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H E A L T H  A N D  M E D I C I N E

IFNAR1 signaling in NK cells promotes persistent virus 
infection
Zhe Huang1*, Seung Goo Kang1,2*, Yunqiao Li1*, Jaroslav Zak1, Namir Shaabani1, 
Kaiyuan Deng1,3, Jovan Shepherd1, Raag Bhargava1, John R. Teijaro1†, Changchun Xiao1†

Inhibition of type 1 interferon (IFN-I) signaling promotes the control of persistent virus infection, but the underlying 
mechanisms remain poorly understood. Here, we report that genetic ablation of Ifnar1 specifically in natural killer 
(NK) cells led to elevated numbers of T follicular helper cells, germinal center B cells, and plasma cells and im-
proved antiviral T cell function, resulting in hastened virus clearance that was comparable to IFNAR1 neutralizing 
antibody treatment. Antigen-specific B cells and antiviral antibodies were essential for the accelerated control of 
LCMV Cl13 infection following IFNAR1 blockade. IFNAR1 signaling in NK cells promoted NK cell function and gen-
eral killing of antigen-specific CD4 and CD8 T cells. Therefore, inhibition of IFN-I signaling in NK cells enhances 
CD4 and CD8 T cell responses, promotes humoral immune responses, and thereby facilitates the control of per-
sistent virus infection.

INTRODUCTION
Persistent viral infections represent significant global health prob-
lems. Hyperimmune activation is a common feature of persistent 
virus infection and is characterized by prolonged activation of T, B, 
and NK cells; elevated proinflammatory mediators; and sustained 
type 1 interferon (IFN-I) gene signatures (1–3). Persistent viruses 
take advantage of this inflammatory state to promote sustained 
expression of negative immunoregulatory molecules that act to re-
strain antiviral CD4 and CD8 T cell responses (4–7) and to facilitate 
long-term virus persistence. We and another group reported that 
IFN-I signaling during persistent viral infection promoted immune 
system activation, increased expression of immunoregulatory mol-
ecules, and potentiated the dissolution of lymphoid architecture. 
Blockade of IFN-I signaling using an IFNAR1 neutralizing antibody 
reduced immune system activation, decreased expression of 
interleukin-10 (IL-10) and programmed death-ligand 1 (PD-L1), 
and restored lymphoid architecture in mice persistently infected with 
lymphocytic choriomeningitis virus (LCMV) Cl13. Blockade of 
IFNAR1 both before and after established persistent LCMV infec-
tion promoted faster virus clearance, which required an intact CD4 
T cell compartment (8, 9). Additional studies suggest that IFNAR1 
blockade might help control chronic HIV infection in humanized 
mouse models (10, 11), extending these findings to persistent virus 
infection in humans. Despite these reports, the specific mechanisms 
through which IFNAR1 blockade promotes control of persistent 
viral infection remain incompletely understood.

The early failure of antiviral CD8 T cells to control viral replica-
tion results in T cell exhaustion and long-term LCMV Cl13 per-
sistence (7, 12, 13). Following the establishment of virus persistence, 
the host relies on CD4 T cell–mediated immunity to eventually 
terminate Cl13 infection (14). The switch in antiviral immunity 
correlates with increased differentiation of T follicular helper cells 

(TFH) and germinal center (GC) B cells in spleen 30 days after Cl13 
infection and is followed by eventual elimination of Cl13 viruses 
from most tissues (15, 16). Moreover, B cell–deficient mice fail to 
control LCMV Cl13 infection, suggesting that B cells and antiviral 
antibodies contribute to the eventual control of persistent viral 
replication (17, 18). While blockade of IFN-I signaling had mod-
est effects on virus-specific CD8 T cell function, -IFNAR1 anti-
body treatment resulted in significantly enhanced CD4 T cell 
function (8, 9, 19). Moreover, depletion of CD4 T cells before 
Cl13 infection completely abrogated -IFNAR1 treatment–mediated 
enhancement of virus control, suggesting that IFN-I signaling 
during persistent virus infection restrains optimal antiviral CD4 
T cell responses. Given the importance of antiviral CD4 T cells in 
promoting accelerated control of Cl13 infection, it is reasonable 
to infer that IFN-I blockade might enhance the ability of CD4 
T cells to promote humoral immune responses during persistent 
viral infection.

Many studies have highlighted multiple mechanisms by which 
persistent LCMV infection induces the pan-immunosuppressive 
environment that prevents initial viral control (20). In addition to 
the roles immunoregulatory cytokines and cell surface receptors 
play in suppressing the adaptive immune response during Cl13 in-
fection, several studies reported that nature killer (NK) cells can 
restrain T and/or B cell responses through lysis of antiviral T cells 
(21–26). Moreover, it was reported that NK cell depletion can accel-
erate clearance of Cl13 infection (27), demonstrating that NK cells 
play a causal role in Cl13 persistence. Expression of IFNAR1 on 
T cells has been reported to protect them from NK cell–mediated 
lysis (28, 29), and NK cell–intrinsic IFN-I signaling promotes NK 
cell expansion and effector functions (30, 31). Thus, IFNAR1 ex-
pression and signaling on NK cells following Cl13 infection may be 
essential to restrain antiviral T cell responses and promote virus 
persistence.

Here, we took a genetic approach to assess the role of IFNAR1 
signaling in individual immune cell compartments during Cl13 in-
fection. Deletion of Ifnar1 from NCR1+ cells, which include NK 
cells and some additional innate lymphocytes, resulted in accelerated 
control of Cl13 infection. We determined that NCR1+ cell–intrinsic 
deletion of Ifnar1 resulted in enhanced antiviral TFH, GCB, and 
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plasma cell responses following Cl13 infection. The increase in TFH, 
GCB, and plasma cell responses in mice lacking IFNAR1 expression 
on NCR1+ cells was similar to that observed following IFN-I blockade. 
We further demonstrate that optimal humoral immune responses 
are essential for controlling persistent LCMV infection and that 
passive transfer of LCMV immune serum or purified immuno-
globulin G (IgG) significantly reduces viral loads similar to -IFNAR1 
treatment. CD4 T cell–specific deletion of the Bcl6 transcription 
factor, which controls TFH development, GC formation, and anti-
body isotype switching/hypermutation, completely abrogated en-
hanced control of LCMV Cl13 following blockade of IFN-I signaling. 
Moreover, we show that hastened control of Cl13 infection follow-
ing IFN-I blockade requires LCMV-specific B cells, as MD4 mice 
that lack LCMV-specific B cells abolished accelerated virus clear-
ance following -IFNAR1 treatment. Last, we demonstrate that 
-IFNAR1 treatment inhibits the maturation and effector differen-
tiation of NK cells and that NK cell deletion or IFNAR1 blockade 
inhibited NK cell ability to lyse activated CD4 and CD8 T cells. Our 
results suggest that early IFN-I signaling during persistent virus in-
fection inhibits the generation of optimal TFH, GCB, and plasma cell 
responses by promoting optimal NK cell function and its killing of 
T cells, thereby facilitating virus persistence.

RESULTS
IFNAR1 signaling in NCR1+ cells supports T cell exhaustion 
and virus persistence
To mechanistically investigate how in  vivo IFN-I signaling pro-
motes virus persistence at the cellular level, we crossed Ifnar1-floxed 
(Ifnar1fl/fl) mice with various cell-specific Cre recombinase mouse 
lines to selectively delete Ifnar1 from specific cellular populations. 
We began by deleting Ifnar1 from B cells (Ifnar1fl/fl;Mb1Cre), T cells 
(Ifnar1fl/fl;CD4Cre), dendritic cells (Ifnar1fl/fl;CD11cCre), or NK cells 
and innate lymphocytes (Ifnar1fl/fl;NCR1Cre) and infected these 
strains with a persistent dose of LCMV Cl13. Ifnar1 deletion in 
these Cre strains was confirmed by flow cytometry (fig. S1A). We 
observed no significant changes in clearance of Cl13 infection in 
mice that lacked IFNAR1 expression in B cells (Fig. 1A). Further, 
deletion of Ifnar1 from CD11c+ or CD4/CD8+ T cells resulted in 
elevated viral titers in the plasma throughout the course of infection 
(Fig. 1A). However, Cl13 infection of mice that lack IFNAR1 specif-
ically in NCR1+ cells resulted in significant reductions in plasma 
viral titers starting at 20 days post-infection (d.p.i.), with 50 and 
90% of Ifnar1fl/fl;NCR1Cre mice clearing virus below detection lim-
its by 40 and 50 d.p.i., respectively, compared to Ifnar1fl/fl littermate 
controls (Fig. 1A). NK cell differentiation was not affected by the 
absence of IFNAR1 on NK cells, as indicated by comparable num-
bers of NK cells (fig. S1B) and similar frequency of CD27+CD11b−, 
CD27+CD11b+, CD27−CD11b+, and CD27−CD11b− NK cells in 
various tissues between naïve Ifnar1fl/fl and Ifnar1fl/fl;NCR1Cre mice 
(fig. S1C). Upon LCMV Cl13 infection, the frequency and number of 
NK cells are still comparable between Ifnar1fl/fl and Ifnar1fl/fl;NCR1Cre 
mice (fig. S2A). The effector functions of NK cells were impaired in 
the absence of IFNAR1, indicated by reduced IFN- and granzyme 
B expression (fig. S2B). We next analyzed the antiviral adaptive im-
mune response in Ifnar1fl/fl;NCR1Cre mice following Cl13 infection. 
In agreement with the hastened clearance of virus, we observed in-
creases in virus-specific CD8 T cells in Ifnar1fl/fl;NCR1Cre mice com-
pared to Ifnar1fl/fl littermate controls (Fig. 1B). Moreover, we detected 

significant increases in the frequency of IFN-+ and IFN-+ TNF-+ 
(tumor necrosis factor––positive) virus–specific CD4 and CD8 
T cells in Ifnar1fl/fl;NCR1Cre mice compared to Ifnar1fl/fl littermate 
controls (Fig. 1, C and D), suggesting that IFN-I signaling in NCR1+ 
cells suppresses T cell function during Cl13 infection. We also as-
sessed TFH and B cell responses in Ifnar1fl/fl;NCR1Cre and Ifnar1fl/fl 
mice. Deletion of Ifnar1 from NCR1+ cells increased frequencies 
and numbers of CXCR5+Bcl6+ TFH, Fas+GL7+ GCB, and CD138+ 
plasma cells following Cl13 infection (Fig. 1E). However, while the 
frequency of TFC CD8 T cells was slightly reduced in Ifnar1fl/fl;N-
CR1Cre mice, we observed similar numbers of those cells in Ifnar1fl/
fl;NCR1Cre and Ifnar1fl/fl mice (fig. S2C). Increased GC reaction and 
T cell response were also observed in Ifnar1fl/fl;NCR1Cre mice when 
compared to Ifnar1fl/+;NCR1Cre mice, which expressed NCR1Cre 
but retained one intact allele of the Ifnar1 gene (fig. S2D), further 
confirming that the increased T cell and B cell responses were driven 
by the loss of IFNAR1 on NK cells but not reduced NCR1 expres-
sion caused by NCR1Cre or possible genetic background variance 
of our NCR1Cre mice. Together, our data suggest that deletion of 
Ifnar1 in NCR1+ cells improves antiviral T cell and humoral im-
mune responses following Cl13 infection.

IFNAR1 blockade enhances TFH, GC, and plasma cell 
responses following Cl13 infection
Increased TFH, GCB, and plasma cell responses in Ifnar1fl/fl;NCR1Cre 
mice prompted us to ask whether -IFNAR1 treatment also facili-
tated TFH, GCB, and plasma cell generation during Cl13 infection. 
Blockade of IFN-I signaling induced elevated GC response from 
day 9 to 20 after LCMV Cl13 infection as assessed by the numbers 
of GCB and plasma cells (Fig. 2, B to D) and preserved splenic GC 
architecture (Fig. 2E). We also observed a significant increase in 
TFH as early as 5 d.p.i., a time when there were few GCB cells 
(Fig. 2, A and B). The increase in TFH, GCB, and plasma cells follow-
ing -IFNAR1 treatment was accompanied by increased numbers 
of LCMV Cl13–specific IgG+ antibody-secreting cells (ASCs) (Fig. 2F). 
Although -LCMV Cl13 IgG antibody levels were comparable be-
tween isotype and -IFNAR1–treated mice at 9 d.p.i., LCMV- 
specific IgG antibody was significantly higher in -IFNAR1–treated 
mice at 40 d.p.i. (fig. S3A). Next, we examined whether blockade of 
IFN-I signaling expedites the generation of pre-TFH. SMARTA 
CD4+ T cells displayed an increased capacity to differentiate into 
pre-TFH following -IFNAR1 antibody treatment compared to iso-
type treatment at 3 d.p.i. (Fig. 2, G and H). These data suggest that 
IFN-I signaling restrains antiviral humoral immune responses fol-
lowing Cl13 infection.

To better understand the mechanism by which IFNAR blockade 
promotes the GC reaction, we generated mixed bone marrow chi-
meras by reconstituting irradiated CD45.1 B6 mice with CD45.2 
Ifnar1−/− and CD45.1 Ifnar1+/+ bone marrow cells at a 1:1 ratio. 
These chimeras were pretreated with isotype or -IFNAR1 anti-
body, infected with LCMV Cl13, and analyzed at 9 d.p.i. (Fig. 2I). 
Consistent with previous findings, we found significant increases in 
the numbers of CD45.1 IFNAR+/+ TFH, GCB, and plasma cells in 
-IFNAR1–treated mice compared to isotype-treated mice (Fig. 2J). 
Significant increases in the numbers of CD45.2 Ifnar1−/− TFH, GCB, 
and plasma cells were also found in -IFNAR1–treated mice (Fig. 2J). 
These data suggest that IFNAR1 blockade enhances the humoral 
immune response through TFH-, GCB cell–, and plasma cell–extrinsic 
pathways.
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Fig. 1. IFNAR1 signaling in NCR1+ cells promotes T cell exhaustion and virus persistence. (A) Ifnar1fl/fl;Mb1Cre, Ifnar1fl/fl;CD4Cre, Ifnar1fl/fl;CD11cCre, Ifnar1fl/fl;NCR1Cre, 
and Ifnar1fl/fl littermate control mice were infected with LCMV Cl13. Viral titers in serum were measured by focus-forming assay (FFU) at indicated time points. (B to 
E) Ifnar1fl/fl;NCR1Cre and littermate control mice were infected with LCMV Cl13. Frequency and number of GP33- or GP276-specific CD8 T cells (B), GP33-specific cytokine-producing 
CD8 T cells (C), GP61-specific cytokine-producing CD4 T cells (D), and TFH, GCB, and plasma cells (E) in the spleen were analyzed at day 6 after infection. Statistical compar-
isons were performed using two-way ANOVA followed by Mann-Whitney U test with Holm-Šídák multiple testing correction (A) or two-tailed Student’s t test (B to E).



Huang et al., Sci. Adv. 2021; 7 : eabb8087     26 March 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 14

The humoral immune response is essential for enhanced 
control of LCMV Cl13 following IFNAR1 blockade
Increased numbers of TFH, GCB, and plasma cells in -IFNAR1–
treated mice and in Ifnar1fl/fl;NCR1Cre mice led us to examine the 
importance of B cell–mediated immunity in resolving persistent 
viral infection. To explore the importance of antibody secretion, a 
unique feature of B lymphocytes, we used Prdm1fl/fl;CD19Cre mice 
in which the generation of antibody-secreting plasma cells is abol-
ished due to the absence of Blimp-1 (encoded by the Prdm1 gene), 
the transcription factor essential for plasma cell differentiation. 
Prdm1fl/fl;CD19Cre mice were unable to control persistent viral in-
fection, as indicated by sustained plasma viral titers following 
LCMV Cl13 infection (fig. S3B). Also, -LCMV IgG antibody pro-
duction was severely compromised in those mutant mice (fig. S3C). 
These data demonstrate a critical role for plasma cells and -LCMV 
Cl13 antibodies in controlling Cl13 infection.

Blimp-1 deficiency in B cells abolishes both GC-independent 
and GC-dependent plasma cell differentiation. The latter depends 
on TFH help that enables the production of class-switched and 
high-affinity antibodies. Because Bcl6 is a key transcription factor 
in TFH generation and is required for the formation of GCs, we gen-
erated Bcl6 conditional knockout (KO) mice (fig. S4A) to address 
the role of GC-dependent plasma cell differentiation in controlling 
persistent viral infection. We first examined the quantity and qual-
ity of antibodies produced against LCMV Cl13  in Bcl6fl/fl;CD4Cre 
mice. The amount of -LCMV Cl13 IgM and IgG antibodies in 
Bcl6fl/fl;CD4Cre mice was comparable to that in wild-type (WT) 
mice at 10 d.p.i. when GCs were only beginning to form (fig. S4, B 
and C). However, by 40 d.p.i., the production of class-switched 
-LCMV IgG antibodies was compromised in Bcl6fl/fl;CD4Cre mice, 
while IgM antibodies were produced at levels similar to Bcl6fl/fl 
littermate control mice (fig. S4, B and C). These data confirmed that 
Bcl6fl/fl;CD4Cre mice are unable to induce the GC-dependent plasma 
cell differentiation program but retained the capacity to generate 
GC-independent plasma cells. To elucidate roles of the GC-dependent 
program in controlling persistent viral infection, Bcl6fl/fl;CD4Cre 
mice were challenged with LCMV Cl13 and viral titers were deter-
mined. The Bcl6fl/fl;CD4Cre mice were unable to control LCMV 
Cl13 infection, as indicated by high viral loads in serum and organs 
at 80 d.p.i (fig. S4, D and E).

We reasoned that enhanced generation of TFH, GCB, and plasma 
cells in Ifnar1fl/fl;NCR1Cre mice and in -IFNAR1–treated mice 
may be necessary for hastened LCMV Cl13 clearance. Because loss 
of Bcl6  in T cells results in compromised -LCMV IgG antibody 
production, we initially tested this hypothesis with Bcl6fl/fl;CD4Cre 
mice, in which Bcl6 was deleted in both CD4 and CD8 T cells. As 
expected, deletion of Bcl6 in T cells resulted in a significant decrease 
in TFH, GC, and plasma cells compared to littermate controls fol-
lowing LCMV Cl13 infection (Fig. 3, A and B). Moreover, -IFNAR1 
treatment increased the frequencies and numbers of TFH, GCB, and 
plasma cells in Bcl6fl/fl control mice (Fig. 3, A and B) and T cell–specific 
Bcl6 deletion abrogated -IFNAR1 treatment’s ability to increase TFH, 
GCB, and plasma cell frequencies or total numbers (Fig. 3, A and B). 
-IFNAR1 treatment was unable to accelerate virus control in 
Bcl6fl/fl;CD4Cre mice compared to Bcl6fl/fl littermate controls (Fig. 3E). 
Further, 40% of -IFNAR1–treated Bcl6fl/fl littermate control mice 
cleared LCMV Cl13 in serum and several organs at 40 d.p.i., while 
-IFNAR1–treated Bcl6fl/fl;CD4Cre mice harbored ~4 to 7 logs of 
virus in serum and tissues regardless of -IFNAR1 treatment (Fig. 3E 

and fig. S4F). These results demonstrate that Bcl6 expression in 
T cells is necessary for accelerated control of persistent LCMV Cl13 
infection following IFNAR1 blockade.

The absence of Bcl6 can have profound effects on CD8 T cell 
differentiation and function (32). The Bcl6 and Blimp-1 transcrip-
tion factors are known to antagonistically regulate the genetic 
switch of T cell memory versus effector cell fate decisions (33, 34). 
Bcl6 expression in CD8 T cells has also been reported to play a crit-
ical role in the generation of CXCR5+ CD8 T cells (35–37). Given 
the importance of Blimp-1 in promoting terminal CD8 T cell differ-
entiation and lytic capacity (38, 39), as well as the potential function 
of CXCR5+ CD8 T cells in controlling Cl13 infection, we reasoned 
that the reduced ability of Bcl6fl/fl;CD4Cre mice to control LCMV 
Cl13 infection could be due to altered CD8 T cell differentiation 
and function. The frequencies and numbers of IFN-+ GP33-specif-
ic CD8 T cells were significantly reduced in Bcl6fl/fl;CD4Cre mice 
compared to Bcl6fl/fl littermate controls (fig. S5A), suggesting that 
CD8 T cell differentiation/function is altered in mice in which T cells 
are deficient in Bcl6. To exclude the possibility that CD8 T cell– 
intrinsic Bcl6 functions might promote control of LCMV Cl13 infec-
tion, we generated Bcl6fl/fl;OX40Cre mice in which Cre expression is 
induced following CD4 T cell activation (40). Similar to Bcl6fl/fl;CD4Cre 
mice, the generation of TFH, GCB and plasma cells was significantly 
reduced in Bcl6fl/fl;OX40Cre mice compared to Bcl6fl/fl controls 
(Fig. 3, C and D). Analysis of virus-specific T cell function revealed 
that the numbers of IFN-+ GP33-specific as well as IFN-+TNF-+ 
and IFN-+TNF-+IL-2+ polyfunctional cytokine-producing CD8 T cells 
were comparable between littermate Bcl6fl/fl and Bcl6fl/fl;OX40Cre mice 
(fig. S5, B and C), demonstrating normal generation of antiviral CD8 
T cell function upon CD4 T cell–intrinsic deletion of Bcl6. With 
respect to antiviral CD4 T cells, we observed similar numbers of 
GP61-specific IFN-+ as well as IFN-+TNF-+ and IFN-+TNF-+IL-2+ 
cytokine-producing CD4 T cells in Bcl6fl/fl;OX40Cre mice compared 
to Bcl6fl/fl littermate controls (fig. S5D), suggesting that deleting 
Bcl6 following CD4 T cell activation has minimal effects on antivi-
ral CD4 T cell responses during Cl13 infection. However, the ability 
of -IFNAR1 treatment to increase the numbers of GP61-specific 
IFN-+, IFN-+TNF-+, and IFN-+TNF-+IL-2+ cytokine-producing 
CD4 T cells was lost in Bcl6fl/fl;OX40Cre mice (fig. S5D), suggesting 
that CD4 T cell–intrinsic Bcl6 expression is required for enhanced 
expansion of T helper 1 cell (TH1) antiviral CD4 T cells following 
IFN-I signaling blockade. In agreement with reduced TFH, GCB, 
and plasma cells, the production of class-switched -LCMV IgG 
antibodies was modestly diminished at 10 d.p.i. and severely com-
promised at 40 d.p.i. in Bcl6fl/fl;OX40Cre mice (fig. S5E). Moreover, 
similar to Bcl6fl/fl;CD4Cre mice, Bcl6fl/fl;OX40Cre mice displayed a 
reduced ability to control LCMV Cl13 infection (Fig. 3F). Further, 
-IFNAR1 treatment was unable to accelerate virus clearance in 
Bcl6fl/fl;OX40Cre mice as they retained ~5 logs of virus following 
IFN-I blockade, while -IFNAR1–treated littermate control Bcl6fl/fl 
mice were approaching complete clearance in plasma at 40 d.p.i. 
(Fig. 3F).

LCMV-specific antibodies facilitate Cl13 clearance following 
IFNAR1 blockade
To further assess the role of -LCMV Cl13 antibodies in reducing 
viral loads, we treated LCMV Cl13–infected mice with serum col-
lected from WT mice 120 days after LCMV Cl13 infection (LCMV 
serum). We assessed the antibody content in donor serum and 
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Fig. 3. GC reaction is essential for IFNAR1 blockade–mediated hastened virus control. (A to D) Bcl6fl/fl;CD4Cre (A and B) and Bcl6fl/fl;OX40Cre (C and D) mice were 
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determined that it harbored notable levels of -LCMV Cl13 IgG 
antibodies, particularly IgG2a (IgG2c), as the presence of this antibody 
isotype predicts control of LCMV Cl13 (41). Serum collected from 
mice immunized with ovalbumin (OVA)/alum/lipopolysaccharide 
30 days after immunization (OVA serum) was used as control se-
rum. Administration of LCMV, but not OVA serum, significantly 
decreased viral loads in tissues and serum (fig. S6, A and B). More-
over, injection of purified antibodies from LCMV serum lowered 
viral loads to a degree similar to LCMV serum (fig. S6, C and D), 
suggesting that antiviral antibody and not some unidentified serum 
factor was responsible for viral load reduction. These data confirm 
previous studies and further support the importance of -LCMV 
Cl13 antibodies in resolving persistent viral infection in serum 
and tissues.

To further confirm the critical role of B cells and antiviral anti-
bodies in promoting -IFNAR1 treatment–mediated hastened virus 
clearance, MD4 mice, in which the majority of B cells carry a fixed 
B cell receptor specific for hen egg lysozyme, were pretreated with 
isotype control or -IFNAR1 antibody before Cl13 infection. Be-
cause of the lack of LCMV-specific B cells, MD4 mice generated less 
TFH, GCB cells, and plasma cells after Cl13 infection compared to 
littermate controls (Fig.  4,  A  and  B). Following -IFNAR1 treat-
ment, TFH in MD4 mice showed no measurable increase in frequen-
cies or numbers (Fig. 4, A and B). However, -IFNAR1 treatment 
resulted in slightly elevated GCB and plasma cell frequency and 
number in MD4 mice, although the increase was significantly less 
than observed in WT littermate controls (Fig. 4, A and B). Similar 
to Bcl6fl/fl;OX40Cre mice, the increase in cytokine-producing CD4 
T cells following -IFNAR1 treatment was abrogated in MD4 mice 
(Fig. 4C), suggesting that enhanced CD4 T cell function following 
IFNAR1 blockade requires an antigen-specific B cell response. 
Enzyme-linked immunosorbent assay (ELISA) assay showed that 
these mice produced low levels of LCMV-specific IgG antibody 
(Fig. 4D). Moreover, virus titers remained elevated in MD4 mice, 
and the accelerated virus clearance following -IFNAR1 treatment 
was lost compared to littermate control animals (Fig. 4E). Together, 
our data show that antigen-specific B cell responses are indispens-
able for control of Cl13 infection and the ability of -IFNAR1 treat-
ment to accelerate Cl13 clearance.

NK cells are major cellular mediators of elevated humoral 
immune responses caused by IFNAR1 blockade
It was recently reported that CD8 T cells suppress humoral respons-
es through direct killing of antigen-specific B cells during LCMV 
Cl13 infection (42, 43). To assess whether enhanced GC and plasma 
cell responses following -IFNAR1 treatment are caused by sup-
pression of CD8 T cell function, CD8 T cell–depleted or -IFNAR1–
treated mice were infected with Cl13 and analyzed at 9 d.p.i. We did 
observe that depletion of CD8 T cells resulted in slightly increased 
numbers of GCB cells; however, the effect was much weaker than 
IFNAR1 blockade (Fig. 5B). Moreover, TFH and plasma cells were 
reduced in CD8 T cell–depleted mice (Fig. 5, A and C), which con-
trasted the significant increases in TFH and plasma cells observed 
following -IFNAR1 treatment (Fig. 5, A and C), demonstrating 
that CD8 T cell depletion does not mimic -IFNAR1 treatment 
during Cl13 infection.

Signaling through IFNAR1 promotes activation and proper 
effector generation of CD8 T cells, which may impede antiviral hu-
moral responses (44–47). To further assess the role of T cell– intrinsic 

IFNAR1 signaling in regulating humoral immune responses during 
Cl13 infection, we treated Ifnar1fl/fl;CD4Cre mice with either iso-
type or -IFNAR1 antibody and assessed TFH, GCB, and plasma cell 
responses. Deletion of Ifnar1 from both CD4 and CD8 T cells re-
sulted in a modest but significant reduction in the frequencies and 
total numbers of TFH, GCB, and plasma cells compared to Ifnar1fl/fl 
littermate controls (Fig. 5, D to F). Moreover, -IFNAR1 treatment 
of Ifnar1fl/fl;CD4Cre animals before Cl13 infection resulted in ex-
pansion of TFH, GCB, or plasma cell frequencies and total numbers 
to a similar magnitude as observed in -IFNAR1–treated Ifnar1fl/fl 
littermates (Fig. 5, D to F), further confirming that IFNAR1 signal-
ing in a cell type other than CD4 or CD8 T cells contributes to re-
straining the expansion of TFH, GCB, and plasma cells during Cl13 
infection.

Several studies demonstrated that NK cells eliminate activated 
CD4 and CD8 T cells following LCMV Cl13 infection (21–26). Fur-
ther, IFN-I signaling has been reported to promote NK cell activa-
tion and killing ability (30, 31). We observed significant decreases 
in the expression of both IFN- and granzyme B in NK cells from 
Ifnar1fl/fl;NCR1Cre mice (fig. S2B). NK cell depletion before adop-
tive transfer of virus-specific T cell receptor transgenic CD4 and 
CD8 T cells resulted in substantial increases in the frequencies and 
numbers of these cells (Fig. 6A), supporting previous findings that 
NK cells regulate the numbers of antigen-specific T cells.

Transcriptome analysis of NK cells isolated from -IFNAR1– or 
isotype-treated, Cl13-infected mice identified genes and pathways 
differentially expressed between the groups. As expected, IFN- 
stimulated gene expression levels were drastically reduced in the 
-IFNAR1–treated group (Fig. 6B). Genes enriched in chemotaxis 
and cell migration were also significantly different between the 
groups, with expression of chemokines Ccl4, Cxcl10, and the lectin 
Cd69 decreased, whereas the lymphoid-homing S1P receptor S1pr1 
increased in NK cells from -IFNAR1–treated mice (Fig. 6C). The 
most significantly increased gene in the -IFNAR1 group was the 
TCF1-ecoding gene Tcf7, which limits terminal differentiation of 
NK cells (48). Conversely, effector molecules Gzmb, Gzma, and Prf1 
were lower in the -IFNAR1 group. Gene set enrichment analysis 
found that expression of gene sets correlating to NK cell maturation 
and activation was lower in the -IFNAR1 group (Fig. 6, C and D). 
Flow cytometry analysis further confirmed that expression of NK 
cell effector molecules, including granzyme B and perforin, was 
suppressed upon -IFNAR1 treatment (Fig. 6E). These results sug-
gest that IFNAR1 blockade limits the terminal maturation and acti-
vation of NK cells.

We next assessed how -IFNAR1 treatment and NK cell deple-
tion affected the direct killing of activated CD4 and CD8 T cells 
in vitro and in vivo. We treated Ifnar1-deficient mice with anti-NK1.1 
antibody to deplete NK cells, infected them with Cl13, isolated sple-
nocytes at 5 d.p.i., and adoptively transferred them into mice infected 
with Cl13 3 days before. Those recipient mice were treated with iso-
type, -IFNAR1, or -NK1.1 antibody 1 day before Cl13 infection 
and analyzed 6 hours after transfer (Fig. 6F). Both NK cell depletion 
and -IFNAR1 treatment resulted in similar increases in the fre-
quency of CD44+PD1+ Ifnar1-deficient CD4+ and CD8+ T cells 
compared to isotype control–treated mice (Fig. 6G). Ifnar1-deficient 
T cells were used as target cells for NK cell killing in this and follow-
ing experiments because it has been shown that Ifnar1-deficient 
T cells are more sensitive to NK cell killing than their WT counter-
parts (28, 29). To further demonstrate that NK cells were the likely 
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source of killing, we performed an in vitro NK cell killing experi-
ment. We treated WT mice with either isotype or -IFNAR1 anti-
body, infected them with Cl13, purified NK cells at 3 d.p.i., and 
cocultured them with PD1+ T cells sorted from Ifnar1-deficient mice, 
which underwent NK cell depletion and Cl13 infection 5 days be-
fore. We then analyzed the death of Ifnar1-deficient T cells 5 hours 
after coculture (Fig. 6H). In agreement with our previous results, 

NK cells from -IFNAR1–treated mice killed PD-1+ CD4+ and 
CD8+ T cells less efficiently than isotype control–treated NK cells 
(Fig. 6I). To study whether NK cells specifically kill TFH, PD1+CXCR5+ 
TFH CD4 T cells or PD1+CXCR5− non-TFH CD4+ T cells were used 
as target cells. We observed similar reduction of killing for NK cells 
from Ifnar1fl/fl;NCR1Cre mice against these different CD4 T cell 
subsets (fig. S7A). We next sought to understand where in 
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lymphoid tissue do NK cells interact with and kill activated T cells. 
Spleen sections from isotype- or -IFNAR1–treated mice were 
stained with B220, CD3, and NK1.1. The spleen architecture of iso-
type-treated mice is less intact than that of -IFNAR1–treated mice, 
indicated by the diffused distribution of T cells across the section, 
while T cells in the spleen of -IFNAR1–treated mice form a dis-
tinct T cell zone (fig. S7B).

In general, we found that NK cells localize outside of B cell zones 
(fig. S7B). In the spleens of isotype-treated mice, there was no clear 
separation of NK cells and T cells, while in the spleen of -IFNAR1–
treated mice, we did observe some T cells in the vicinity of NK cells; 
however, most of the T cells were not located in close proximity to 
NK cells (fig. S7B). From these results, we conclude that NK cells do 
not appear to penetrate compact T cell zones that could partially 
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explain the reduced T cell killing observed in -IFNAR1–treated 
mice. Together, our results demonstrated that IFNAR1 blockade 
diminished NK cell killing of activated CD4+ and CD8+ T cells by 
reducing NK cell effector functions and possibly by preventing 
T-NK interactions in vivo.

DISCUSSION
The mechanisms by which inhibition of IFN-I signaling promotes 
control of persistent LCMV infection are incompletely understood. 
In this study, we provide mechanistic insights into this phenome-
non by demonstrating that IFN-I blockade results in elevated num-
bers of TFH, GCB, and plasma cells. This translated into increased 
numbers of LCMV-specific antibody-forming cells and elevated 
levels of isotype-switched LCMV-specific antibodies. It has been 
recently shown in an LCMV-specific B cell receptor transgenic 
mouse model that CD8 T cells kill antigen-specific B cells to sup-
press antigen-specific B cell and antibody responses (42, 43). How-
ever, the cumulative effects of IFNAR1 blockade on controlling 
Cl13 infection appear to be more complex. Notably, deletion of 
Ifnar1 from T cells resulted in elevations in viral titers (Fig. 1A) and 
consistent decreases in TFH, GCB, and plasma cells compared to 
mice with Ifnar1-sufficient T cells (Fig. 5, D to F), demonstrating 
that deletion of Ifnar1 specifically in T cells is not sufficient for 
enhanced humoral responses and viral control. Moreover, in our 
studies, increased TFH differentiation precedes the increase in GCB 
cells (Fig. 2, A and B), suggesting that accelerated TFH differentia-
tion may indirectly regulate GCB and plasma cell responses following 
IFNAR1 blockade. IFNAR1 blockade promotes TFH differentiation 
as early as day 3 after infection, at which time GCs have not yet 
formed (Fig. 2, G and H). Moreover, CD8 depletion modestly in-
creased GCB cells; however, the overall effect was much weaker 
than IFNAR1 blockade in enhancing the GC reaction (Fig. 5, A to C), 
suggesting that both CD8 T cell–dependent and T cell–independent 
pathways contribute to enhanced humoral responses following 
IFNAR1 blockade. CD8 T cell–depleted mice generate less TFH and 
plasma cells, which runs counter to the increases in frequencies and 
total numbers observed in TFH and plasma cell populations follow-
ing IFNAR1 blockade (Fig. 5, A and C). Instead, our data show that 
IFNAR1 signaling in NK cells promotes differentiation and acti-
vation of NK cells and NK cell killing of activated CD4 and CD8 
T cells, thereby suppressing antiviral cellular and humoral immune 
responses (Figs. 1 and 6). Our data agree with the literature, as NK 
cells have been reported to regulate antiviral T and B cell responses 
during Cl13 infection (21–25) and IFNAR1 signaling is essential in 
NK cell activation and differentiation (25, 30, 31). Thus, the gene 
signature in NK cells observed following -IFNAR1 treatment cou-
pled to the reduced CD4 and CD8 T cell killing ability of NK cells 
from -IFNAR1–treated mice demonstrates reduced NK cell func-
tion at both the molecular and cellular levels (Fig. 6). Overall, our 
study highlights the complexity and multicellular modulation of 
IFNAR1 blockade in persistent viral infection where IFNAR1 sig-
naling on various cellular subsets cumulatively contributes to the 
accelerated viral control.

The contribution of humoral immunity in controlling ongoing 
persistent viral infections is well supported in the literature. The ex-
istence of broadly neutralizing antibodies to HIV long after estab-
lishment of viral chronicity and their ability to protect against virus 
challenge in animal models is encouraging (49, 50). More recently, 

therapeutic antibody delivery has been demonstrated to control 
infection in a humanized mouse model of HIV infection (51). During 
LCMV Cl13 infection, B cell–deficient mice or mice expressing an 
unrelated transgenic B cell receptor are unable to terminate Cl13 
persistence (17, 18). A more recent study further demonstrated that 
the absence of the transcription factor T-bet in B cells resulted in 
ablation of antiviral IgG2a/c antibody production and led to pro-
longed virus persistence (41), suggesting that IgG2a/c antibody and/or 
T-bet–expressing B cells are necessary for termination of Cl13 per-
sistence. Our results demonstrate that mice lacking Blimp-1 in B cells, 
a transcription factor necessary for plasma cell generation and anti-
body production, are unable to purge Cl13 infection (fig. S3B), sup-
porting an essential role for plasma cells and their production of 
antiviral antibody in controlling Cl13 infection. In addition, the 
ability of passive serum or anti-LCMV antibody transfer to lower 
viral loads demonstrates that antibody is effective in virus control in 
persistently infected mice (fig. S6). It should be noted that therapeu-
tic treatment of LCMV Cl13–infected mice with LCMV serum or 
antibodies reduced viral loads in serum and tissues but was insuffi-
cient to completely purge mice of Cl13. This could be a result of 
suboptimal concentrations or exposure duration of antiviral anti-
body. However, it is possible that production of -LCMV antibodies 
is essential, but not sufficient, to terminate persistent viral infection. 
This may suggest that other effector mechanisms are needed to ter-
minate persistent viral infection in conjunction with the production 
of antiviral antibodies. Notably, how antiviral antibodies act to ter-
minate Cl13 persistence given that -LCMV antibodies have poor 
neutralizing capacity and their neutralization potential does not 
correlate with protective efficacy (52) remains an open question. 
Moreover, large concentrations of immune complexes generated during 
persistent virus infection can also suppress Fc-receptor effector func-
tions in animal models (53, 54), suggesting that antibody responses can 
also promote immune suppression. Further exploration into what 
antibody effector functions are essential for purging LCMV infection 
may point the way to the generation of specific antibody properties that 
will stimulate optimal control of ongoing persistent virus infections.

The redirection of antiviral CD4 T cell responses away from TH1 
and toward TFH generation before the host gaining control of the 
infection suggests that this antiviral program may be important 
outside of directing humoral immunity (15, 16) and act to preserve 
antiviral immune potential. The recent demonstration that virus- 
specific CXCR5+Bcl6+ CD8 T cells are generated during and pro-
mote control of persistent LCMV infection highlights the importance 
of Bcl6  in preserving immune responses exposed to suppressive 
environments (35–37). The -IFNAR1–mediated enhanced gener-
ation of TFH and GCB cells following Cl13 infection (Figs. 2 to 5) 
correlates with differentiation of CXCR5+Bcl6+ CD8 T cells (55, 56). 
Moreover, it is interesting that Bcl6 expression in CD4 T cells was 
essential for enhanced generation of polyfunctional GP61-specific 
CD4 T cells following IFN-I blockade during Cl13 infection given 
that Bcl6 has not been previously linked to TH1 generation. One 
possibility is that Bcl6 may act as a general pro-proliferative or 
pro-survival factor in antiviral CD4 and CD8 T cells, which would 
be consistent with recent studies in antiviral CD8 T cells (35–37) 
and our data presented herein. Further, data generated in this study 
suggest that NK cell–mediated killing of virus-specific CD4 and 
CD8 T cells contributes to the early restraint of TFH, GCB, plasma 
cell, and functional CD4 and CD8 T cell responses and, in turn, 
promotes Cl13 persistence.
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Together, our study uncovers a previously unappreciated role of 
IFNAR1 signaling in NK cells in the establishment of Cl13 per-
sistence. Notably, the increases in TFH, GCB, and plasma cells in mice 
that lacked IFNAR1 in NCR1+ cells were similar to the magnitude of 
TFH, GCB, and plasma cell increases observed in -IFNAR1– treated 
mice following Cl13 infection, suggesting that IFNAR1 signaling in 
NK cells restrains antiviral humoral responses. We further demonstrate 
that B cells and antiviral antibodies are essential for the accelerated 
control of Cl13 infection following -IFNAR1 treatment. Last, IFNAR1 
signaling in NK cells promoted NK cell maturation and lytic gene 
expression and enhanced cytokine and chemokine production, thereby 
enhancing NK killing of antiviral CD4 and CD8 T cells, compro-
mising humoral immune responses, and hampering virus control.

MATERIALS AND METHODS
Mice and viruses
Ifnar1-floxed mice were provided by U. Kalinke (TWINCORE Center 
of Experimental and Clinical Infection Research, Hannover, Germany). 
NCR1-Cre mice were a gift from V. Sexl (Pharmacology and Toxicol-
ogy, Veterinary University of Vienna). MD4 (Jax stock no. 002595) 
mice were from The Jackson Laboratory. Prdm1fl/fl mice were a gift 
from Dr. M. McHeyzer-Williams. Bcl6fl/fl mice were generated 
at TSRI Mouse Genetics Core following established protocol using 
an embryonic stem-cell clone obtained from the European Conditional 
Mouse Mutagenesis Program (EUCOMM) (clone ID: EPD0745_4_C04). 
All mice were bred and housed under specific pathogen–free con-
ditions. For virus infection, LCMV clone 13 was injected by the in-
travenous route at a dose of 2 × 106 plaque-forming units per 
mouse. For quantification of viremia, blood was drawn from the 
retro- orbital sinus under isoflurane anesthesia. Serum was isolated 
by low-speed centrifugation to remove red and white blood cells. 
Ten microliters of serum was used to perform 10-fold serial dilutions 
and quantified by focus-forming assay on VeroE6 cells as previously 
described (57). Tissues (spleen, lung, liver, and kidney) were harvested 
from euthanized mice and frozen at −80°C. At the time of the assay, 
tissues were thawed, weighed, and homogenized in medium to 10% 
(w/v) and clarified by low-speed centrifugation, and 10 l of the super-
natant was used to quantify titers by focus-forming assay. All mice 
were used in accordance with guidelines from the Institutional An-
imal Care and Use Committee of The Scripps Research Institute.

Mixed bone marrow chimeras
CD45.1 mice were irradiated with two rounds of 500 cGy with a 3-hour 
interval. Bone marrow from Ifnar1+/+ (CD45.1+) and Ifnar1−/− (CD45.2+) 
was subjected to lysis of red blood cells and depleted of T cells by 
magnetic separation. Bone marrow cells were mixed at a ratio of 1:1 
(2 × 106 cells for each genotype) and transferred by injection intra-
venously. Two months later, recipient mice were treated with iso-
type control or -IFNAR1 antibody and infected with LCMV Cl13.

Antibody treatments
Mice were treated with 1 mg of anti-IFNAR1 antibody intraperito-
neally (clone MAR1-5A3) or a mouse IgG1 isotype control (clone 
MOPC21) 1 day before virus infection. For CD8 T cell depletion, 
mice were treated on day −1 and day 4 with 0.5 mg of the CD8 
antibody (clone YTS 169.4.2.1). For NK cell depletion, mice were 
treated with 0.25 mg of anti-NK1.1 (clone PK136) or isotype con-
trol 2 days before virus infection.

Flow cytometry and intracellular staining
Single-cell suspensions were prepared from spleen. Antibody for cell 
surface markers was added, followed by incubation for 30 min at 
4°C. For staining of CXCR5 of TFH, single cells were stained with 
purified antibody to mouse CXCR5 (2G8; BD Biosciences), followed by 
biotin- conjugated antibody to rat IgG2a (MRG2a-83; BioLegend) and 
streptavidin-allophycocyanin. For intracellular cytokine staining, sple-
nocytes were stimulated with major histocompatibility complex (MHC) 
class I–restricted LCMV- GP33–41 (2 g/ml) or MHC class II– restricted 
LCMV-GP61–80 peptide (10 g/ml) for 1 hour in the absence of 
brefeldin A and then 5 hours in the presence of brefeldin A (4 g/ml; 
Sigma-Aldrich, St. Louis, MO). Cells were fixed and permeabilized with 
2% saponin, and intracellular staining was performed with antibodies 
to IFN- (XMG1.2), TNF- (MP6-XT22), and IL-2 (JES6-5H4). Flow 
cytometric analysis was performed using BD LSR II (Becton Dickinson), 
and data were analyzed using FlowJo (Tree Star Inc., Ashland, OR). 
Absolute cell numbers were determined by multiplying the frequency 
of specific cell populations by the total number of viable cells.

Enzyme-linked immunosorbent assay
Microtiter plates were coated with lysate of LCMV Cl13–infected 
baby-hamster kidney (BHK) cells. Nonspecific binding was blocked 
with 3% bovine serum albumin (BSA) in phosphate-buffered saline 
(PBS). Serum samples were serially diluted in PBS with 1% BSA and 
incubated in blocked plates at 4°C overnight. Plates were incubated with 
biotin-conjugated anti-IgG (1030-08; Southern Biotech) for 2 hours, 
with streptavidin– alkaline phosphatase (Roche) for 1 hour, and then 
with alkaline phosphatase substrate solution containing 4-nitro- phenyl 
phosphate (Sigma-Aldrich) for color development, followed by quanti-
fication on a VERSAmax microplate reader (Molecular Devices).

Histology and sectioning
To obtain tissues for immunofluorescent staining, spleens were 
harvested at day 9 after LCMV C13 infection and frozen in optimal 
cutting temperature compound. Six-micrometer frozen sections were 
cut, fixed with 4% paraformaldehyde, blocked with 10% fetal bovine 
serum (FBS), stained at room temperature for 2 hours with Alexa 
Fluor 488–anti-mouse-GL7 and Alexa Fluor 647–anti-mouse–IgD, 
and then washed and mounted using mounting medium.

Enzyme-linked immunospot
Nitrocellulose-bottom 96-well multiscreen plates (Millipore Corpora-
tion, CA) were coated with 100 l per well of lysate of LCMV Cl13–
infected BHK cells and incubated at 4°C overnight. Plates were washed 
with PBS containing 0.1% Tween 20 (PBS-T) and then washed with PBS.  
The plates were blocked with 100 l of RPMI medium with 10% FBS for 
1 hour at room temperature. Single-cell suspensions were serially diluted 
in complete medium and incubated in blocked plates for 15 hours at 
37°C, 5% CO2 incubator. Plates were washed with PBS-T and then incu-
bated with biotinylated anti-mouse IgG (Jackson ImmunoResearch) 
overnight at 4°C. The plates were washed with PBS-T and incubated 
with horseradish peroxidase–conjugated avidin-D (Vector) followed 
by incubation with a 3-amino-9-ethylcarbazole (AEC) substrate. The 
plates were then washed and dried, and red spots were counted.

In vivo killing assay
Ifnar1 KO mice (CD45.2) were treated with anti-NK1.1 antibody 
and infected with LCMV Cl13. Splenocytes were prepared from 
those mice at 5 d.p.i. and adoptively transferred into CD45.1 mice 
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infected with Cl13 3 days before. Those CD45.1 recipient mice were treated 
with isotype, -IFNAR1, or -NK1.1 antibodies 1 day before Cl13 infec-
tion, and their splenocytes were harvested 6 hours after transfer and 
analyzed for CD44+PD1+ T cell recovery by flow cytometry (21).

In vitro killing assay
Ifnar1 KO mice were treated with anti-NK1.1 antibody and infected 
with LCMV Cl13. PD1+ CD4 and CD8 T cells were sorted from these 
mice at day 5 after infection. NK1.1+CD3− NK cells were sorted from 
WT mice treated with either isotype or anti-IFNAR1 antibody and 
subsequently infected with LCMV Cl13 at day 3 after infection. NK cells 
(3 × 105) were mixed with 1 × 105 T cells, cultured in RPMI medium for 
5 hours in round bottom 96-well plates, and then stained with Live/Dead 
stain and annexin V to determine T cell killing by NK cells (28, 29).

Statistical analysis
Statistical comparisons of viral titer data in Figs. 1A, 3 (E and F), 
and 4E and figs. S3B and S4 (D and E) were performed using two-
way analysis of variance (ANOVA) followed by Mann-Whitney 
U test with Holm-Šídák multiple testing correction for overall and 
time point– or organ-specific comparison of experimental groups. 
Log-transformed viral titer values were used. Statistical comparison 
of sample groups in fig. S4F was performed using the Kruskal-Wal-
lis one-way ANOVA test on log-transformed titer data and Dunn 
multiple comparisons test for all pairwise comparisons. P values in 
Fig. 2 (A to C) were determined using two-way ANOVA and Holm-
Šídák post hoc test for comparing the isotype-treated group with 
the -IFNAR1–treated group. Statistical analysis of fig. S1 (B and C) 
was performed using two-way ANOVA, and P value for the experi-
mental group comparison (Cre+ versus Cre− mice) is reported. P values 
in fig. S3C were determined using two-way ANOVA and Holm-Šídák 
post hoc test for comparing cre− groups and cre+ groups at each 
time point. P values in Figs. 2J, 3 (B and D), and 4 (B to D) and 
figs. S2D and S5 (C and D) were determined by one-way ANOVA 
and Tukey’s post hoc multiple comparisons test for all pairwise 
comparisons. P values in Fig. 5 (A to F) were determined by Dunnett’s 
T3 multiple comparisons test for all pairwise comparisons. P values 
in Fig. 6G were determined by Dunnett’s method with the isotype 
group as control. The remaining P values were determined using 
two-tailed Student’s t test. Statistical significance is displayed as 
*P < 0.05, **P < 0.01, and ***P < 0.001.

RNA sequencing and analysis
Total RNA from purified cells was isolated and subjected to mRNA 
library preparation and sequencing using single-end 75–base pair reads 
at a depth of >20 million reads per sample. Demultiplexed FASTQ files 
were aligned to the mouse genome (Ensembl mm10 with transcriptome 
annotations version 95) using STAR version 2.7.1a (58). Statistical 
normalization and differential expression analysis were performed 
using R version 3.6.2 (59) and R package DESeq2 version 1.26.0 (60). 
Gene set enrichment analysis was performed using GSEA version 4.0.3 
(61). Enrichment analysis of heatmap clusters was performed using 
AmiGO2. Raw data were deposited in Gene Expression Omnibus 
under the accession no. GSE147330.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/13/eabb8087/DC1

View/request a protocol for this paper from Bio-protocol.
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