenged control mice evidenced
signs of immunopathology such as weight loss as well as ele-
vated serum alanine and aspartate aminotransferase (AST,
ALT) levels (Fig. 7 B-D and SI Appendix, Fig. S8 B-D). Impor-
tantly, these signs of immunopathological disease were largely
absent in mice that had received KL25HL B cells prior to
LCMYV challenge. A rapid and potent nAb response in LM61-
preimmunized KL25HL cell recipients (Fig. 7E and SI
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Appendix, Fig. S8E) was associated with complete suppression
of viremia (Fig. 7F and SI Appendix, Fig. S8F). This observation
was in line with earlier findings that suppression of LCMYV viral
loads by passively administered KL25 antibody prevented
immunopathological disease induction by vaccination-elicited
CD4 Tecells (8).

Discussion

The present work defines effective B cell immunity against
chronic viral challenge as a synergy between two cellular com-
partments: B cells of a protective antiviral specificity as well as
CD4 T cells with the capacity to provide early cognate help to
the former. The mutual interdependence of these two cell types
in the chronic infection context differs in key aspects from their
cooperation in classical T-dependent B cell responses (71). In
line with earlier CD4 T cell depletion data (34), we show that
KL25HL B cell have the intrinsic capacity of responding to
LCMYV in a T-independent manner. It therefore appears that T
help, which in classical T-dependent B cell responses is
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essential for B cell activation, expansion, and affinity matura-
tion, serves an additional key role in the context of chronic
virus challenge. It assures the clonal survival and thereby the
sustainability of antiviral B cell responses when at risk for IFN-
I-driven decimation. However, vaccination-induced CD4 T cell
immunity bears the risk of fatal immunopathology. Here, we
show the latter can be averted by antiviral B cells that—with
support from the same preexisting CD4 T cells—mount a timely
and protective antibody response to control viral loads.

The finding that T help prevents B cell decimation by
instructing a GC B cell program, analogously to IFNAR block-
ade, provides additional support to our postulate that B cell
decimation reflects a biased, unsustainable plasmablast
response (34). Studies in mice with B cell-specific Blimp1 dele-
tion and a resulting defect in ASC differentiation have also
demonstrated that in hapten-carrier immunization, ASC differ-
entiation inevitably occurs at the expense of GC cellularity
(72). It therefore appears that productive and sustainable B cell
responses reflect a delicate balance of GC and ASC differentia-
tion, a balance which is tilted by IFN-I-driven inflammation to
culminate in B cell decimation. As reported herein, not only
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AIDEYPP_reporting KL25HL-AID™P cells were
determined on d 5 in spleen (E) and are
expressed as a percentage of all KL25HL-
AID™P cells and also in absolute numbers.
Histological sections prepared at the same
time point revealed clusters of AIDEYFP-
reporting KL25HL-AID™P cells in the splenic
B cell zone (IgD) of LM61-preimmunized
and IFNAR-blocked mice but not in
LM-preimmunized controls (Magnification
bar, 100 pm). Symbols and bars represent
means = SD, number of biological repli-
cates (n) = 4 (D-F). Number of independent
experiments (N) = 2 (D-F). Ordinary one-way
ANOVA with Dunnett’s posttest for multiple
comparisons (E); **P < 0.01.

IFNAR blockade but also preexisting T help can readjust this
balance to ensure both rapid antibody-mediated virus control
as well as long-term sustained GC B cell responses. Whether
and how preexisting T help may additionally affect other postu-
lated pathways of B cell decimation remains to be investigated
(35, 36).

Thus far, IFNAR blockade has represented the only known
intervention for the prevention of B cell decimation, but from a
practical perspective, vaccination-induced CD4 T cell immunity
offers key advantages. First, IFNAR blockade can result in
unwanted side effects owing to inhibition of a main pathway of
innate antiviral defense (37). Second, as our earlier studies sug-
gested (34), IFNAR blockade would likely have to be adminis-
tered within the first 2 d if not within hours after a viral
encounter, an occurrence that commonly goes unnoticed. CD4
T cell memory can be induced prophylactically with potentially
long-lived effects (73), and strategies for its induction in clinical
vaccination programs are well established (74). The present
findings suggest preexisting T help and memory Tfh cells in
particular represent a rate-limiting component of protective B
cell memory to persisting viruses. Vaccination strategies against
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HIV or HCV that focus on the induction of affinity-matured,
broadly neutralizing memB cells (75) may therefore only suc-
ceed if combined with modalities that elicit potent and long-
lived Tth memory. With critical support from Tth memory cells
during the earliest phase of infection, timely and sustained
memB cell responses may critically curb or even eliminate
chronic viruses (76) and thereby may prevent viral sequence
diversification from outpacing the host GC response (77, 78).

The molecular interactions and signals we identified as
essential for CD4 T cells to prevent B cell decimation at the
onset of chronic infection—cognate antigen, MHC-II, CD40,
and ICOS—<closely resemble those required for classical
T-dependent B cell responses (71). Somewhat more surpris-
ingly, not only IFN-y but also IL-4, IL-10, and IL-21 each
ndividually appeared dispensable. Importantly however, this
observation does not exclude a supportive-yet-redundant role
of these cytokines in the prevention of early B cell decimation.
Moreover, these cytokines and even combinations thereof
clearly are essential for effective CD4 T help to B cells during
later stages of chronic LCMV infection (79). Interestingly, the
key role of CD40 signals in preventing B cell decimation aligns
well with the observation that CD40 ligation potently antago-
nizes ASC differentiation in human B cell cultures (80).

In our standard experimental setting, the number of adop-
tively transferred naive KL25HL B cells resulted in a splenic B
cell precursor frequency of ~2 x 10~* (Materials and Methods).
This corresponds to the physiological range of B cells specific
for proteins such as phycoerythrin, Bacillus anthracis—protective
antigen, or inﬂuenza hemagglutinin, which range from ~9 x
107* to 6 x 107 (81, 82) In contrast, naive precursor frequen-
cies as low as ~3 x 10~° have been reported for VRCO1-class
antibodies that target a specific neutralizing epitope on the
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HIV envelope (83). For such rare specificities, KL25 B cell pre-
cursor frequencies as established in our experiments may thus
be more reflective of memB cell populations upon vaccination
(84), which we show are similarly rescued from decimation by
preexisting T help.

We confirm earlier observations that LM61-induced CD4 T
cell responses are largely Thl biased (8). In vivo generated
polyclonal CD4 T cell responses, however, commonly comprise
several differentiation patterns (73, 85). Accordingly, we detect
a small but clearly discernible Tfh-like subpopulation in the pri-
mary response to LM61 and a population of ~15 to 20% of
such cells in the recall response to LCMV. It seems likely that
the latter are descendants of the former analogously differenti-
ated cells, with their Tth differentiation likely supported by the
antiviral B cell response ensuing in parallel (86). In light of the
considerable plasticity of CD4 T cell subsets in the context of
viral infection (87) we acknowledge, however, that Tth transdif-
ferentiation of other LM61-induced CD4 T cell subpopulations
remains a not mutually exclusive possibility.

Taken together, our findings reveal and characterize very
early yet essential interactions of antiviral memB cells with pre-
existing CD4 T helper cells, which provide key signals to pre-
vent decimation and thereby subversion of the antiviral B cell
response at the onset of chronic infection. These insights estab-
lish CD4 T cell memory as an essential cornerstone of B cell
immunity to chronic viral challenge and should help in leverag-
ing the full potential of B cell-based protection in the fight
against persisting human pathogens such as HIV and HCV.

Materials and Methods

Materials and methods are provided as a part of the S/ Appendix and detail
mice and animal experimentation, bacteria, viruses, virus titrations, infections
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and immunizations, flow cytometry and intracellular cytokine assays, immu-
nohistochemistry and image analysis, next-generation RNA sequencing and
bioinformatics data analyses, adoptive cell transfer, fluorescent cell labeling
and FACS sorting, in vivo cell depletion, antibody blockade and tamoxifen
administration, measurements of neutralizing and GP-binding antibody
responses and serum transaminases, in vitro differentiation of SM-Th1 and
SM-Th2 cells as well as statistical analysis. Animal Experiments were performed
at the University of Basel in accordance with the Swiss law for animal protec-
tion and with authorization by the Cantonal Veterinary Office Basel-Stadt.

Data Availability. Bulk RNAseq and single-cell RNAseq data are deposited
with the National Center for Biotechnology Information Gene Expression
Omnibus under the accession nos. GSE160294 and GSE161356, respectively.
Additional raw data reported in this study are deposited in Zenodo under the
accession no. 10.5281/zenodo.5203142.
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