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Introduction
Pathogenic human coronaviruses, which include severe acute respi-
ratory syndrome-coronavirus (SARS-CoV), Middle East respiratory 
syndrome-CoV (MERS-CoV), and SARS-CoV-2, cause lethal pneu-
monia. COVID-19, caused by SARS-CoV-2, has reached pandem-
ic proportions, with 158 million confirmed cases and 3.3 million 
deaths as of May 11, 2021 (1). SARS, MERS, and COVID-19 are most 
severe in aged individuals and those with underlying comorbidi-
ties (2–4). While SARS-CoV-2 has caused a pandemic, MERS-CoV 
has been identified by the WHO as a priority pathogen and by the 
Coalition for Epidemic Preparedness Innovation as a candidate for 
vaccine development because it also causes severe disease without 
therapeutic options and has epidemic potential (5).

Oxidative stress and chronic low-grade inflammation (inflam-
maging; refs. 6, 7) occur in the lungs during aging, are associated 
with immune system dysfunction (8, 9), and result in less effec-
tive development of immune memory after vaccination or natu-
ral infection (10, 11). Inflammaging in the lungs is countered, in 
part, by age-dependent increased expression of a single inducible 
phospholipase with antiinflammatory/proresolving properties, 
phospholipase A2 group IID (PLA2G2D; refs. 12, 13). PLA2G2D is 
increased in lung dendritic cells (DCs) as mice age (13) and contrib-
utes to the production of several antiinflammatory lipid mediators 
(e.g., prostaglandin D2 [PGD2], PGE2, PGF2α, and thromboxane 

B2; refs. 12–14). However, we found that these antiinflammatory 
responses contributed to a delayed immune response and, sub-
sequently, delayed kinetics of virus clearance after infection with 
SARS-CoV, which rapidly replicates to high titers in the lungs (15). 
Decreased age-related survival in SARS-CoV–infected mice was 
largely reversed in Pla2g2d–/– mice as a consequence of enhanced 
respiratory dendritic cell (rDC) migration from the lungs to drain-
ing lymph nodes and subsequent augmented virus-specific T cell 
responses (13). Since vaccination efficacy is lower in aged com-
pared with young mice, we reasoned that the absence of PLA2G2D 
would also enhance memory T cell and antibody responses after 
intranasal (i.n.) immunization with sublethal virus infection or 
with other immunogens, thereby increasing vaccine efficacy.

To assess this possibility, we immunized and infected mice 
with MERS-CoV, SARS-CoV, or SARS-CoV-2. Most of the stud-
ies described below study MERS-CoV–infected mice. Mice 
were immunized with a sublethal dose of MERS-CoV (sublethal 
infection) or with a replication-incompetent alphavirus replicon 
particle expressing the spike protein or nucleocapsid of MERS-
CoV (VRP-MERS-S, VRP-MERS-N). Mice are normally resis-
tant to infection with MERS-CoV, but are rendered susceptible 
to the virus if the human receptor human dipeptidyl peptidase-4 
(hDPP4) is present. For this purpose, we generated mice knocked-
in for hDPP4 and then further adapted the virus to mice by serial 
passage through these mice (16). We then produced hDPP4 mice 
lacking Pla2g2d expression (hDPP4-Pla2g2d–/– mice) by crossing 
the hDPP4 mice with Pla2g2d–/– mice. To study SARS, we directly 
infected Pla2g2d–/– mice with mouse-adapted SARS-CoV, as previ-
ously described (13). Mice are naturally resistant to SARS-CoV-2, 
but become susceptible if the human receptor (human angioten-
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transduced with Ad5-hACE2 and challenged with the same dose 
of virus (Supplemental Figure 2A). Of note, hACE2 expression was 
not diminished after the second transduction with Ad5-hACE2 
(Supplemental Figure 2B). In agreement with previous reports 
(17, 18), infected Ad5-hACE2–transduced mice lost weight but 
all survived. SARS-CoV-2 infection caused less weight loss in 
Ad5-hACE2–transduced naive Pla2g2d–/– compared with naive 
Pla2g2d+/+ (WT) mice. However, prior immunization protected 
Ad5-hACE2–transduced WT mice from weight loss and enhanced 
the kinetics of virus clearance after a second challenge, but had 
no ameliorating effect on viral clearance or clinical disease in 
Pla2g2d–/– mice (Supplemental Figure 2, C and D). For SARS-
CoV, we immunized 5-month-old mice i.n. with VRP-SARS-S and 
challenged them with a lethal dose of SARS-CoV 2 months later 
(Supplemental Figure 2F). In the absence of immunization, sur-
vival was greater in SARS-CoV–infected Pla2g2d–/– compared with 
Pla2g2d+/+ mice (Supplemental Figure 2G), in agreement with pub-
lished results (13). As in MERS-CoV–infected mice, VRP-SARS-S 
immunization completely protected SARS-CoV–infected WT 
mice from severe disease but had no effect on clinical outcomes in 
infected Pla2g2d–/– mice (Supplemental Figure 2G).

To assess whether the defect in memory response generation 
was unique to i.n. inoculation, we immunized middle-aged mice 
intraperitoneally (i.p.) with VRP-MERS-S (Figure 1H). Immuniza-
tion of either Pla2g2d–/– or WT mice was equally protective after 
i.n. challenge with a lethal dose of virus (Figure 1I), demonstrating 
that the effects of the absence of PLA2G2D were confined to the 
respiratory tract.

Intranasally immunized middle-aged Pla2g2d–/– mice mount 
minimal CoV-specific antibody responses after virus challenge. 
Virus-specific neutralizing antibodies are critical for protec-
tion against rechallenge with homologous virus (22), so next we 
assessed whether differences in virus-specific antibody responses 
in hDPP4 and hDPP4-Pla2g2d–/– mice after i.n. or i.p. immuniza-
tion and MERS-CoV challenge contributed to the observed phe-
notypes. Unexpectedly, we detected virtually no serum anti–virus 
neutralizing (PRNT50) antibodies after cognate virus challenge of 
middle-aged hDPP4-Pla2g2d–/– mice that had been i.n. immunized 
with a sublethal dose of MERS-CoV (Figure 2A) or VRP-MERS-S 
(Figure 2C). A similar lack of virus-specific antibody response was 
observed in middle-aged mice immunized and challenged with 
SARS-CoV-2 (Supplemental Figure 2E) or SARS-CoV (Supple-
mental Figure 2H).

Equivalent PRNT50 responses were detected in young hDPP4 
and hDPP4-Pla2g2d–/– mice (primed at 8 weeks) immunized with a 
sublethal dose of MERS-CoV (Figure 2B) or VRP-MERS-S (Figure 
2D), and challenged with cognate virus. Of note, virus clearance 
was more rapid in both young and middle-aged hDPP4-Pla2g2d–/– 
compared with hDPP4 mice, respectively, after immunization in 
the absence of challenge (Supplemental Figure 3), but antibody 
production was only defective in the middle-aged mice. These 
results indicate that more rapid virus clearance was not a major 
factor responsible for impaired virus-specific antibody produc-
tion in the older group. Consistent with the clinical data shown in 
Figure 1I, i.p. immunization of middle-aged hDPP4-Pla2g2d–/– and 
hDPP4 mice resulted in equivalent production of virus-specif-
ic antibodies (Figure 2E). These results indicate that there is an 

sin converting enzyme-2 [hACE2]) is provided using an adenovi-
rus encoding hACE2 (Ad5-hACE2; refs. 17, 18). Use of Ad5-hACE2 
transduction allowed for infection of Pla2g2d–/– and Pla2g2d+/+ 
mice with human strains of SARS-CoV-2.

Here, in contrast to results observed in mice with acute respi-
ratory CoV infection, we found that i.n. immunization of mid-
dle-aged (5–8 months old) but not young (8 weeks old) Pla2g2d–/– 
mice resulted in no improvement in outcomes after MERS-CoV 
challenge because virtually no virus-specific antibody was pro-
duced. Similar results were found in mice infected with SARS-
CoV or SARS-CoV-2. Antibody deficiency resulted from a nearly 
complete absence of a follicular helper CD4+ T cell (Tfh) response. 
As in the acute infection, activation of rDCs was enhanced in 
Pla2g2d–/– mice, but in this case, it resulted in poor Tfh cell and 
virus-specific antibody production.

Results
PLA2G2D deficiency impairs protection in middle-aged but not young 
mice after MERS-CoV immunization and challenge. To address the 
role of PLA2G2D in memory immune responses, we immunized 
middle-aged (5–6 month old) hDPP4 and hDPP4-Pla2g2d–/– mice 
with a sublethal dose of virus (Figure 1, A–C) or VRP-MERS-S 
(Figure 1, D–I) and then challenged them with a lethal dose of 
MERS-CoV. Prior to analyzing these mice, we found that acute 
MERS-CoV infection of naive middle-aged Pla2g2d–/– mice result-
ed in more rapid kinetics of virus clearance (Figure 1, B and E), 
decreased pathological damage (Supplemental Figure 1, A and B; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI147201DS1), and diminished morbidity and 
mortality (Figure 1, C and F) compared with infected hDPP4 
mice, consistent with studies of SARS-CoV (13). In contrast, while 
immunization with a sublethal dose of MERS-CoV protected mid-
dle-aged hDPP4 mice from weight loss and death and enhanced 
the kinetics of virus clearance, it did not increase survival of mid-
dle-aged hDPP4-Pla2g2d–/– mice (Figure 1, B and C).

A lack of protection was not confined to sublethal infection 
because similar results were observed in middle-aged hDPP4 and 
hDPP4-Pla2g2d–/– mice that were i.n. primed and boosted with 
VRP-MERS-S (19, 20) and then challenged with a lethal dose (750 
pfu) of MERS-CoV (Figure 1D). Immunization with VRPs express-
ing exogenous proteins has been shown to be protective in sever-
al virus infections (21). While VRP-MERS-S immunization aug-
mented the kinetics of virus clearance and protected middle-aged 
hDPP4 mice from death, it had no effect on virus clearance (Fig-
ure 1E) or survival (Figure 1F) of middle-aged hDPP4-Pla2g2d–/– 
mice after MERS-CoV challenge. Consistently, increased lung 
damage was found in infected immunized middle-aged hDPP4-
Pla2g2d–/– compared with hDPP4 mice (Supplemental Figure 1, A 
and B). Pla2g2d increases as mice age (13). Consistent with these 
results and in contrast to results obtained with middle-aged mice, 
immunization completely protected young hDPP4 and hDPP4-
Pla2g2d–/– mice from lethal MERS (immunized at 8 weeks of age 
and challenged 70 days later) (Figure 1G).

Similar results were obtained in mice infected with SARS-
CoV-2 or SARS-CoV. For SARS-CoV-2 immunization, Ad5-
hACE2–transduced mice were infected with 105 pfu SARS-CoV-2 
since the infection is nonlethal. For challenge, mice were again 
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Figure 1. PLA2G2D deficiency impairs immunization-induced protection in middle-aged mice challenged with MERS-CoV. (A) Protocol for MERS-CoV 
sublethal infection and challenge. Six-month-old hDPP4 or hDPP4-Pla2g2d–/– mice were immunized with a sublethal dose (100 pfu) of MERS-CoV or PBS 
i.n. on day 0, followed by i.n. infection with a lethal dose (750 pfu) of MERS-CoV on day 28. Virus titers in lungs at 7 dpi (n = 6) (B) and survival (n = 8–10/
group) (C) of naive and immunized 6-month-old hDPP4 or hDPP4-Pla2g2d–/– mice are shown. (D) Protocol for VRP-MERS-S immunization and MERS-
CoV infection. 8-week-old (young) or 5-month-old (middle-aged) hDPP4 or hDPP4-Pla2g2d–/– mice were treated with VRP-MERS-S or PBS i.n. on day 0 
and day 28, followed by a lethal dose (250 pfu for young mice and 750 pfu for middle-aged mice) of MERS-CoV i.n. on day 70. (E) Virus titers in lungs of 
middle-aged hDPP4 or hDPP4-Pla2g2d–/– mice at 7 dpi are shown, n = 6/group. (F) Survival of infected middle-aged mice, n = 8 to 10/group. (G) Survival of 
infected young (8-week-old) mice, n = 8 to 10/group. (H) Protocol for i.p. VRP immunization. Five-month-old hDPP4 or hDPP4-Pla2g2d–/– mice were immu-
nized with VRP-MERS-S or PBS i.n. on day 0 and day 28, followed by infection with a lethal dose (250 pfu for young mice and 750 pfu for middle-aged 
mice) of MERS-CoV i.n. on day 70. (I) Survival of i.p. immunized and infected hDPP4 or hDPP4-Pla2g2d–/– mice is shown, n = 20/group. (B and E) Data are 
shown as mean ± SEM and analyzed using 1-way ANOVA. (C, F, G, and I) Survival rates of groups were analyzed using Kaplan-Meier log-rank survival tests. 
All data are representative of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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MERS-S and, additionally, VRP-MERS-N (expressing the nucleo-
capsid [N] protein, Figure 3A) for the reasons described below. We 
detected only modest differences in total IgG in the sera and bron-
choalveolar lavage fluid (BAL) (Figure 2F and Supplemental Fig-
ure 4A). However, there was a nearly complete absence of serum 
MERS-CoV–specific antibodies measured using ELISPOT assays 
or PRNT50 in hDPP4-Pla2g2d–/– mice after i.n. priming and boost-
ing (in the absence of challenge) (Figure 3B and Supplemental Fig-
ure 4B). Further, we detected an increase in numbers of germinal 
center B cells (CD3–B220+CD27–CD138–CD23+GL7+) in the DLNs 
of i.n. immunized hDDP4 but not hDPP4-Pla2g2d–/– mice (Figure 3, 
C and D). There was also an absence of bronchus-associated lym-
phoid tissue (BALT, ectopic germinal center) in hDPP4-Pla2g2d–/– 

essential role for PLA2G2D expression in virus-specific antibody 
responses in i.n. immunized and challenged middle-aged mice.

Impairment of CoV-specific antibody responses in middle-aged 
Pla2g2d–/– mice after immunization is not B cell intrinsic. The 
absence of a virus-specific neutralizing antibody response in 
immunized middle-aged Pla2g2d–/– mice after challenge could 
reflect a generalized defect in antibody production, an inabili-
ty to mount a virus-specific response after i.n. immunization, or 
normal responses to the vaccine but rapid waning of virus-specific 
antibodies before challenge. To distinguish among these mecha-
nisms, we examined the B cell compartment in immunized hDPP4 
and hDPP4-Pla2g2d–/– mice before challenge. We i.n. immunized 
5-month-old hDPP4 and hDPP4-Pla2g2d–/– mice with VRP-

Figure 2. Impaired vaccine efficacy in MERS-CoV–challenged middle-aged Pla2g2d–/– mice results from a deficiency in neutralizing antibody produc-
tion. Middle-aged (A, C, E, and F) or young (B and D) hDPP4 or hDPP4-Pla2g2d–/– mice were immunized with a sublethal dose of MERS-CoV (A and B) 
or VRP-MERS-S (C–F) and then challenged with lethal dose of MERS-CoV as described in Figure 1. Virus-specific serum neutralizing antibody titers (47) 
were measured by PRNT50 assay at indicated days after challenge as described in Methods, n = 5/group. (A–E) Each data point represents 1 animal. (F) 
Sera and BAL were harvested from immunized middle-aged hDPP4 or hDPP4-Pla2g2d–/– mice on 15 dpi and levels of IgG, IgM, IgA, and IgE were deter-
mined by ELISA as described in Methods, n = 6 to 12/group. Representative data of 3 independent experiments are shown as mean ± SEM and analyzed 
using Student’s t test. *P < 0.05.
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production was observed after i.n. but not systemic immunization 
and did not result from a global B cell–intrinsic defect.

Absence of follicular helper CD4+ T cell (Tfh) response in intrana-
sally immunized/infected middle-aged Pla2g2d–/– mice. Generation 
of an optimal virus-specific antibody response requires a robust 

compared with hDPP4 lungs after immunization (Figure 3E). In 
contrast, neutralizing antibody production (Supplemental Figure 
4C) and numbers of germinal center B cells (Figure 3D) were 
equivalent after i.p. immunization of hDPP4 and hDPP4-Pla2g2d–/– 
mice with VRP-MERS-S. Thus, impaired CoV-specific antibody 

Figure 3. Immunized middle-aged hDPP4-Pla2g2d–/– mice showed impaired virus-specific antibody production and germinal center B cell expansion. 
(A) Protocol for VRP immunization and sample collection. Five-month-old hDPP4 or hDPP4-Pla2g2d–/– mice were immunized with VRP-MERS-S/VRP-
MERS-N, or PBS i.n. on day 0 and day 28. (B) Virus-specific antibody-producing cells in the spleens of VRP-MERS-S or VRP-MERS-N immunized mice 
were identified using ELISPOT assays as described in Methods, n = 5/group. (C) Gating strategy for detecting B cell subsets in DLN: total B cell (CD3–B220+), 
memory B cell (CD3–B220+CD27+CD80+GL7–), plasma cell (CD3–B220+CD27+CD138+), germinal center B cell (GC B, CD3–B220+CD27–CD23+GL7+). (D) Numbers of 
total B cell and B cell subsets in naive and immunized mice, n = 5/group, were determined as described in Methods. (E) Bronchial-associated lymphoid-like 
tissue in lungs of hDPP4 and hDPP4-Pla2g2d–/– mice at day 30 after boosting with VRP-MERS-S (indicated with arrow). (B and D) Data are shown as mean 
± SEM and are representative of 3 independent experiments. Data shown in D were compared using 1-way ANOVA. **P < 0.01.
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Figure 4. Middle-aged hDPP4-Pla2g2d–/– mice show impaired Tfh cell development after immunization and challenge. (A) Five-month-old hDPP4 or 
hDPP4-Pla2g2d–/– mice were immunized with VRP-MERS-S i.n. on day 0 and day 28. Flow plots of PD-1+CXCR5+ (Tfh) CD4+ T cells in lungs and spleens 
of mice sacrificed on day 35 after priming are shown. (B and C) The number of total Tfh cells in lungs and spleens of mice at indicated days after i.n. 
immunization (B) or i.p. immunization (C), n = 4/group at each time point. (D–G) Five-month-old hDPP4 or hDPP4-Pla2g2d–/– mice were immunized with 
VRP-MERS-N i.n. on day 0 and day 28. (D) Gating strategy (using samples from hDPP4 mice). (E and F) N99+ CD4+ T cells were detected using I-Ab/N99 
tetramers. Percentage of total N99+ CD4 in total CD4+ T cells, Tfh cells (CXCR5+PD-1+) in N99+ CD4+ T cells (E), and Bcl-6+ cells in N99+ CD4+ T cells and 
Foxp3+ cells in CD4+ Tfh cells (CXCR5+PD-1+ CD4+ T cells) (F), n = 4/group. (G) Expression of IFN-γ, IL-21, IL-2, and TNF by lung and splenic N99+ CD4+ T cells 
was determined after stimulation with a MERS-CoV N protein peptide pool as described in Methods, n = 4/group. (B, C, and E–G) Data are shown as mean 
± SEM and are representative of 3 independent experiments. Data shown in B and C were compared using multiple regression analysis. Data shown in E–G 
were analyzed using Student’s t test. *P < 0.05, **P < 0.01.
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Tfh response (23, 24). Tfh cells generally express surface markers 
CXCR5 and PD-1, the transcription factor Bcl-6, and IL-21 (25–
27). Examination of T cells isolated from the lungs of mice immu-
nized with VRP-MERS-S revealed the nearly complete absence of 
CD4+ T cells expressing CXCR5/PD-1 (Figure 4, A and B). Addi-
tionally, Tfh cells were almost completely absent from the lungs 
and spleens of mice immunized with SARS-CoV-2 (Ad5-hACE–

transduced) or VRP-SARS-S (Supplemental Figure 5, A and B). As 
expected, Tfh cells were detected in equivalent numbers in young 
hDPP4 and hDPP4-Pla2g2d–/– mice (Supplemental Figure 5C) or 
after i.p. immunization (Figure 4C).

We then assessed the CoV-specific Tfh response in immu-
nized mice in the absence of challenge. The MERS-CoV N protein 
encodes an I-Ab–restricted CD4+ T cell epitope N99, facilitating 

Figure 5. Immunization induces increased accumulation of and IL-1β expression by CD11c+ rDCs in DLNs of hDPP4-Pla2g2d–/– mice. Five-month-old 
hDPP4 and hDPP4-Pla2g2d–/– mice were immunized with VRP-MERS-S or PBS i.n. on day 0 and day 28, followed by a lethal dose (750 pfu) of MERS-CoV 
i.n. on day 70. Mice were treated intranasally with CFSE at day 0 after infection to track the migration of lung DCs. (A) The number of DCs in lung DLNs or 
spleens of VRP-MERS-S–immunized and infected middle-aged hDPP4 or hDPP4-Pla2g2d–/– mice was determined by flow cytometry at the indicated dpi, n 
= 4/group. (B) Expression of cytokines (pro-IL-1β, IL-6, IL-10, IL-12, and TNF), MHC molecules, and costimulatory molecules (CD80, CD83, CD86) by lung and 
DLN DCs harvested from immunized hDPP4 or hDPP4-Pla2g2d–/– mice is shown. Data are shown as mean ± SEM and are representative of 3 independent 
experiments, n = 4/group. (C) An in vitro Tfh cell differentiation culture system was established as described in Methods. Percentage of CXCR5+Bcl-6+, 
IL-2+, and IL-17+ CD4+ T cells at day 4 of culture with different concentrations of exogenous IL-1β is shown, n = 5/group. (D) DC adoptive transfer was carried 
out as shown in protocol. The survival of mice and production of neutralizing antibody were determined after challenge, n = 5/group. (A–D) Data are shown 
as mean ± SEM and are representative of 3 independent experiments. Data shown in A and B were analyzed using Student’s t test, while the percentages 
of CXCR5+Bcl-6+, IL-2+, and IL-17+ CD4+ T cells shown in C were analyzed in an IL-1β dose-dependent manner using 1-way ANOVA. *P < 0.05.
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tor of Tfh cell development (32), and TNF were expressed at high-
er levels in these mice (Figure 4G). Therefore, PLA2G2D deficien-
cy changed the profile of cytokine expression by CD4+ T cells and 
resulted in a dramatic impairment of Tfh cell formation.

Impaired Tfh cell formation in middle-aged hDPP4-Pla2g2d–/– 
mice is not T cell intrinsic. To determine whether the absence of 
Tfh cell formation after i.n. immunization is T cell intrinsic, we 
cotransferred splenic CD4+ T cells from 6-month-old Thy1 and 
CD45-mismatched unimmunized mice (Pla2g2d+/+CD45.1+Thy1.2+ 
and Pla2g2d–/–CD45.2+Thy1.2+) into Pla2g2d+/+CD45.2+Thy1.1+ 
mice prior to immunization with a single sublethal dose of MERS-
CoV (Supplemental Figure 6A). Sublethal MERS-CoV immuniza-
tion was used in these experiments because VRP-MERS-S/N vac-
cination is a 2-step process, requiring priming and boosting. On 
10, 20, and 30 days after immunization, lungs, DLNs, and spleens 
of recipients were analyzed. CD4+ T cells from Pla2g2d+/+ and 
Pla2g2d–/– mice differentiated equivalently into Tfh cells, suggest-
ing a T cell–extrinsic defect in Pla2g2d–/– mice (Supplemental Fig-
ure 6, B and C). Further, Tfh cell survival was not grossly impaired 

tracking of the virus-specific Tfh response after immunization. 
After i.n. immunization with VRP-MERS-N, N99-specific CD4+ T 
cells were detected at equivalent levels in the spleens and lungs of 
middle-aged hDPP4 and hDPP4-Pla2g2d–/– mice (Figure 4, D and 
E). However, virtually no N99-specific CXCR5+PD-1+ CD4+ T cells 
were detected in hDPP4-Pla2g2d–/– lungs or spleens (Figure 4E). 
Consistent with these data, Bcl-6 was decreased in N99-specific 
hDPP4-Pla2g2d–/– CD4+ T cells (Figure 4F). Follicular regulatory 
T cells (Tfr) expressing Foxp3 inhibit Tfh cell function (28–31). 
However, frequencies of Foxp3+N99+CD4+ Tfr were very low but 
similar in both hDPP4 and hDPP4-Pla2g2d–/– mice (Figure 4F 
and Supplemental Figure 5D), making it unlikely that these cells 
contribute to the deficiency in Tfh cells in middle-aged hDPP4-
Pla2g2d–/– mice. Moreover, transcription factors associated with 
other Th subsets were comparable between hDPP4 and hDPP4-
Pla2g2d–/– mice (Supplemental Figure 5D).

After N99 peptide stimulation, equivalent numbers of cells 
expressed IFN-γ in the lungs and spleens, but IL-21–expressing 
cells were largely absent in hDPP4-Pla2g2d–/– mice. IL-2, an inhibi-

Figure 6. Adoptive transfer of hDPP4 CD11c+ rDCs and low-dose anti–IL-1β treatment synergized to reverse impaired Tfh cell and virus-specific antibody 
production in hDPP4-Pla2g2d–/– mice. (A) Protocol for rDC adoptive transfer and IL-1β blockade in infected hDPP4-Pla2g2d–/– mice. (B) Serum MERS-CoV–
specific PRNT50 in mice were determined at indicated days after immunization with sublethal dose of MERS-CoV, n = 4/group. (C and D) Immunized mice 
were challenged with a lethal dose of MERS-CoV and monitored for survival (C) and virus load (D), n = 5 to 6/group. (E and F) Serum MERS-CoV-specific 
PRNT50 (E) and Tfh cell numbers (F) in lungs and spleen were determined at indicated days after challenge, n = 4/group. (B–F) Data are shown as mean ± 
SEM and are representative of 3 independent experiments. Data shown in B, E, and F were compared using multiple regression analysis, while data shown 
in D were analyzed using Student’s t test. *P < 0.05, **P < 0.01.
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Figure 7. Increased DLN cell apoptosis and aberrant spleen follicle formation in infected hDPP4-Pla2g2d–/– mice. (A) Five-month-old hDPP4 and hDPP4-
Pla2g2d–/– mice were immunized with VRP-MERS-S or PBS as described in Figure 1D and challenged i.n. with a lethal dose of MERS-CoV. H&E staining 
of spleens and DLNs from naive and immunized middle-aged hDPP4 or hDPP4-Pla2g2d–/– mice (sacrificed on day 0 or day 70 after immunization with 
VRP-MERS-S) is shown. Original magnification ×400. (B) DLN from middle-aged hDPP4 or hDPP4-Pla2g2d–/– mice were harvested on 7 dpi. Note small size 
of LNs present in immunized hDPP4-Pla2g2d–/– mice. (C) Gating strategy for flow analysis. (D and E) Expression of caspase-3 in CD3+ T cell, CD3–B220+ B 
cell, CD3–B220–Ly6C+ monocyte, CD3–B220–Ly6G+ neutrophil, and CD3–B220–Ly6C–Ly6G– stromal cells, as determined by flow cytometry is shown. (B and E) 
Summary data are shown and are representative of 3 independent experiments. Data are shown as mean ± SEM and analyzed using Student’s t test, n = 
5/group. *P < 0.05, ***P < 0.001. (F) Confocal image of hDPP4 and hDPP4-Pla2g2d–/– spleens harvested on 7 dpi. F, follicle.
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in hDPP4-Pla2g2d–/– mice (Figure 5D). Since IL-1β was the only 
cytokine that differed in expression by CD11c+ rDCs (Figure 5B) 
and increased levels of IL-1β resulted in decreased Tfh cell gen-
eration (Figure 5C), we next treated mice with low levels of IL-1β 
blocking antibody (Supplemental Figure 8A), to minimize the 
effects of IL-1β expressed by recipient hDPP4-Pla2g2d–/– rDCs, 
while not affecting Tfh cell differentiation (33–36). Unlike high-
er doses of anti–IL-1β antibody, this dose (1 μg/g weight) did not 
delay virus clearance or inhibit CoV-specific antibody production 
(Supplemental Figure 8B). We then challenged mice at 28 dpi. 
By itself, IL-1β blockade failed to reverse decreased survival or 
impaired neutralizing antibody production (Supplemental Fig-
ure 8C). However, transfer of CD11c+ rDCs from hDPP4 mice 
in conjunction with anti-IL-1β antibody (Figure 6A) resulted in 
greater survival compared with those receiving CD11c+ rDCs 
from hDPP4-Pla2g2d–/– mice (Figure 6C). More impressively, 
defects in kinetics of virus clearance after challenge (Figure 6D), 
neutralizing antibody production (Figure 6, B and E), and Tfh cell 
numbers in the lung (Figure 6F) were reversed. Taken together, 
these results suggest that PLA2G2D expression specifically in 
lung CD11c+ rDCs is critical for the development of Tfh cells and 
production of virus-specific antibody.

Increased DLN cell apoptosis and aberrant splenic follicle archi-
tecture in immunized hDPP4-Pla2g2d–/– mice after virus challenge. 
To begin to understand the basis of this rDC-specific defect, we 
analyzed the architecture of the DLN and spleen, since these are 
primary sites for initiation and activation of adaptive immune 
responses after lung infection. We observed no differences in the 
structure of the spleen or DLN when naive and immunized (Figure 
7A) middle-aged hDPP4 and hDPP4-Pla2g2d–/– mice were com-
pared. However, we reasoned that effects might be more obvious 
after immunization and subsequent challenge, so we similarly 
analyzed lymphoid tissue in MERS-CoV–infected middle-aged 
hDPP4 and hDPP4-Pla2g2d–/– mice that had been previously 
immunized. At 7 dpi, DLN size was greatly decreased in hDPP4-
Pla2g2d–/– compared with hDPP4 mice (Figure 7B), concomitant 
with increased lymphocyte, myeloid cell, and stromal cell apop-
tosis (Figure 7, C–E). Further, splenic architecture was grossly 
abnormal at 7 dpi and was characterized by infiltration of CD3 
T cells into the follicles of infected hDPP4-PLA2G2D–/– spleens 
(Figure 7F). Taken together, these results suggest that enhanced 
DC migration from lungs and enhanced rDC activation resulted 
in excessive inflammation in lymphoid organs of immunized and 
challenged hDPP4-Pla2g2d–/– mice, leading to cellular apoptosis. 
These effects were greatest on Tfh cells with consequent effects 
on virus-specific antibody production.

PLA2G2D deficiency modifies the inflammatory status of human 
monocyte-derived macrophages (MDMs) and DCs (MDDCs). Finally, 
to determine the potential clinical relevance of PLA2G2D in mod-
ulating DC and macrophage function, we inactivated PLA2G2D 
gene expression in primary PBMC-derived human MDDCs using 
CRISPR-Cas9 editing (Supplemental Figure 9, A and B). In vitro 
generation of human Tfh cells has not yet been described, so we 
could not directly assess the effect of PLA2G2D deletion on Tfh 
cell production. As a surrogate approach, we infected control and 
PLA2G2D–/– human MDDCs with MERS-CoV or treated them with 
poly I-C, a TLR3 agonist. We detected greater expression of IL-1β 

in Pla2g2d–/– mice because Tfh cells transferred from hDPP4 mice 
partially reversed the defect in MERS-CoV–neutralizing antibody 
production observed in the absence of PLA2G2D expression (Sup-
plemental Figure 6D).

Impaired antibody production and Tfh cell formation in mid-
dle-aged hDPP4-Pla2g2d–/– mice is reversed by adoptive transfer of 
WT CD11c+ rDCs and IL-1β blocking. Together, the data shown 
above indicated that deficient antibody generation in Pla2g2d–/– 
mice was not T cell intrinsic. Since DCs are required for the initial 
steps in Tfh cell differentiation (23) and PLA2G2D is expressed 
primarily by DCs (12), we next assessed whether DC dysfunction 
contributed to the impaired development of Tfh cells in Pla2g2d–/– 
mice. Of note, when spleen DCs and rDCs (CD3–CD19–CD56–

MHC-II+CD64–, gating shown in Supplemental Figure 7A) from 
immunized hDPP4 mice were analyzed, rDCs but not spleen DCs 
expressed higher levels of Pla2g2d (Supplemental Figure 7B). Fur-
thermore, we found that the absolute number of DCs was higher 
in DLNs and spleens of hDPP4-Pla2g2d–/– compared with hDPP4 
mice after immunization with a sublethal dose of MERS-CoV, 
although only the DLN differences were statistically significant 
(Figure 5A). To determine whether these differences in DC num-
bers reflected rDC trafficking from the lungs, rDCs were labeled 
by i.n. administration of carboxyfluorescein succinimidyl ester 
(CFSE) 18 hours prior to DLN harvest. There was a dramatic 
increase in the numbers of lung-derived CFSE+ DCs in the DLNs, 
measured at day 3 postinfection (3 dpi) (Figure 5A).

Since CD11c+ rDCs were more activated during acute respira-
tory virus infection in Pla2g2d–/– compared with control mice, we 
next assessed their activation status after immunization by ana-
lyzing proinflammatory cytokine expression. A greater propor-
tion of hDPP4-Pla2g2d–/– compared with hDPP4 rDCs expressed 
pro- and cleaved IL-1β (Figure 5B and Supplemental Figure 7C). 
No differences were detected in expression of MHC-I, MHC-II, 
CD80, CD83, and CD86 by rDCs harvested from the 2 strains of 
mice (Figure 5B). This correlation between decreased Tfh cell pro-
duction and elevated IL-1β expression was unexpected since IL-1β 
is required for Tfh cell generation (33, 34). To examine the pos-
sibility that greater than normal levels of IL-1β actually diminish 
Tfh cell formation, we treated CD11c+ rDCs and T cell cocultures 
in vitro under conditions that allowed the outgrowth of Tfh cells. 
Increased amounts of IL-1β resulted in an increase in the propor-
tion of Tfh cells in the culture, but this enhancement was reversed 
when IL-1β amounts were further increased (Figure 5C). Similar 
effects were not observed on the expansion of IL-2– or IL-17–
expressing CD4+ T cells (Figure 5C).

Since these results suggest that CD11c+ rDC function is mod-
ulated by the absence of PLA2G2D, we next examined whether 
CD11c+ rDCs from WT mice could correct the antibody and Tfh 
cell defects observed in hDPP4-Pla2g2d–/– mice. We transferred 
purified CD11c+ rDCs from hDPP4 and hDPP4-Pla2g2d–/– mice 
i.n. into recipient hDPP4-Pla2g2d–/– mice on days 0 and 3 after 
sublethal MERS-CoV infection. CellTrace labelling showed that 
transferred hDPP4 and hDPP4-Pla2g2d–/– rDCs migrated into 
recipient DLNs with similar efficiency (Supplemental Figure 7D), 
and that transferred rDCs represented the major source of IL-1β 
in DLNs (Supplemental Figure 7E). However, rDC transfer alone 
did not correct the defect in antibody and Tfh cell development 
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9C) (37, 38). A downstream product of PLA2G2D is prostaglandin 
D2 (PGD2), which, on signaling through its receptor on myeloid 
cells (DP1), inhibits inflammasome activation and IL-1β expres-
sion (13), thus providing a link between the absence of PLA2G2D 
and augmented IL-1β expression. Partial IL-1β blockade by itself 
did not correct the deficiency in Tfh cell numbers or anti–MERS-
CoV antibody production in Pla2g2d–/– mice (Supplemental Figure 
8C), suggesting that additional factors provided by cotransferred 
WT CD11c+ rDC were required to correct the observed deficien-
cy (Figure 6). Additional work will be required to identify these 
factors and to understand more precisely how Pla2g2d–/– DCs and 
IL-1β contribute to suboptimal virus-specific antibody and Tfh cell 
responses after immunization alone.

Increased IL-2 expression by T cells (Supplemental Figure 1, 
C and D) could also contribute to poor Tfh cell development in 
infected Pla2g2d–/– mice. IL-2 enhances conventional T cell and 
suppresses Tfh cell differentiation (32), and also contributes to the 
conversion of Tfh to non–Tfh cells, resulting in loss of B cells and 
immunoglobulin production (39). In addition, TNF production by 
activated T cells was increased in the absence of PLA2G2D (Sup-
plemental Figure 1, C and D) and TNF has been shown to augment 
pro–IL-1β synthesis in myeloid cells (40). This positive feedback 
may exacerbate the proinflammatory milieu in lymphoid organs. 
Of note, preferential loss of Tfh cells has also been observed in 
patients with COVID-19 and was attributed to an increase in T-bet+ 
Th1 cells and aberrant extrafollicular TNF accumulation (41).

Collectively, these results suggest that elevated IL-1β expres-
sion by CD11c+ rDCs in conjunction with altered expression of 
other proinflammatory cytokines such as IL-2 and TNF contrib-
utes to a lack of Tfh cell differentiation and to enhanced lymph 
node cell apoptosis in Pla2g2d–/– mice. PLA2G2D in the lungs may 
serve as an immune rheostat, controlling rDC activation and 
expression of molecules such as CCR7 (42), important for migra-
tion to DLN and T cell priming, and thereby minimizing immune 
recognition of innocuous antigens. However, in the absence of 
this antiinflammatory molecule, rDCs appear to be more acti-
vated during aging, with effects on myeloid cell and lymphocyte 
survival and Tfh cell development and antibody responses after 
vaccination and respiratory virus infection. Since aging is a risk 
factor for severe coronavirus disease and mortality (2–4) and 
inflammaging occurs in human lungs, these results raise the pos-
sibility that PLA2G2D has a critical role in optimizing immune 
responses, including the antibody response in the elderly infect-
ed with any of these coronaviruses.

Several limitations to this study should be noted. Only mice 
raised in an SPF (specific pathogen–free) environment were used. 
Extension of the studies to non-SPF young and aged mice might be 
more relevant for understanding the role of PLA2G2D in humans. 
Another limitation is the lack of confirmation using human respi-
ratory tract samples. Comparisons among samples obtained from 
young and aged healthy and SARS-CoV-2–infected mice will be 
important for translating the results to human populations.

Methods
Mice, virus, and infection. Specific pathogen–free 8-week-old to 
6-month-old C57BL/6 mice (B6, CD45.2, or CD45.1) were purchased 
from Charles River Laboratories. Thy1.1 (B6) mice were purchased 

in PLA2G2D–/– compared with PLA2G2D+/+ MDMs and MDDCs 
(Supplemental Figure 9C), consistent with results obtained using 
mouse PLA2G2D–/– rDCs (Figure 5B).

Discussion
Here, we show that PLA2G2D is critical for the development of 
antibody responses against several coronaviruses, including 
SARS-CoV, MERS-CoV, and SARS-CoV-2. The effects are con-
fined to i.n. immunization and occur in middle-aged mice. We 
showed previously that age-dependent increased expression of 
Pla2g2d in rDCs played a role in increased susceptibility to these 
viruses during acute infection and that genetic deletion of Pla2g2d 
resulted in enhanced T cell responses with concomitant enhanced 
kinetics of virus clearance. We postulated that Pla2g2d was 
increased in response to low level increases in inflammation that 
occur with aging, as a counter measure to protect the host from 
tissue damage. Consistent with this, interventions that decreased 
oxidative stress in middle-aged mice resulted in diminished 
expression of Pla2g2d mRNA (13). However, our results show that 
increased Pla2g2d expression has an unexpected role in facilitat-
ing the development of virus-specific antibody responses in the 
lung during aging. This enhancing effect, like its deleterious effect 
in acute infection, is a consequence of its antiinflammatory prop-
erties. We note that SARS, MERS, and COVID-19 are most severe 
in the elderly, so the effects of PLA2G2D in mice are apparent at a 
younger age than severe disease occurs in most patients.

We showed a lack of protection after i.n. immunization of 
Pla2g2d –/– but not Pla2g2d +/+ mice with sublethal amounts of 
MERS-CoV or SARS-CoV-2 infection or with a VRP-based vaccine 
and challenge with high doses of the cognate viruses. Immuniza-
tion was not protective because Pla2g2d –/– mice failed to generate 
virus-specific antibody responses (Figure 2, Supplemental Figure 
2). As in mice with acute respiratory viral disease, the absence 
of PLA2G2D resulted in greater proinflammatory responses, 
including expression of proinflammatory cytokines, but in these 
immunized mice, the effects were detrimental. These augment-
ed immune responses were most apparent after immunization 
and challenge. They resulted in increased myeloid cell apoptosis 
(Figure 7, C–E), an absence of germinal center formation, and pro-
found defects in Tfh cell differentiation with subsequent impair-
ment of the anti–virus antibody response. This defect was not 
found in young Pla2g2d –/– mice (Figure 2, B and D), suggesting 
an indispensable role for age-dependent increases in PLA2G2D 
expression in the lungs. Notably, while we think that the same 
processes contributed to a lack of an antibody response after i.n. 
immunization in the absence of challenge, we could not demon-
strate any changes in myeloid cell apoptosis or in germinal center 
formation after immunization alone (Figure 7A), even though Tfh 
cell differentiation was still impaired (Figure 4, A and B). These 
results indicate that gross disruption of germinal centers was not 
required for deficient immune memory formation.

A key finding was that the CD4+ Tfh cell lineage was prefer-
entially affected by the absence of PLA2G2D. A notable differ-
ence between Pla2g2d–/– and Pla2g2d+/+ rDCs was enhanced IL-1β 
expression by mouse Pla2g2d–/– and human PLA2G2D–/– DCs, 
which has been found to contribute to an increased inflammato-
ry milieu in DLNs (Figure 5B, Figure 7, and Supplemental Figure 
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Confocal microscopy. Tissues were harvested as described above 
and fixed with 4% PFA at 4°C for 4 hours, followed by immersion in 
10%, 20%, and 30% sucrose in PBS for 12 hours each. Sections 5 to 15 
μm thick were then prepared from OCT-embedded samples and fixed 
in acetone for 10 minutes at 4°C. For staining, sections were blocked 
with goat serum for 2 hours in humidity chambers at room tempera-
ture (RT). Sections were then treated with primary antibodies (rabbit 
anti-mouse CD3, SP7; rat anti-mouse B220, MAB1217; R&D Systems) 
at 4°C overnight. After washing with PBS, samples were treated with 
secondary antibodies (Alexa 647–goat anti-rabbit IgG, Alexa 568–goat 
anti-rat IgG, Abcam) for 30 minutes at RT. Finally, slides were overlaid 
with antifade mounting medium containing DAPI (Vector) and exam-
ined using a confocal microscope (Zeiss 710).

Antibodies and flow cytometry. The following monoclonal anti-
bodies were used: APC-eFluor780–conjugated mouse anti–human 
CD8 (clone SK1), PE-conjugated mouse anti–human TNF (clone 
MAB11), PE or PercP Cy5.5-conjugated rat anti–mouse CD4 (clone 
RM4-5), FITC-conjugated rat anti–mouse CD8 (clone 53–6.7), PercP 
Cy5.5-conjugated mouse anti–mouse Ly6C (clone HK1.4), APC-con-
jugated rat anti–mouse F4/80 (clone BM8), PE-conjugated hamster 
anti–mouse CD103 (clone 2E7), PE-conjugated mouse anti-mouse 
GATA3 (clone TWAJ), PE-conjugated mouse anti-mouse RORγt 
(clone B2D), PercP Cy5.5 or eFluor-conjugated mouse anti-mouse 
Foxp3 (clone FJK-16s), APC-conjugated rat anti–mouse IL-1β (clone 
NJTEN3), PE-conjugated mouse anti–mouse IL-21 (clone mhalx21) 
and rat anti–mouse CD16/32 (clone 2.4G2) (eBioscience); PerCP 
Cy5.5 or Brilliant Violet (BV) 510–conjugated mouse anti–human 
CD4 (clone RPA-T4), PerCP Cy5.5-conjugated hamster anti–mouse 
CD3 (clone 145-2C11), BV421-conjugated mouse anti-mouse CD45.1 
(clone A20), APC-conjugated mouse anti-mouse Thy1.1 (clone 
OX-7), PE-Cy7–conjugated mouse anti-mouse NK1.1 (clone PK136), 
PerCP Cy5.5 or PE-conjugated rat anti–mouse CD45 (clone 30-F11), 
PerCP Cy5.5-conjugated mouse anti-mouse CD38 (clone 90), 
PE-conjugated-anti-mouse CD64 (clone X54-5/7.1), FITC-conju-
gated mouse anti-mouse CD138 (clone DL-101), PE-Cy7-conjugated 
mouse anti-mouse MHC-I (clone 28-8-6), BV510-conjugated mouse 
anti-mouse MHC-II (clone M5/114.15.2), PE-conjugated mouse anti-
mouse CD80 (clone 2D10), PE-Cy7–conjugated mouse anti-mouse 
CD83 (clone HB15e), APC-Vy7- or BV510-conjugated rat anti-
mouse CD11b (clone M1/70), APC-conjugated hamster anti-mouse 
CD11b (clone N418), PE-Cy7–conjugated mouse anti-mouse PD-1 
(clone RPM1-30), FITC-conjugated mouse anti-mouse XCR1 (clone 
ZET), APC/Fire 750-conjugated goat anti-rat IgG (clone poly4054), 
APC-conjugated mouse anti–human IFN-γ (clone B27), PE-conju-
gated mouse anti–human perforin (clone B-D48), APC-conjugated 
rat anti–mouse perforin (clone S16009B), FITC-conjugated mouse 
anti–human/mouse Granzyme B (clone QA16A02), BV421-conju-
gated mouse anti-mouse T-bet (clone 4B10), PerCP Cy5.5-conju-
gated mouse anti-mouse Bcl-6 (clone 7D1), Alexa Fluor 488–con-
jugated rat anti-mouse IL-2 (clone JES6-5H4), APC-conjugated rat 
anti–mouse IL-6 (clone MP5-20F3), Alexa Fluor 647–conjugated rat 
anti–mouse IL-10 (clone JES5-16E3), PE-conjugated rat anti–mouse 
IL-12 (clone C15.6), Alexa Fluor 488, APC-Cy7, or APC-conjugated 
rat anti–mouse IFN-γ (clone XMG1.2), and APC-conjugated rat anti–
mouse TNF (clone MP6-XT22, BioLegend). BV421-conjugated ham-
ster anti–mouse CD3 (clone 145-2C11), FITC-conjugated mouse anti 
mouse B220 (clone RA3-6B2), APC-conjugated rat anti-mouse Ly6G 

from Jackson Laboratories. hDPP4-KI mice were generated and main-
tained at the University of Iowa (16). hDPP4-KI mice and Pla2g2d 
–/– mice (12) were crossed to generate hDPP4-Pla2g2d–/– mice. All data 
shown in this manuscript were obtained from male mice.

MERS-CoV (EMC2012 strain, passage 8) was provided by Bart 
Haagmans and Ron Fouchier (Erasmus Medical Center, Rotterdam, 
Netherlands).  SARS-CoV and MERS-CoV were propagated on Vero E6 
and Vero81 cells, respectively. Vero cells were grown in DMEM (GIB-
CO) supplemented with 10% FBS. The 2019n-CoV/USA-WA1/2019 
strain of SARS-CoV-2 (accession no. MT985325.1) used in these stud-
ies was obtained from the CDC and the mouse-adapted SARS-CoV-2 
strain was generated using a bacterial artificial chromosome-based 
lambda red recombination system as previously described (43). SARS-
CoV-2 virus was passaged on Calu-3 2B4 cells. Calu-3 2B4 cells were 
grown in MEM (GIBCO) supplemented with 20% FBS.

For infections, mice were lightly anesthetized using isoflurane 
and i.n. infected with lethal dose (250 pfu for young mice or 750 pfu 
for middle-aged mice) MERS-CoV or 1 × 104 pfu SARS-CoV in a 50 
μL volume respectively. For SARS-CoV-2 infection, 6-month-old 
C57BL/6 mice were transduced with 2.5 × 108 pfu Ad5-hACE2. Five 
days later, transduced mice were infected with 1 × 105 pfu SARS-CoV-2 
in a 50 μL volume DMEM (18, 44).

Immunization protocol. For VRP immunization, mice were light-
ly anesthetized using isoflurane and inoculated with 2 × 106 pfu VRP-
MERS-S, VRP-MERS-N, or VRP-SARS-S i.n. in 50 μL respectively. Four 
weeks later, mice were boosted with the same dose of VRPs. For i.p. 
immunization, mice were immunized and boosted with 2 × 106 pfu VRP-
MERS-S in 200 μL. For immunization with infectious virus, mice were 
lightly anesthetized using isoflurane and infected with a sublethal dose 
of MERS-CoV (100 pfu), or SARS-CoV-2 (105 pfu), i.n. in a 50 μL volume.

Virus titration. Lungs were harvested on the indicated days after 
infection. Tissues were homogenized in PBS using a manual homoge-
nizer and titered on Vero E6 (for SARS-CoV and SARS-CoV-2) or Vero81 
cells (for MERS-CoV) respectively. For plaque assays, cells were fixed 
with 10% formaldehyde 3 days later and stained with crystal violet.

Plaque reduction neutralization test (PRNT50). Serum or antibody sam-
ples were serially diluted in DMEM and mixed 1:1 with 80 pfu MERS-
CoV, SARS-CoV, or SARS-CoV-2 for 1 hour at 37°C. The mixtures were 
then added into Vero81 cells (for MERS-CoV) or Vero E6 (for SARS-CoV 
and SARS-CoV-2) for an additional 1 hour at 37°C. After removing the 
culture medium, cells were overlaid with 1.2% agarose and cultured for 3 
days. Plaques were visualized by 0.1% crystal violet staining. PRNT50 was 
determined as the concentration of serum required to reduce the number 
of plaques by 50% compared with control serum-exposed virus.

Histology and immunohistochemistry. Animals were anesthetized and 
transcardially perfused with PBS followed by zinc formalin. Lungs, DLNs, 
and spleens were removed, fixed in zinc formalin, and paraffin embedded. 
Sections were stained with hematoxylin and eosin and examined by light 
microscopy. Images were acquired using a BX61 light microscope (Olym-
pus) and CellSens software (Olympus). Sections were evaluated using 
postexamination masking techniques for ordinal scoring (45). To detect 
hACE2 expression in lungs, sections were incubated with blocking reagent 
(Rodent Block-M, Biocare Medical) incubated with a mouse monoclonal 
antibody to hACE2 (1:100 dilution, mouse anti-hACE2, MAB933, R&D 
Systems), then incubated with a secondary (polymer-based) kit (Mouse 
Envision, Dako), followed by incubation with DAB+ (Dako), then incubat-
ed with Rabbit Envision (Dako) and diaminobenzidine (Dako).
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In vitro differentiation of Tfh cells. Mouse CD4+ T cells were purified 
from splenocytes of WT mice by microbeads and seeded onto 96-well 
flat-bottom plates (5 × 105 cells/well). CD11c+ rDCs were then purified 
from lungs and DLNs and added into plates at a T/DC ratio of 4:1 in 
the presence of 1 μg/mL MERS-CoV-S peptide, 100 ng/mL IL-6,and 
50 ng/mL IL-21 (PeproTech), and 10 μg/mL IL-4, IFN-γ, and TGF-β 
neutralizing antibodies (Bio X Cell) in 10% FBS-RPMI for 72 hours.

Blocking assay. Hamster anti-mouse IL-1β antibody (Bio X Cell) was 
injected intravenously (1 μg/g or 10 μg/g weight) at the indicated timepoints.

Human MDMs and MDDCs. To obtain monocytes, PBMCs were 
cultured in tissue culture plates at a seeding density of 1 × 106 cells/
mL in RP-10 media (RPMI-1640 medium [Invitrogen] with 10% FBS 
[Atlanta Biologicals] and 2 mM l-glutamine) supplemented with 
100 ng/mL GM-CSF (PeproTech) plus 50 ng/mL IL-4 (PeproTech) 
(MDDCs) at 37°C with 5% CO2. After 4 days, the plates were washed 
with Hanks’ balanced salt solution devoid of divalent cations (Invit-
rogen) to remove nonadherent cells. Adherent cells were then tryp-
sinized, pelleted, and cultured for 10 days. To assess their function, 
MDDCs were treated with poly I-C (MilliporeSigma), infected with 
MERS-CoV-2 (MOI = 2) or mock infected (DMEM) and the expression 
of cytokine RNAs was determined at 24 hours after infection.

CRISPR-Cas9 editing. Human MDDCs were treated with group 
IID sPLA2 HDR plasmid (sc-411908-HDR) or control plasmid as per 
manufacturer’s instructions (Santa Cruz Biotechnology, Inc). Briefly, 
cells were plated at 2 × 106 in 3 mL antibiotic-free RP-10 per well in a 
6-well plate, 24 hours before transfection. For each transfection, 1.5 
μg plasmid DNA was diluted with transfection medium to bring the 
final volume to 150 μL and mixed with transfection reagent prior to 
dropwise addition to cells. Cells were incubated for 72 to 96 hours. The 
efficacy of editing was determined by PCR.

Cytokine mRNA analysis. Total RNA was extracted from MDDCs 
using Trizol (Invitrogen) according to the manufacturer’s protocol and 
used for RT-PCR analysis as previously described (46). Following DNase 
treatment, 200 ng total RNA was used as a template for first strand cDNA. 
The resulting cDNA was subjected to amplification of selected genes by 
real-time qPCR using Power SYBR Green PCR Master Mix (Applied Bio-
systems). Cycle threshold values were normalized to those of the house-
keeping gene hypoxanthine phosphoribosyltransferase (HPRT) by the 
following equation: ΔCt = Ct(gene of interest) – Ct(HPRT). All results are shown as 
a ratio to HPRT calculated as 2–(DCt). The following primers were used for 
cytokine mRNA detection: IFNA: 5′-AGA AGG CTC CAG CCA TCT CTG 
T-3′, 5′-TGC TGG TAG AGT TCG GTG CAG A-3′; IFNB: 5′-CTT GGA 
TTC CTA CAA AGA AGC AGC-3′, 5′-TCC TCC TTC TGG AAC TGC 
TGC A-3′; TNFA: 5′- CTC TTC TGC CTG CTG CAC TTT G -3′, 5′- ATG 
GGC TAC AGG CTT GTC ACT C -3′; IL1B: 5′- CCA CAG ACC TTC CAG 
GAG AAT G -3′, 5′- GTG CAG TTC AGT GAT CGT ACA GG -3′; IL6: 5′- 
AGA CAG CCA CTC ACC TCT TCA G -3′, 5′- TTC TGC CAG TGC CTC 
TTT GCT G -3′; IL10: 5′- TCT CCG AGA TGC CTT CAG CAG A -3′, 5′- 
TCA GAC AAG GCT TGG CAA CCC A -3′.

Statistics. A Student’s t test or 1-way ANOVA with Turkey’s post 
hoc correction was used to analyze differences in mean values between 
groups. Multiple regression analysis was used to test the repeated 
measurements between different groups adjusted for time after infec-
tion or immunization. Differences in mortality were analyzed using 
Kaplan-Meier log-rank survival tests. All results are expressed as mean 
± SEM. P values of less than 0.05 were considered statistically signifi-
cant. *P < 0.05; **P < 0.01; ***P < 0.001.

(clone 1A8), FITC-conjugated rat anti-mouse CD86 (clone GL1), rab-
bit anti-mouse cleaved caspase 3 (Abcam); FITC or BV421-conjugat-
ed hamster anti–mouse CD11c (clone HL3), rat anti-mouse CXCR5 
(clone 2G8, BD Biosciences). For surface staining, 1 × 106 cells were 
blocked with 1 μg anti-CD16/32 antibody (BD Biosciences) and 
stained with the indicated antibodies at 4°C. For CXCR5 staining, 
cells were stained with unconjugated anti-CXCR5 antibody at 37°C 
for 1 hour followed by secondary antibody at RT for 30 minutes. For 
intracellular molecule and cytokine staining, cells were fixed and 
permeabilized using Cytofix/Cytoperm Solution (BD Biosciences) 
after washing and stained with the indicated antibodies. To detect 
antigen-specific T cells after MERS-CoV infection, 1 × 106 cells were 
cultured in 96-well round bottom plates in the presence of Brefeldin 
A (BFA) and stimulated with pools of N or S peptide pools or a CD4+ 
T cell epitope peptide (N99, YFYYTGTGPEAALPF) (Bio-Synthesis). 
N99-specific CD4+ T cells were also identified using APC-conjugat-
ed I-Ab/N99 tetramers (NIH Tetramer Facility) after staining at 37°C 
for 6 hours. To determine the absolute number of cells, CountBright 
absolute counting beads (Invitrogen) were added during staining. A 
LIVE/DEAD cell viability assay kit (Invitrogen) was used for gating 
live cells and labeling target cells in cytotoxicity assays. Flow cyto-
metric data were acquired using a FACSVerse and were analyzed 
using FlowJo software (Tree Star).

ELISA assay for total immunoglobulins. Total immunoglobulins in 
sera and BAL were measured by ELISA and quantitated using a mouse 
IgG standard (Thermo Fisher Scientific). Briefly, plates were coated 
with serially diluted samples at 4°C for 4 hours. HRP-conjugated goat 
anti-mouse IgG, IgA, IgM and IgE antibodies (Thermo Fisher Scientif-
ic) were added and visualized by addition of substrate. OD450 values 
were read with a Synergy hybrid reader H1 (BioTek).

ELISPOT assay. ELISPOT plates (Millipore) were coated with 
lysates from VRP-MERS-S– or VRP-MERS-N–transduced cells at 4°C 
for 4 hours. After washing, splenocytes isolated from immunized mid-
dle-aged hDPP4 or hDPP4-Pla2g2d–/– mice were seeded onto the coated 
plates at 106 cells/well in triplicate and cultured at 37°C overnight. Anti-
body-secreting B cells were then detected with HRP-conjugated anti-
mouse antibodies, visualized by addition of substrate and counted.

Adoptive transfer of T lymphocytes. CD4+ T cells isolated from mid-
dle-aged CD45.1+Thy1.2+ (Pla2g2d+/+) or CD45.2+Thy1.2+ (Pla2g2d–/–) 
mouse spleens and purified with a mouse CD4+ T cell isolation kit 
II (Miltenyi Biotec) were mixed at a ratio of 1:1 and adoptively trans-
ferred intravenously into CD45.2+Thy1.1+ (Pla2g2d+/+) mice at 107 cells/
mouse. One day after transfer, mice were infected i.n. with a sublethal 
dose of MERS-CoV. Lungs, DLNs, and spleens were harvested at the 
indicated time points and analyzed for host and donor Tfh cells.

CD11c+ rDCs magnetic bead separation. Lung and DLN single-cell 
suspensions were prepared. CD11c+ DCs were purified by a 2-step 
process. Initially cells were negatively selected using a pan mouse DC 
isolation kit (Miltenyi Biotec). Cells were then exposed to anti–mouse 
CD11c MicroBeads (Miltenyi Biotec) and isolated using an autoMACS 
system (Miltenyi Biotec) following the manufacturer’s protocol.

Adoptive transfer of CD11c+ rDCs. A quantity of 106 CD11c+ rDCs 
isolated from lung and lung-DLNs of middle-aged hDPP4 or hDPP4-
Pla2g2d–/– mice were adoptively transferred by i.n. inoculation into 
hDPP4-Pla2g2d–/– mice at days 0 and 3 after immunization with a sub-
lethal dose of MERS-CoV. In some experiments, cells were stained with 
CellTrace Violet Cell Proliferation Kit (Invitrogen) prior to transfer.
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