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MICROBIOLOGY

Splenic red pulp macrophages eliminate the
liver-resistant Streptococcus pneumoniae from the

blood circulation of mice

Haoran An"*3#1, Yijia Huang*t, Zhifeng Zhao®t, Kunpeng Li3, Jingjing Meng', Xueting Huang?,
Xianbin Tian?, Hongyu Zhou®, Jiamin Wu®, Qionghai Dai**, Jing-Ren Zhang®*

Invasive infections by encapsulated bacteria are the major cause of human morbidity and mortality. The liver
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resident macrophages, Kupffer cells, form the hepatic firewall to clear many encapsulated bacteria in the blood
circulation but fail to control certain high-virulence capsule types. Here we report that the spleen is the backup
immune organ to clear the liver-resistant serotypes of Streptococcus pneumoniae (pneumococcus), a leading hu-
man pathogen. Asplenic mice failed to control the growth of the liver-resistant pneumococci in the blood circula-
tion. Immunologic and genetic analyses identified splenic red pulp (RP) macrophages as the major phagocytes for
bacterial clearance. Furthermore, the plasma natural antibodies against the cell wall phosphocholine and the
complement system were necessary for RP macrophage-mediated immunity. These findings have provided a con-
ceptual framework for the innate defense against blood bacterial infections, a mechanistic explanation for the
hyper-susceptibility of asplenic individuals to S. pneumoniae, and a proof of concept for developing vaccines and

therapeutic antibodies against encapsulated pathogens.

INTRODUCTION

Encapsulated bacteria are the major cause of invasive bacterial diseases
in humans, such as pneumonia, sepsis, and meningitis (1, 2). Capsules
are the outermost structures of many bacteria and known to be essen-
tial for the survival and virulence of invasive bacteria. Capsules are well
known for their antiphagocytic properties owing to certain physical
characteristics of the capsules (e.g., hyperviscosity and negative charge)
(3-5). Virtually all the capsules are composed of capsular polysaccha-
rides (CPSs) (2, 6). Many pathogenic bacteria produce large numbers
of capsular variants or serotypes with substantial differences in struc-
ture and antigenicity (2). More than 100 capsular serotypes have been
reported in Streptococcus pneumoniae (7). Capsular types are clinically
linked to disease potentials of encapsulated bacteria.

The liver and spleen are responsible for the removal of invading
bacteria and other foreign particles from the blood circulation since
intravenously administrated vital stains and bacteria are trapped in the
liver and spleen of mammals (8-11), which has led to the loosely de-
fined concept of the “reticuloendothelial system” (12, 13). In the recent
decades, the liver has been shown as the major organ to trap acapsular
bacteria or the vascular “firewall” against invading bacteria in the
bloodstream (14, 15). The liver resident macrophage Kupfter cells
(KCs) execute the immune/scavenging function (16). Our recent
works have shown that KCs also capture and kill many encapsulated
bacteria in the bloodstream of mice (referred to as the low-virulence
or liver-susceptible capsule types), but certain high-virulence (or liver-
resistant) capsule types are able to escape the KC recognition (17, 18).
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The spleen, the largest immune organ in the body, is well-known
for its defense against encapsulated bacteria (19, 20). Individuals
with asplenia (the congenital or acquired absence of the spleen) are
highly susceptible to overwhelming infections by several encapsu-
lated bacteria, with an approximately 50-fold higher risk of develop-
ing severe septic infections and a mortality rate of 50 to 70% (21, 22).
S. pneumoniae is the most common causal organism associated with
50 to 90% of postsplenectomy infection cases, with Haemophilus
influenzae and Neisseria meningitidis as the less frequent pathogens
(23). These bacteria, although distantly related at the evolutionary
scale, are all covered by variable polysaccharide capsules. The spe-
cific reason for the critical role of spleen in defense against these
bacteria remains unclear.

The spleen is a highly compartmentalized organ with three func-
tionally interrelated compartments: red pulp (RP), white pulp (WP),
and marginal zone (MZ) (20, 24). The sponge-like RP is filled with
slow-flowing blood from sinuses and cords, which is important for
blood filtering by RP macrophages. The WP contains B and T lym-
phocytes for the maturation of B cells and antibody production. The
MZ is located at the extreme periphery of the WP and contains natu-
ral antibody (nAb)-producing B cells, MZ macrophages, and metal-
lophilic (MP) macrophages. Besides, neutrophils and monocytes are
abundantly present in the spleen (25, 26). Despite the well-recognized
importance of the spleen in defending against circulating bacteria,
the precise immune mechanisms remain largely speculative. RP
macrophages have been shown to capture blood-borne pneumococci
but lack phagocytic killing capabilities; instead, they rely on neutro-
phils to kill the immobilized bacteria (25). Conversely, a separate
study has reported that RP macrophages are predominantly re-
sponsible for splenic killing of S. pneumoniae; neutrophils and
dendritic cells are dispensable (27). MZ macrophages have been de-
scribed to engage pneumococcal capsules via the lectin receptor
SIGN-R1 (28, 29), contributing to host immunity to pneumococcal
disease (30, 31). MP macrophages seem to play an opposite role
by serving as an intracellular replication site for pneumococci
(32). Furthermore, nAbs produced by MZ B cells are implicated
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in the opsonophagocytosis of S. pneumoniae, H. influenzae, and
N. meningitidis (33). Despite these insights, the integration of the cel-
lular and molecular effectors in orchestrating the splenic innate de-
fense against encapsulated pathogens remains poorly understood.

The current literature has demonstrated the importance of both
the spleen and liver in host defense against bacterial infections, but
it remains largely unknown how the spleen and liver divide the labor
in the clearance of invading bacteria mainly due to the lack of ap-
propriate tools in dissecting the functional redundancy. This study
takes advantage of the liver-resistant and -susceptible capsular types
to define the specific contribution of the spleen to the clearance of
encapsulated bacteria based on our previous studies (17, 18). We
found that the spleen clears the liver-resistant pneumococci via the
orchestrated actions of RP macrophages, nAbs, and the comple-
ment system.

RESULTS

Spleen eliminates the liver-resistant high-virulence

S. pneumoniae

Our previous studies have shown that the liver-resistant high-
virulence (HV) serotypes of pneumococci circumvent phagocytic
capture and clearance of KCs in the liver vasculatures, leading to

overwhelming septicemia and death (17). During that study, we no-
ticed slow but substantial elimination of the liver-resistant pneumo-
cocci from the bloodstream of mice in the first 12 hours post
intravenous infection, so called “eclipse” phase (34), although bacte-
remia relapsed to a lethal stage at the later phase of infection (Fig.
1A, Spn6A). In sharp contrast, liver-susceptible low-virulence (LV)
serotypes were rapidly eradicated regardless of the clinical isolate or
isogenic capsule-switched strain (Fig. 1A, Spnl4, and fig. S1, A to
C). To determine the extent of this anti-HV pneumococcal immu-
nity, we performed similar infection with lower doses of Spn6A [10°
to 10° colony-forming units (CFUs)] and monitored the bacteremia
kinetics (Fig. 1B) and survival (Fig. 1C). Although all the mice in-
fected with four doses showed substantial clearance of blood-borne
bacteria at 12 hours, those receiving relatively higher doses dis-
played higher levels of bacteremia. There were undetectable blood
bacteria in the group of 10° CFU; mice infected with 10* to 10° CFU
exhibited increasing levels of bacteremia that were proportional to
the inoculum doses (Fig. 1B). While infection with 10* CFU led to a
mild bacteremia of 1300 CFU at 12 hours, relatively higher levels of
bacteremia were observed in groups of 10° CFU (4500 CFU/ml) and
10° CFU (4700 CFU/ml). Consistently, there were undetectable bac-
teria in mice infected with 10° and 10* CFU at 48 hours, and sub-
stantial levels of bacteria were present in the blood circulation of
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Fig. 1. Essential function of the spleen in clearing liver-resistant pneumococci. (A) Dramatic difference in the clearance kinetics of LV and HV pneumococci from the
bloodstream of mice. Blood bacteria were monitored by retroorbital plexus bleeding and CFU counting at various time points post intravenous (i.v.) infection with 106 CFU
LV serotype 14 (Spn14) or HV serotype 6A (Spn6A). n = 6 to 9. (B) Dose-dependent clearance of HV pneumococci. Blood bacteria were monitored in mice intravenously
infected with 103, 10% 10°, or 10° CFU Spn6A. n =5 to 6. (C) Survival rate of mice post intravenous infection with various doses of Spn6A. (D) Differential distribution of LV
and HV pneumococci in the liver and spleen. Bacterial loads were counted at various time points post intravenous infection with 10® CFU Spn14 or Spn6A. n = 3 to 6 at
each time point. (E) Impact of splenic removal on the clearance of HV pneumococci from the bloodstream. Blood bacteria of SHM and SPX mice were monitored during
the first 12 hours post intravenous infection with 10° CFU Spn14 or Spn6A. n = 6. (F) Survival rate of SHM and SPX mice post intravenous infection with 108 CFU Spn14 or
10° CFU Spn6A. n = 6. Dotted line indicates the detection limit [(A), (B), (D), and (E)]. Significance was compared by two-way analysis of variance (ANOVA) [(A), (B), (D), and
(E)] and log-rank test [(C) and (F)]. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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mice infected with 10° (3500 CFU/ml) and 10° CFU (83,000 CFU/
ml). This dose-dependent bacterial clearance indicated that this un-
characterized immunity is only able to clear relatively lower levels of
blood-borne HV pneumococci. This conclusion is supported by a
challenge dose-dependent survival of Spn6A-infected mice. All the
mice in the group of 10> CFU survived the infection, whereas those
receiving higher doses showed partial (10* and 10’ CFU) or no
(10° CFU) survival (Fig. 1C). This trial revealed a median lethal dose
of 1.3 x 10° CFU for Spn6A in the intravenous infection route.

To determine how the liver-resistant pneumococci are cleared,
we compared the levels of LV and HV pneumococci in the major
organs at various time points post intravenous inoculation. As re-
ported in our previous work (17), Spnl4 bacteria were predomi-
nantly trapped in the liver at the onset of blood infection and became
undetectable at 6 to 12 hours, but Spn6A pneumococci were more
abundant in the spleen than liver in the first 3 hours and reduced to
barely detectable level at 12 hours (Fig. 1D). Consistently, mice lack-
ing KCs did not show obvious deficiency in clearing Spn6A in the
first 12 hours of blood infection (fig. SID). These results indicated
that HV pneumococci are eliminated by a liver-independent im-
mune mechanism in the spleen. To test this hypothesis, we com-
pared bacteremia kinetics between asplenic and normal mice. In
contrast to dramatic reduction in Spn6A bacteremia in sham-
operated (SHM) mice in the first 12 hours of blood infection, sple-
nectomized (SPX) mice showed apparent defect in controlling the
HV bacteria, with higher bacteremia during this period (Fig. 1E).
The importance of the spleen in clearing HV pneumococci was also
evidenced by the hyper-susceptibility of SPX mice to Spn6A; all SPX
mice died in 3 days post intravenous infection with an otherwise
nonlethal dose (10° CFU) (Fig. 1F). Consistent with liver-based im-
munity against LV bacteria (17), SPX mice were full competent in
clearing Spn14 (Fig. 1E) and withstood intravenous infection with a
high dose (10% CFU) of Spn14 (Fig. 1F). These results demonstrated
that the spleen is the major immune organ to eliminate the liver-
resistant HV pneumococci in the early phase of blood infection.

RP macrophages are essential for splenic elimination of the
liver-resistant pneumococci

To identify the splenic immune cells that are responsible for clearing
HV pneumococcus, we first tested the splenic macrophages by se-
lective depletion with clodronate liposomes (fig. S2) (35) because
opposing roles of splenic macrophages have been reported in terms
of their roles in antibacterial immunity (25, 27, 32). As compared
with control mice, depleting both MZ and MP macrophages with a
low-dose of clodronate liposomes (Low CL) did not yield apparent
impact on the clearance of Spn6A in the first 12 hours post intrave-
nous infection (Fig. 2A), suggesting that MZ and MP macrophages
are dispensable for splenic clearance of HV pneumococci. In con-
trast, additional depletion of RP macrophages with a higher dose of
clodronate liposomes (High CL) resulted in dramatic impairment in
Spn6A clearance (Fig. 2A). Since the extent of immune dysfunction
in high CL-treated mice was highly similar to what was observed in
SPX mice (Fig. 1E), this result strongly suggested that RP macro-
phages are the major immune cells for clearing the liver-resistant
pneumococci.

We verified the unique importance of RP macrophages in splenic
clearance of HV pneumococci using Spic™'~ mice (with a deficiency
in RP macrophage development) (36) or Nr1h3~'~ mice lacking
both MZ and MP macrophages (fig. S2) (37). Spic”'~ mice showed a
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similar extent of severe functional deficiency as high CL-treated and
SPX mice in clearing HV pneumococci, with sustained bacteremia
in the first 12 hours post intravenous inoculation of Spn6A, whereas
Nr1h3™"™ mice displayed a virtually normal pattern of bacterial
clearance as wild-type (WT) control (Fig. 2B). Reduction of RP
macrophages also led to uncontrolled bacterial replication in the
spleen and liver (fig. S3A). In a similar fashion, all of Spic™’~ mice
succumbed to intravenous infection with nonlethal dose of Spn6A
(10° CFU) in 2 days, but there was no mortality in Nr1h3™'~ mice
(Fig. 2C). These results demonstrated that RP macrophages are the
major splenic macrophages for eliminating HV pneumococci in the
“eclipse phase” of blood infection.

We further characterized pneumococcus-macrophage interac-
tion by analyzing the spleen sections with immunofluorescence mi-
croscopy. Consistent with the dominant role of RP macrophages in
bacterial clearance, the green fluorescent protein (GFP)-labeled
Spn6A were predominantly colocalized with F4/80-labeled RP macro-
phages in the RP of WT mice (Fig. 2D, top). Relatively fewer bacteria
were found in the MZ where CD169-labeled MP macrophages were
located. Pneumococcal dominance in RP over MZ was diminished
in Spic”’~ mice (Fig. 2D, bottom) in terms of bacterial numbers per
area of anatomical structure (Fig. 2E). After being normalized by the
area size of each compartment in the spleen section (fig. S3B), ap-
proximately 90% bacteria were constrained in RP in WT mice, while
the bacteria were uniformly distributed in the RP and MZ in Spic™'~
mice (Fig. 2F). These microscopic observations provided additional
evidence to support the unique antipneumococcal activity of RP
macrophages in the spleen.

RP macrophages are capable of phagocytic killing

of pneumococci

To understand how RP macrophages eradicate HV pneumococci,
we carried out systemic analyses of the antibacterial function of
splenic phagocytes. We first determined the roles of neutrophils and
inflammatory monocytes (IMs) given the previous report that neu-
trophils are required to kill pneumococci captured by RP macro-
phages (25). Flow cytometry analysis showed dramatic increase in
neutrophils and IMs in the first 6 hours of HV infection (Fig. 3A and
fig. $4, A and B), which was effectively diminished by antibody de-
pletion (fig. S4C). In contrast to dramatic impairment of RP macro-
phage-deficient mice in bacterial clearance, depleting neutrophils
with 1A8 antibody did not yield obvious impact on bacteremia ki-
netics post intravenous inoculation (Fig. 3B). Likewise, Cer2™'~
mice with the deficiency in IM recruitment (38) did not exhibit
notable defect in pneumococcal clearance (Fig. 3B). Unexpectedly,
simultaneous depletion of both neutrophils and IMs using Gr1 anti-
body even enhanced pneumococcal clearance at the early time
points (3 and 6 hours). Although Grl-treated mice displayed func-
tional deficit at the later stage (12 hours), the blood bacteria were
still 15-fold lower than that in Spic™'~ mice (Fig. 3B), as well as 150-
and 35-fold lower bacterial burdens in the spleen and liver (fig. S4,
D and E). The dominance of RP macrophages in bacterial capture
was further supported by flow cytometry analysis of pneumococcal
distribution among splenic phagocytes (fig. S4F). The total number
of Spn6A-positive cells was threefold fewer in Spic™'~ mice com-
pared to the WT mice due to a dramatic reduction of bacterial bind-
ing to RP macrophages, which account for most Spn6A-associated
splenocytes (Fig. 3, C and D). In contrast, depletion with Gr1 anti-
body even led to slightly higher bacterial capture despite loss of
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Fig. 2. The importance of RP macrophages in splenic control of HV pneumococci. (A) Impact of macrophage depletion on the clearance of HV pneumococci. Blood
bacteria were monitored in mice that were pretreated with Low CL or High CL and intravenously infected with 10° CFU Spn6A. n = 3 t0 6. (B) Essentiality of RP macro-
phages for the removal of HV pneumococci. Bacterial kinetics in the bloodstream were monitored in RP macrophage—deficient Spic™~ mice or NrTh3™~ mice lacking both
MZ and MP macrophages post intravenous infection with 10° CFU Spn6A. n = 6. (C) Survival of Spic™~ and Nr1h3™'~ mice post intravenous infection with 10° CFU
Spn6A. n = 6. (D) Representative immunofluorescent images to show bacterial trapping in splenic RP of WT and Spic™'~ mice. Mice were intravenously infected with 10’ CFU
Spn6A-GFP (green) and splenic sections were prepared at 1 hpi. RP and MP macrophages were stained by AF647 anti-F4/80 (red) and AF594 anti-CD169 (blue), respec-
tively. (E and F) Quantitative analysis of the imaging data in (D). Bacteria in 1 mm? per area of the RP and MZ were counted (E). Normalized bacteria distribution (F) was
calculated by multiplying bacterial number per area by the total area of RP or MZ in the splenic section. n = 5 random fields of view (FOVs). Scale bar, 40 pm. Dotted line

indicates the detection limit [(A) and (B)]. Significance was compared by two-way ANOVA [(A), (B), (E), and (F)] and log-rank test (C). **P < 0.01, ****P < 0.0001.

Spn6A binding to neutrophils (Fig. 3, C and D). These results sug-
gested that neutrophils and IMs play a minor role in splenic elimi-
nation of HV pneumococci at the early stage of blood infection.

To understand the process of bactericidal action of RP macro-
phages, we applied a two-photon synthetic aperture microscopy
(2pSAM) system to visualize the in situ pathogen-macrophage in-
teraction during blood infection. The recently developed 2pSAM
enables long-term imaging of deep tissues at a millisecond scale
while maintaining 1000-fold reduction in phototoxicity as com-
pared to traditional two-photon microscopy (39). We first observed
the behaviors of RP macrophages and neutrophils in response to
pneumococci in the spleen of normal mice. In contrast to fast and
unidirectional movement of HV encapsulated bacteria in the liver
sinusoids (17, 18), pneumococci were flowing in the splenic RP

Anetal., Sci. Adv. 11, eadq6399 (2025) 12 March 2025

without clear direction (Fig. 4, A and B, and movie S1), which
agrees with the open blood system in the RP. Likewise, bacterial
capture by RP macrophages occurred in a much less dramatic man-
ner as compared with the swift and firm bacterial capture by KCs in
the liver sinusoids. Many bacteria initially touched the immune
cells and then moved away in a stop-go cycle (fig. S5A). In line with
the flow cytometry analysis, we observed an evident infiltration of
neutrophils within 2 hours post infection (hpi) (fig. S5B and movie
S1). The development of RP macrophages is impaired as indi-
cated by a shrink of F4/80-positive area in Spic”'~ spleen, in
which the RP showed a significantly lower level of immobilized
pneumococci; however, the gradual capture of Spn6A was com-
petent in the spleens of neutrophil- and IM-depleted mice (Fig.
4, A and B, and movie S2). This real-time observation further
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was shown in fig. S4F. n = 3. Significance was compared by two-way (A) or one-way [(B) to (D)] ANOVA test. *P < 0.05, **P < 0.01, *##P < 0.001, **##P < 0.0001.

demonstrated the pivotal role of RP macrophages in eliminating
the liver-resistant bacteria.

Next, we followed the destiny of the bacteria once being cap-
tured by RP macrophages. As previously reported (25), neutrophils
were abundantly present in the RP and occasionally plucked the
pneumococci from RP macrophage surface (Fig. 4C, top, and mov-
ie S3A). However, the vast majority of RP macrophages engulfed
the immobilized pneumococci at the site far away from migrating
neutrophils. The GFP signals were finally immersed in F4/80-
positive cells, indicating intracellular digestion of the bacteria by
RP macrophages (Fig. 4C, bottom, and movie S3B). Phagosome
maturation after fusion with lysosome is the major way for intracel-
lular killing of ingested bacteria, which is accompanied with acidi-
fication and oxidation in phago-lysosome (40). We thus tested
whether the disappeared pneumococci were killed in the phago-
lysosome of RP macrophages by using the indicative dye pHrodo
Red (41). As expected, the pneumococcus-loaded probes were acti-
vated as early as 30 min post inoculation in both normal and Gr1-
treated mice (Fig. 4D and fig. S5C). Notably, more pneumococci
were embedded in the phago-lysosome of RP macrophages when
neutrophils and IMs were depleted (66% inside) compared to the
control (45% inside) (Fig. 4E), which was consistent with the ac-
celerated bacterial clearance from the blood (3 and 6 hours; Fig.
3B). However, only 18% pneumococci were internalized when RP
macrophages were defective (Fig. 4E). Consistent with the marginal
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impact of neutrophil depletion on splenic clearance of HV pneu-
mococci, these imaging data demonstrated that RP macrophages
are capable of phagocytic killing of capture pneumococci without
the assistance of neutrophils.

RP macrophages use nAbs to clear the
liver-resistant pneumococci
Our recent work has revealed that the liver KCs capture LV pneu-
mococci by recognizing bacterial capsules through specific recep-
tors (17). We thus reasoned that RP macrophages might use a similar
strategy to capture HV pneumococci. To test this hypothesis, we
conducted affinity screening by incubating beads coated with CPSs
of HV pneumococcal serotypes with enriched membrane proteins
of murine RP macrophages. However, our repeated trails did not
consistently identify any RP macrophage membrane proteins poten-
tially interacting with the HV capsules. This result implied that RP
macrophages use an indirect manner to capture HV pneumococci,
i.e., with the help of opsonins like antibody and complement proteins.
Given the fact that HV serotypes are highly proliferative in the
blood of mice with genetic deficiency in nAb production (42, 43),
we tested whether nAbs are involved in RP macrophage-mediated
pneumococcal clearance using B cell-deficient (uMT) mice, which
lack mature B cells and antibodies (44). pMT mice showed se-
verely compromised clearance of Spn6A, with stably sustained
bacteremia in the first 6 hpi (Fig. 5A), although the functional
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Fig. 4. lllustration of RP macrophage-executed pneumococcal clearance by IVM. (A) 2pSAM illustration of pneumococcal tracking in the spleens of WT, Spic™’~, and
Gr1 mice post intravenous infection with 5 x 10° CFU of Spn6A-GFP (movie S2). Pneumococci trapped in the field for at least 1 min were recorded during the first hour
postinfection. Scale bar, 50 pm. (B) Number of trapped pneumococci in the field during the first hour as monitored by 2pSAM in (A). n = 10 to 15 random FOVs. (C) Repre-
sentative consecutive 2pSAM imaging to show the neutrophil-dependent elimination (top, movie S3A) and direct elimination by single RP macrophage (bottom, movie
S3B) of Spn6A in the spleen of WT mice. Arrows and arrowheads indicate Spn cells and neutrophils, respectively. Scale bar, 10 pm. (D) Representative three-dimensional
reconstruction of 2pSAM images to illustrate the uptake of pneumococci by RP macrophages. Internalization of Spn6A cells were labeled with pHrodo Red and intrave-
nously injected into ISO and Gr1-treated mice. Internalization of bacteria was indicated by the activation of pHrodo Red under acid environment, i.e., in the phago-
lysosomes of RP macrophages. Images were obtained at 1 hpi. Scale bar, 10 pm. (E) Quantification of pneumococcal uptake by RP macrophages. The number (left) and
ratio (right) of intra- and extracellular pneumococci in the spleens of WT, Spic™'~, and Gr1-treated mice were analyzed at 1 hpi. n = 10 random FOVs. Significance was
compared by two-way ANOVA [(B) and (E)] test. **P < 0.01, **#P < 0.001, ****P < 0.0001.

deficit in pMT mice was less pronounced than in asplenic mice
(Fig. 1E) and Spic™'~ mice (Fig. 2B) during 6 to 12 hpi. We next
assessed whether purified serum antibodies enhance pneumo-
coccal clearance in pMT mice. Enzyme-linked immunosorbent
assay (ELISA) test revealed that normal murine serum contains
substantial level of immunoglobulin M (IgM) antibodies and, to
a less extent, of IgG antibodies targeting Spn6A pneumococci

Anetal., Sci. Adv. 11, eadq6399 (2025) 12 March 2025

(fig. S6A). Pre-opsonization with purified natural IgM (nIgM) or
nlgG restored the capacity of pMT mice to clear Spn6A in a dose-
dependent manner (Fig. 5B). Moreover, the nIgM antibodies
were more efficient than nIgG in promoting pneumococcal clear-
ance especially in the early time points, e.g., 3 and 6 hpi (Fig. 5B).
These results suggested that RP macrophages use serum antibod-
ies to clear the liver-resistant pneumococci.
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Fig. 5. The essential role of nAbs in splenic clearance of HV pneumococci. (A) Early-phase bacteremia kinetic in WT and antibody-null (uMT) mice post intravenous
infection with 10° CFU of Spn6A. n = 6. (B) Dose-dependent promotion of Spn6A clearance by purified nigM and nlgG in pMT mice. n = 4 to 6. (C) Early-phase bacteremia
kinetic in WT and B1 cell-deficient (Cd79’/’) mice postinfection as in (A). n = 6. (D) Promotion of Spn6A clearance by nlgM and nigG in Cd197" mice.n = 3. (E) 2pSAM il-
lustration of pneumococcal tracking in the spleens of WT and Cd19™/~ mice postinfection with 5 x 10° CFU of native Spn6A-GFP or pre-opsonized with 50 pg of nigM
(Cd197™"~ + nigM, movie 54). Scale bar, 50 pm. (F) Number of trapped pneumococci in the field during the first hour as monitored by 2pSAM in (E). n = 10 to 15 random
FOVs. (G) Titers of anti-Spn6A nigM and nlgG in the serum of WT and Spic™’~ mice. n = 3. (H) Early-phase bacteremia kinetic in Spic™'~ mice postinfection with 10° CFU of
nigM- or nlgG-opsonized Spn6A. n = 3 to 6. (l) Dispensable role of well-known Fc receptors for HV pneumococcal clearance. Bacteremia kinetics were monitored in all
known Fc gamma receptors-deficient (FcgR null and chrt’/’) and putative Fc miu receptor-deficient (Femr™~ and Feamr™™) mice postinfection as in (A). n = 3. (J) In vitro
binding of T15 IgM- or IgG3-coated HV pneumococci to CHO transfectants. Spn6A was incubated with the CHO cells [multiplicity of infection (MOI) 1] for 1 hour in the
presence of T15 antibodies (50 pg/ml). Anti-CPS IgG1 was used as positive control. n = 3. Significance was compared by two-way ANOVA test [(A) to (D) and (F), and (G)].
*##%P < 0.001, ¥***P < 0.0001.

To distinguish the role of nAbs produced by B1 cells from anti-
bodies generated by antigen-stimulated B2 cells, we assessed pneu-
mococcal clearance in B1-deficient Cd19™'~ mice, which lack nAbs
(45). The Cd197'~ mice showed similar functional deficiencies in
producing antipneumococcal antibodies (fig. S6A) and clearing
Spn6A from the bloodstream as pMT mice (Fig. 5C). The bacterial
clearance was substantially recovered when the Spn6A pneumo-
cocci were precoated with purified nIgM and, to a less extent, puri-
fied nIgG (Fig. 5D). The functional impairment of bacterial
clearance was further confirmed by intravital 2pSAM. The number
of trapped Spn6A-GFP in the spleens of Cd197"~ mice was signifi-
cantly fewer than that in WT controls within 1 hour of observation

Anetal., Sci. Adv. 11, eadq6399 (2025) 12 March 2025

(Fig. 5, E and F, and movie S4A). This immune defect was substan-
tially reversed by opsonization of the Spn6A with 50 pg of purified
nlgM (Fig. 5, E and F, and movie S4B). We finally investigated the
necessity of RP macrophages for nAb-mediated pneumococcal
clearance using Spic”’~ mice, which produce normal level of nigM
but less IgG targeting Spn6A cells (Fig. 5G). Nevertheless, precoat-
ing with high doses of purified nIgM or nIgG did not improve bac-
terial clearance in Spic_/ ~ mice (Fig. 5H). These results showed that
B1 cell-derived nAbs are essential for RP macrophage-mediated
clearance of HV pneumococci in the spleen.

We next investigated how nAbs enable RP macrophages to clear
circulating pneumococci. Current understanding of the antibody
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effector mechanisms for bacterial elimination include direct recog-
nition by corresponding Fc receptors (46) and activation of the
complement system via classical pathway (47). Our recent work has
revealed that vaccine-elicited anti-capsule antibodies enable liver
KCs to capture circulating pneumococci through multiple Fc recep-
tors (48). Thus, we tested whether RP macrophages use a similar
mechanism to capture HV pneumococci by investigating the roles
of Fc receptors. Our proteomic analysis detected the expression of
FcyRIIB, FcyRIII, FcyRIV, and FcRn on murine RP macrophages,
four of the five known FcyRs in mice (fig. S6B). Contrary to our
expectation, the FcyR null mice with complete knockout (KO) of
FcyRI/IIb/ITI/IV (49) as well as FcRn KO (Fegrt™'™) mice displayed
comparable levels of pneumococcal clearance as WT counterparts
(Fig. 51, left). Similar results were observed using mice lacking FcpR
or FeapR (Fig. 51, right), the two known IgM receptors (50, 51). To
address the potential functional redundancy among these Fc recep-
tors, we conducted a gain-of-function approach by overexpressing
the individual receptor in Chinese hamster ovary (CHO) cells and
assessing pneumococcal binding to the transfectants in the pres-
ence of T15 monoclonal antibodies. However, stable expression of
the two FcpRs or five FcyRs did not lead to a notable increase in
adhesion (less than 5%) of T15 IgM- or IgG3-opsonized Spn6A to
CHO cells compared to the pronounced enhancement (85% bind-
ing) by anti-capsule antibodies (Fig. 5]). Collectively, the in vivo
and in vitro data suggested that anti-phosphocholine (PC) nAbs
contribute to HV pneumococcal clearance through activating the
complement system instead of engaging antibody receptors as the
capsule-targeting antibodies (48).

Protective nAbs target pneumococcal cell wall PC
To ascertain how nAbs enable RP macrophages to clear HV pneumo-
cocci, we characterized pneumococcal antigens that are recognized
by the antibodies. Given our finding that the splenic antibacterial im-
munity is effective against multiple HV serotypes of S. pneumoniae
(see below), we reasoned that protective nAbs must target a con-
served antigen beyond the capsule structure. Consistently, adminis-
tration of purified serotype 6A CPS before intravenous inoculation of
Spn6A showed little impact on the bacterial clearance during the
eclipse phase (fig. S7A). These results suggested that RP macrophages
recognize non-capsular ligands on HV pneumococci. The cell wall
PC or C polysaccharide is the only known pneumococcal antigen
that is recognized by protective nAbs (42, 52). We verified the exis-
tence of anti-PC antibodies in normal mouse serum by ELISA, in
which the IgM and IgG titers were significantly lower using PC-free
Spn6A whole cells as antigen compared to intact pneumococci (Fig.
6A). The assessment also revealed substantial amounts of anti-PC
IgM and IgG in normal mouse serum (Fig. 6A) and purified nAbs
(fig. S7B). We extended this investigation to the adult human serum
and observed a consistent pattern. Both IgM and IgG titers were
markedly reduced against PC-free Spn6A compared to responses
elicited by intact bacteria, which corroborated the existence of sub-
stantial levels of PC-reactive IgM and IgG in human serum (Fig. 6B).
To test whether RP macrophages depend on anti-PC antibodies
to eliminate HV pneumococci, we performed a passive protection
experiment in Cdl 97/~ mice with purified nAbs that were preab-
sorbed with PC-coated resin. Pre-opsonization with PC-absorbed
nlgM showed weakened activity in promoting Spn6A clearance in
Cd197"~ mice as compared with the native nIgM, particularly at 3
and 6 hpi (Fig. 6C). To verify the specific role of anti-PC antibodies,
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we generated the IgM and IgG3 forms of anti-PC monoclonal anti-
bodies of the T15 idiotype (53), which have been known to protect
mice against pneumococcal disease (54, 55). Opsonization with
both T15 IgM and IgG3 potently rescued pneumococcal clearance
in Cd197'~ mice even at a low dose, e.g., 5 ug (Fig. 6D). We next
monitored the in vivo behavior of pneumococci in the presence of
T15 antibodies using 2pSAM. The T15 IgM was chosen because of
its higher levels in antigen binding (fig. S7C) and in promoting
pneumococcal clearance (Fig. 6D). As expected, the long-term ob-
servation revealed sporadic Spn6A-GFP that is trapped in the spleen
of Cd19™"~ mice; this functional deficiency was fully recovered by
pre-opsonization with T15 IgM (Fig. 6, E and E and movie S5).
These functional investigation and real time illustration demon-
strated that RP macrophages use anti-PC nAbs to clear the liver-
resistant pneumococci. The C-reactive protein (CRP) has long been
known as an important pentraxin that reacts with the PC moiety of
pneumococcal C polysaccharide (56); however, the Crp™'~ mice
were still able to clear the HV Spn6A in the first 12 hpi (fig. S7D).
This result indicated an essential role of nAbs in the splenic control
of the liver-resistant pneumococci.

Since the importance of the anti-PC nAbs in clearing HV pneu-
mococci, we next determined whether supplementation of anti-PC
antibodies in normal mice could improve the bacterial clearance
and rescue fatal infection. Pre-opsonization with monoclonal T15
IgM led to accelerated Spn6A clearance from the blood of WT mice
in a dose-dependent manner. Whereas pretreated with a low dose
(1 pg) of T15 IgM resulted in mildly enhanced bacterial clearance in
the first 12 hpi, the blood bacteria were rapidly removed when using
a high dose (50 pg) of T15 IgM as early as in 1 hpi (Fig. 6G). The
blood bacteria were maintained at low levels in 2 days in the mice
infected with extensively opsonized Spn6A compared to the re-
growth of bacteria at later stage without or with the low-dose anti-
body treatment (Fig. 6H). Accordingly, the high-dose antibody
treatment led to complete elimination of Spn6A in half of the mice
that were rescued from the lethal infection (Fig. 6I). These data sug-
gested the anti-PC antibodies as a potential therapeutic choice to
treat blood infection caused by HV pneumococci.

Complement C3 is necessary for the splenic clearance of

HV pneumococci

In the context of the abovementioned data, we investigated the
potential involvement of the complement system in activating
the anti-HV pneumococcal immunity of RP macrophages using
€37~ mice (57), which lack the core complement protein C3.
Similar to the RP macrophage- and antibody-deficient mice, the
€37/~ animals showed significant impairment in clearing Spn6A
pneumococci from the circulation. The C3™'~ mice showed re-
markably higher levels of bacteremia at all of the tested time
points in the first 12 hpi with 10° CFU of Spn6A as compared
with WT (Fig. 7A). Accordingly, the blood bacterial burden at
24 hpi in C37'~ mice was 1700-fold higher than the WT (Fig.
7B), leading to the 100% mortality in 36 hpi (Fig. 7C, left). No-
tably, all of the tested C3™/~ mice succumbed to the infection
with 10’ CFU of Spn6A, an otherwise nonlethal dose (Fig. 7C,
right). In addition, the cultured primary RP macrophages
showed a substantial level of binding to Spn6A bacteria that were
pre-opsoinzed with normal serum, while the bacterial binding
was significantly decreased when using C3™/~ serum for opso-
nization (Fig. 7D). These results strongly suggested that the
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Fig. 6. Pneumococcal cell wall PC as a target antigen of nAbs. (A and B) Detection of anti-PC nAbs in normal murine (A) and human (B) serum. Titers of IgM (left) and
19G (right) were measured by ELISA using Spn6A whole cells, Spn6A lacking PC or CPS, and BSA-conjugated PC as antigens. n = 3. (C) Importance of anti-PC nAbs for HV
pneumococcal clearance. Blood bacterial loads were counted in Cd19™'~ mice postinfection with 10° CFU of Spn6A that was untreated, pre-opsonized with 50 ug of native
nigM or PC resin-absorbed nlgM. n = 4 to 6. (D) Promotion of HV pneumococcal clearance by monoclonal anti-PC IgM and IgG3. Bacteremia kinetics were monitored in
Cd19™"~ mice postinfection with 10® CFU of Spn6A pre-opsonized with 5 pg monoclonal T15 anti-PC IgM and IgG3. n = 6. (E) 2pSAM illustration of pneumococcal tracking
in the spleens of WT and Cd19™'~ mice postinfection with 5 x 10° CFU of native Spn6A-GFP or pre-opsonized with 25 pg T15IgM (Cd197/~ +T15, movie S5). Scale bar,
50 pm. (F) Number of trapped pneumococci in the field during the first hour as monitored by 2pSAM in (E). n = 10 to 15 random FOVs. (G to ) Dose-dependent immune
protection by anti-PC antibodies against pneumococcal infection. Bacteremia kinetics in the first 12 hours (G), at 24 and 48 hours (H), and survival (I) were assessed in WT
mice postinfection with 10 CFU of Spn6A that was untreated or pre-opsonized with low (1 pg) or high (50 pg) dose of T15 IgM. n = 6. Significance was compared by one-
way [(A) and (B)] or two-way [(C) and (D) and (F) to (H)] ANOVA and log-rank test (I). *P < 0.05, **P < 0.01, **#P < 0.001, ****P < 0.0001.
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Fig. 7. The requirement of complement C3 for the clearance of HV pneumococci in the spleen. (A to C) Pivotal role of complement C3 for the innate immune defense
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mary RP macrophages. Spn6A was pre-opsonized by WT or €37/~ serum and incubated with the primary RP macrophages for 30 min at MOI of 1. n = 3. (E) Requirement
of complement C3 for anti-PC antibody-mediated clearance of HV pneumococci. Blood bacterial loads were counted in the first 12 hours in WT and €3~ mice postinfec-
tion with 10% CFU of Spn6A that pre-opsonized by 5 ug of T15 IgM or IgG3. n = 5. (F) Role of complement activation pathways in the immune clearance of HV pneumo-
cocci. Blood bacterial loads were compared in the first 12 hours in each mouse line postinfection with 10° CFU of Spn6A. n = 3 to 6. (G) Dispensable role of well-known
complement receptors in the immune clearance of HV pneumococci. Blood bacterial loads in complement receptor-deficient mice were assessed as in (F). n = 3 to 6.

Significance was compared by two-way [(A), (E), and (F)] or one-way ANOVA (D), Student’s t (B), or log-rank (C) test. **P < 0.01, ***P < 0.001, ****P < 0.0001.

complement-mediated innate immunity is involved in clearing
the HV pneumococci in the early phase of septic infection.

To test the direct contribution of complement system on the an-
tipneumococcal function of nAbs, we evaluated the bacterial clear-
ance in C37'~ mice postinfection with T15 IgM- or IgG3-coated
Spn6A. Although the anti-PC monoclonal antibodies promoted
pneumococcal clearance from the bloodstream at 3 and 6 hpi, the
bacteremia levels were still 10- to 20-fold higher in C3™'~ mice than
in WT controls. Notably, the C3™'~ mice sustained a prominent bac-
terial burden in the blood during the first 12 hpi despite the pres-
ence of T15 antibodies compared with gradual clearance in WT
mice (Fig. 7E). This in vivo assay demonstrated a pivotal role of

Anetal., Sci. Adv. 11, eadq6399 (2025) 12 March 2025

the complement system in nAb-driven innate defense against
HYV pneumococci.

We next determined how nAb and the complement system work
together to enhance the clearance of HV S. pneumoniae by RP mac-
rophages. NAbs are known to activate the C3 protein via the classical
activation pathway, with the help of complement proteins C1 and C4
(47). We thus tested the contribution of C1 and C4 to pneumococcal
clearance using Cl1ga™'~ and C4'~ mice (58). To our surprise, both
the mouse lines showed marginal defect in eliminating Spn6A in the
first 12 hours. Unexpectedly, the Cfb™'~ mice lacking the alternative
pathway activator protease factor B showed the most severe impair-
ment in bacterial clearance (Fig. 7F), although there is no known
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functional linkage between antibody and factor B in C3 activation.
C3 is known to promote bacterial phagocytosis by binding to com-
plement receptors on phagocytes (59). The previous study has shown
that RP macrophages express both complement receptor 3 (CR3)
and 4 (CR4) (36). However, simultaneous knock out of CR3 and CR4
did not result in apparent impact on the Spn6A clearance during the
first 12 hpi (Fig. 7G). Together, these data have revealed an essential
role of C3 in mediating nAb-driven bacterial clearance by RP macro-
phages in the spleen, but the precise mechanism of the antibody-
complement functional linkage awaits further investigation.

The splenic antibacterial immunity operates across
pneumococcal serotypes

Because PC is a conserved surface moiety and surface PC levels are
relatively stable in S. pneumoniae strains (Fig. 8A) (60), we tested
whether anti-PC nAb-mediated splenic immunity operates across
capsular serotypes by assessing the bacteremia kinetics of HV sero-
types 2, 3, 4 and 8. All the four serotypes were gradually cleared
from the bloodstream in the early phase of infection, although the
clearance rates varied among the serotypes (fig. S8A). However, the
clearance immunity was completely lost by surgical removal of the
spleen. As seen with Spn6A (Fig. 1E), asplenic mice showed notable
increase in bacteremia level at various time points in the first
12 hours postinfection with serotypes 2, 3, 4, and 8 (Fig. 8B). In

contrast, LV serotypes 19F and 23F bacteria were rapidly eliminated
in both the asplenic mice and sham surgery controls in the first hour
post inoculation and remained undetectable ever since (fig. S8, B
and C). This information has revealed that the spleen is able to elim-
inate multiple liver-resistant pneumococcal serotypes.

We further verified the cellular and molecular mechanisms of the
broad antibacterial immunity in the spleen using strain TIGR4 (sero-
type 4). Consistent with the data obtained with Spn6A (Fig. 2B), RP
macrophage-deficient mice displayed persistent bacteremia in the
first 12 hpi (Fig. 8C). Moreover, the antibody-deficient Cd1 97/~ mice
exhibited remarkable deficiency in clearing TIGR4, particularly at
the early time points, which could be reversed by pre-opsonizing the
bacteria with the T15 antibody (Fig. 8D). In a similar manner, inocu-
lation of TIGR4 pneumococci in the mice lacking complement C3
led to uncontrolled bacterial growth in the bloodstream at the early
stage (Fig. 8E). These findings were verified with serotype-2 strain
D39 (fig. S8, D to F). These data allowed us to conclude that RP mac-
rophages, in concert with anti-PC nAbs and complement C3, are piv-
otal for splenic removal of various liver-resistant pneumococci.

Patients with chronic liver diseases are at higher risk in developing
bacterial sepsis (61, 62). We thus tested whether the spleen clears LV
pneumococci in case the liver-based immunity is compromised using
the LV serotype-14 pneumococci (Spn14). In line with the impor-
tance of liver-resident macrophages in eliminating LV pneumococci
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TH870 (Spn6A) background. (B) Importance of spleen for the blood clearance of multiple HV pneumococci. Blood bacterial loads in SPX mice were counted in the first
12 hours postinfection with 10° CFU of serotype 2 (D39), serotype 4 (TIGR4), and isogenic serotype 3 and 8 strains (Spn3 and Spn8), as compared with the SHM controls.
n = 3. (C) Essential role of RP macrophages for the blood clearance of HV TIGR4. Blood bacterial loads in Spic™~ mice were counted in the first 12 hours postinfection with
10° CFU of TIGR4 and compared with the WT controls. n = 6. (D) Promotion of anti-PC antibodies to the blood clearance of TIGR4. Blood bacterial loads in Cd79™'~ mice
were counted in the first 12 hours postinfection with 10° CFU of the bacteria untreated or pre-opsonized by 5 pg of T15 IgM. n = 3 to 6. (E) Pivotal role of complement C3
for the blood clearance of TIGR4. Blood bacterial loads in C3™/~ mice were counted in the first 12 hours postinfection as in (B). n = 3 to 6. (F) Role of spleen in the clearance
of LV pneumococci in liver immunocompromised mice. Blood bacterial loads in KC-specific depletion Clec4f-DTR (+DT), control (—DT), and KC-depleted SPX (+DT SPX)
mice were compared post intravenous infection with 10% CFU of the LV Spn14. n = 3. Significance was compared by two-way ANOVA test [(B) to (F)]. *P < 0.05,
*H%k%P < 0.0001.
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(17), KC-deficient mice (Clec4f-DTR mice treated with diphtheria
toxin, +DT) showed remarkable deficiency in removing Sprn14 in the
first 12 hours post intravenous infection as compared with the un-
treated mice (—DT) (Fig. 8F). Nevertheless, there was a gradual clear-
ance of the blood Spn14 in KC-deficient mice in the first 12 hours,
resulting in a 230-fold reduction in blood bacteria compared to the
inoculum, but this slow clearance was completely lost after the spleen
was surgically removed in DT-treated Clec4f-DTR mice (+DT SPX)
(Fig. 8F). This result showed that the spleen is a vital backup firewall
against encapsulated pneumococci that cannot be cleared by the liver.

DISCUSSION

It has been well documented that humans lacking a functional
spleen are highly susceptible to invasive infection by S. pneumoniae
and other encapsulated bacteria (21, 22); however, it remains largely
unknown how the largest immune organ executes its innate immu-
nity against these bacteria. In this study, we have uncovered the
dominant role of RP macrophages in the splenic clearance of HV
pneumococci by taking advantage of their ability to escape the liver
surveillance (17, 18). We've further demonstrated that this organ-
specific innate immunity requires opsonization of nAbs targeting
the cell wall PC of S. pneumoniae and activation of the complement
system. While RP macrophages, nAbs, and the complement system
are known to contribute to host innate immunity against invasive
bacterial infections, this study represents the first mechanistic map
of the antibacterial machinery in the spleen (fig. $9).

The spleen is the backup immune organ for the hepatic
antibacterial firewall

As represented by the reticuloendothelial system (12, 13), there are
a plenty of more recent evidence that both the spleen and liver are
important in host defense against bacterial infections (14, 25, 63-
65). However, it remains largely undefined how the two organs di-
vide the labor in the clearance of invading bacteria. Our recent
studies have defined that the liver KCs capture and kill unencapsu-
lated and many LV encapsulated bacteria with astonishing efficiency
in mice once they enter the blood circulation; the spleen is com-
pletely dispensable for the clearance of these bacteria (17, 18). This
work has shown that the spleen clears encapsulated bacteria that the
liver fails to eliminate. On the one hand, the spleen eliminates the
liver-resistant bacteria that are naturally refractory to the hepatic
firewall. This is manifested by the survival and subsequent growth of
the liver-resistant HV serotypes in the blood circulation in the ab-
sence of the spleen. On the other hand, the spleen is able to control
the blood-borne LV encapsulated bacteria when the hepatic filtra-
tion system is compromised. The spleen became essential for clear-
ing the otherwise liver-susceptible LV pneumococci in KC-depleted
mice. In such scenarios, the spleen serves as a backup, albeit less ef-
ficient, immune organ of the hepatic antibacterial firewall.

In summary, the liver appears to serve as the default organ for
removing the “conventional” microorganisms in the bloodstream
(e.g., gut microbiota and LV encapsulated bacteria), while the spleen
is reserved for dealing with the “emergency” conditions due to inva-
sive infections of the liver-resistant pathogens or the impairment of
the hepatic surveillance system. The layback role of the spleen, rela-
tive to the liver, in bacterial clearance is consistent with the well-
known role of the spleen in sampling microbial antigens in the
circulation for B cell activation and antibody production (20), which
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would provide more swift responses to potential future emergency.
Technically, the recent availability of the liver-resistant pneumococ-
cal serotypes has enabled us to distinguish the unique contributions
of the spleen and liver to bacterial clearance.

RP macrophage is the major immune cell against the
liver-resistant pneumococci in the spleen

Despite the importance of the spleen in host defense against micro-
bial infections, the splenic immune cells that execute bacterial clear-
ance are still sketchy and controversial. MZ macrophages bind
pneumococcal capsules via the C-type lectin receptor SIGN-R1 (28-
31), which has been suggested to be essential for the clearance of
pneumococci in mice (30, 31). In contrast, a more recent study has
suggested RP macrophages, instead of MZ macrophages, as the lead-
ing phagocytes for phagocytic clearance of virulent S. pneumoniae in
the spleen (27). Leishmania donovani-induced expansion of RP
macrophages made mice more resistant to serotype-3 HV pneumo-
cocci although the parasitic infections also resulted in the simultane-
ous loss of MZ macrophages; in addition, neutrophils and dendritic
cells are dispensable (27). A subsequent study has confirmed the role
of RP macrophages in capture serotype-2 pneumococci in the spleen
but also showed that neutrophils are responsible for killing RP mac-
rophage-trapped bacteria in the spleen (25).

This work has provided evidence that RP macrophages are the ma-
jor immune cells in the spleen that capture and kill the liver-resistant
pneumococci in the early phase of septic infection. Our conclusion is
supported by the complete loss of pneumococcal clearance in RP
macrophage-deficient mice. This phenotype was identified by high
CL-mediated RP macrophage depletion and later confirmed by SpiC-
dependent genetic deficiency in RP macrophage development. In
sharp contrast, parallel experiments targeting MZ and MP macro-
phages did not yield obvious impact on the splenic clearance of the
liver-resistant bacteria. Moreover, we have found that neutrophils
play a marginal role in the splenic clearance of virulent pneumococci
in the early phase of infection. Splenic neutrophils dramatically in-
creased at 3 to 6 hours postinfection, but depleting neutrophils with
1A8 antibody did not yield notable impact on the eradication of
blood-borne pneumococci. The in vivo imaging and flow cytometry
data also showed a dominant role of RP macrophages in capturing
and killing pneumococci in the spleen. Neutrophils and IMs appear
to confer a lower level of antipneumococcal immunity at 12 hours
postinfection since Grl antibody-treated mice showed noticeable
impairment in pneumococcal clearance from the bloodstream. In full
agreement with our finding, Gerlini et al. (34) have shown that splen-
ic macrophages are much more important than neutrophils and IMs
in the clearance of pneumococci from the blood circulation.

The tissue resident macrophages shape the spleen- and
liver-specificimmune functions

Building on our previous studies on the unique role of KCs in liver-
specific bacterial clearance (17, 18), this study has clarified the func-
tion of RP macrophages in the spleen-specific immunity against the
liver-resistant pneumococci, improving our understanding on how
the spleen and liver carry the organ-specific antibacterial immunity.
The RP macrophages and KCs share several anatomic and function-
al features (66, 67). In contrast to the intrinsic mobility of certain
tissue-resident macrophages (e.g., alveolar macrophage and perito-
neal macrophage), both RP macrophages and KCs are immobilized
to their niches and directly exposed to blood flow. RP macrophages
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and KCs have been well documented as highly phagocytic cells in
taking up old/injured erythrocytes (for RP macrophages) and mi-
crobes (for KCs). RP macrophages and KCs each represent the most
abundant macrophage population in the spleen and liver, respec-
tively. Last, both the macrophage types are characterized by their
phagocytic capacities.

However, there are numerous fundamental differences between
RP macrophages and KCs, which, to greater or less extents, contrib-
ute to the organ-specific immunity. KCs represent approximately
90% of all resident macrophages in the body and are positioned at
the gateway of the hepatic portal vein where blood from the gastro-
intestinal systems gather and pass through the liver sinusoids (68).
The liver macrophages are also famous for its swift capture of circu-
lating bacteria and other particles (14, 25, 63-65, 69-73). A recent
study has shown that KCs positioned near the entry of the portal
vein are even more phagocytic than those located at the distal part
of the hepatic vasculatures, so-called “commensal-driven immune
zonation” (72). The anatomic position, exceptional abundance, and
enormous phagocytic capacity of KCs suit well with the default im-
mune task of removing potentially abundant and harmful microbes
and other particles from the blood circulation. Although RP macro-
phages are far lower in cell number than KCs, they outnumber the
combination of all the other macrophage populations in the spleen
of humans and mice (66). Moreover, RP macrophages are highly
phagocytic as manifested by the effective uptake of aged/damaged
erythrocytes or erythrophagocytosis (74).

In the light of the existing literature, resident macrophage-specific
expression of bacterial pattern-recognition receptors is likely to be
a major factor in defining the RP macrophage- and KC-specific
activities in clearing blood-borne bacteria. In sharp contrast to the
well-documented phagocytic activities of RP macrophage and KCs
against bacteria, the receptors that recognize microbial molecules for
macrophage phagocytosis are far less understood. However, our re-
cent studies have shown that KCs capture the LV encapsulated bacte-
ria by receptor-mediated recognition of CPSs, as demonstrated by
the requirement of asialoglycoprotein receptor (ASGR) for KC cap-
ture of serotype-7F and -14 pneumococci in the liver sinusoids
(17, 18). While ASGR represents the only known receptor for bacte-
rial capsules on KCs, the liver macrophages also uniquely express the
complement receptor CRIg for bacterial phagocytosis, which is vir-
tually not expressed by any other immune cells (64, 65, 69, 75, 76).
While there are no existing bacterium-specific receptors on RP mac-
rophages, it is likely that these macrophages also require such recep-
tors for capturing flowing bacteria in the bloodstream. The CD91
and CD163 scavenger receptors have been identified for the uptake
of hemopexin-heme complexes and hemoglobin by RP macro-
phages, respectively (77, 78).

Anti-PC nAbs are essential for the splenic immunity against
the liver-resistant S. pneumoniae

Since the 1980s, the protective effects of naturally occurred antibod-
ies targeting non-capsular antigens in pneumococcal infection have
been documented (42, 52, 54). NAbs of the T15 idiotype, which rec-
ognize the PC moiety in pneumococcal cell wall polysaccharides,
have been proved to protect mice from lethal infection by multiple
serotypes of pneumococci, with empirical evidence based on the
phenotypic observation on blood bacterial clearance and postinfec-
tion survival rate (55, 79). In this work, the antibody-null pMT mice
and B1 cell-deficient Cd19™'~ mice revealed functional impairment
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in the early control of HV pneumococci, which could be dose-
dependently reversed by purified nAbs from murine serum or re-
combinant monoclonal T15 antibodies. The essentiality of anti-PC
nAbs was further confirmed by the in situ 2pSAM illustration of
nlgM- and T15 IgM-recovered pneumococcal entrapment in the RP
of Cd19™"~ mice. Our study has uncovered the cellular basis underly-
ing the protection conferred by anti-PC nAbs, by which RP macro-
phages capture the circulating HV pneumococci in the spleen, thus
maintaining a fundamental level of antipneumococcal immunity in
the native host. Nevertheless, the nAb-deficient mice showed lower
bacteremia level than that in the asplenic and RP macrophage-
depleted mice over the initial phase of infection, which suggests
nAb-independent yet unknown immune functions in the spleen.

In agreement with previous studies (80-82), we observed sub-
stantial levels of PC-reactive IgM and IgG antibodies in serum from
adult donors. While anti-PC antibodies are commonly present in
healthy adults, they are notably absent in infants under 2 months of
age and decline dramatically in the elderly (81). This deficiency in
anti-PC antibodies may partially explain the increased susceptibility
of these populations to invasive pneumococcal diseases, highlight-
ing the critical role of these antibodies in host defense.

Our recent work has highlighted that vaccine-elicited anti-capsule
antibodies strongly augment the immune clearance of HV pneumo-
cocci by liver KCs and sinusoidal endothelial cells, thus providing
robust protection (48). Moreover, we found that the splenic defense
can be bolstered by additional anti-PC antibodies, which could con-
vert the slow bacterial clearance to a rapid elimination and partially
protect the host from lethal infection, underscoring the viability of
pneumococcal PC as vaccine candidates. Despite the success of cur-
rent capsule-based pneumococcal vaccines, they do face the limita-
tions in serotype coverage and the challenges of serotype replacement
(83). Consequently, antibodies targeting the conserved non-capsular
antigens offer a compelling strategy for broad-spectrum vaccines that
are effective against all serotypes of S. pneumoniae. To this end, vari-
ous pneumococcal surface proteins have been widely explored as
vaccine antigens, with several protein-based vaccines being used in
clinical trials (84). However, there remains interstrain variability in
some pneumococcal surface proteins (85), which has been reported
to promote immune evasion to variant-specific antibodies (86). The
strictly immutable nature of the pneumococcal cell wall PC makes it
a promising antigen for future vaccine development. Nonetheless,
ongoing research efforts are imperative to optimize the efficacy of im-
mune clearance mediated by anti-PC antibodies and to explore their
full clinical potential.

Complement system is pivotal for the antibacterial
immunity in the spleen

The complement system represents an important element of the in-
nate immunity to bacterial infections, including S. pneumoniae (87).
It is not unusual that complement systems played a role in the RP
macrophage-dependent pneumococcal clearance. Our findings
demonstrate that complement C3 is indispensable for the efficient
elimination of HV pneumococci during the early stage of septic in-
fection, acting synergistically with RP macrophages and nAbs to
mediate bacterial clearance. Moreover, the monoclonal T15 IgM- or
IgG3-opsonized pneumococci cannot be efficiently eliminated in
€37~ mice as compared with the rapid clearance in WT controls.
These results indicate the complement system as a pivotal down-
stream effector mechanism of nAb-driven innate defense in the
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spleen. Unexpectedly, the splenic immunity seems to be less depen-
dent on the classical pathway initiated by nAb because the C1ga™"~
mice held the capacity to eliminate HV pneumococci as the WT
controls. Instead, we noticed a severe impairment in bacterial clear-
ance in alternative pathway—deficient Cfb~'~ mice. Cell wall teichoic
acid plays a critical role in complement activation through alterna-
tive pathway on the pneumococcal surface (88). nIgM binding to
PC could result in local clustering of the teichoic acids due to the
agglutinating effect of the 10-valent IgM, which in turn accelerates
the assembly of the alternative C3 convertase C3bBb and its ampli-
fication loop. This may explain why the alternative pathway is more
relevant than the classical pathway for splenic clearance of HV
S. pneumoniae. Although we have established that C3 is required for
the nAb-mediated pneumococcal clearance, our in vivo assessment
showed dispensable roles of the known complement receptors, in-
cluding CR1/2, CR3, CR4, and CRIg. How C3-coated pneumococci
are destroyed calls for further elucidations.

Limitation of this study

We have investigated the cellular and molecular basis of splenic im-
munity to HV pneumococci in murine sepsis models, which should
be interpreted with caution in the context of human disease. The
ubiquity of PC-reactive nAbs in human serum (81, 82, 89) and their
cross protection in mouse models (52) strongly suggest the anti-PC
antibodies as a conserved immune response to pneumococcal infec-
tion across mammalian species. Nonetheless, the translational rele-
vance of our findings needs further exploration.

MATERIALS AND METHODS

Bacterial strains and cultivation

The S. pneumoniae strains used in this study are described in table
S1. S. pneumoniae strains were cultured with Todd-Hewitt broth
containing 0.5% yeast extract at 37°C with 5% CO,, or on tryptic soy
agar plates supplemented with 5% defibrinated sheep blood. PC-free
S. pneumoniae strains were obtained by cultivation of the bacteria in
chemically defined medium supplemented with ethanolamine
(40 pg/ml) instead of choline as described (90).

Mouse lines

The source and strain information of KO mice used in this work is
provided in table S2. The Itgax™'~ (CR4 KO) mice were in-house
generated by the CRISPR-Cas9 approach using single-guide RNAs
(sgRNAs) (gRNA15312) as listed in table S3. The desirable offsprings
were backcrossed with WT C57BL/6] mice for more than seven gen-
erations before experimentation. The Itgam ™ Itgax™'~ (CR3/CR4
double KO) mouse was generated by CRISPR-Cas9 approach in
Itgam™~ background using sgRNA targeting Jtgax locus. The resulting
frameshifting mutations in Itgam and Itgax were confirmed by
DNA sequencing.

Septic infection

All animal experiments were performed in female C57BL/6 mice (6
to 8 weeks old) according to the animal protocols approved by the
Institutional Animal Care and Use Committee in Tsinghua Univer-
sity (22-ZJR1). Septic infections were carried out by intravenous
injection of desirable bacterial CFUs in 100 pl of Ringer’s solution as
described (17). The bacteremia kinetics were determined by retro-
orbital bleeding and CFU plating. Bacteria in the spleen and liver
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were measured by CFU plating of tissue homogenates and presented
as CFU per organ. Mouse survival was recorded every day in a 7-day
period or at a humane end point (body weight loss >20%).

Splenectomy

Asplenic mice were obtained by surgical removal of the spleen as
described (17). In brief, the mice were anesthetized with avertin
(Sigma-Aldrich) at a dose of 400 mg/kg and meloxicam (Sigma-
Aldrich) at a dose of 8 mg/kg before surgery. The peritoneum was
opened on the left side to suture spleen pedicle before removing
spleen and closing the peritoneum. SHM mice underwent the same
procedure without spleen removal. Postoperative animals were al-
lowed to recover for at least 10 days before experiments.

Immunofluorescence imaging of the spleen
Immunofluorescence staining of fixed spleen was carried out as de-
scribed (32). Briefly, the spleens of mice were made into 10-pum frozen
sections for confocal immunofluorescence imaging. For analyzing the
bacterial capture in the spleen, the mice were intravenously infected
with 107 CFU of GFP-expressing S. pneumoniae 1 hour before prepa-
ration of sections. RP, MZ, and MP macrophages were stained with
AF647 anti-F4/80, AF488 anti-SIGN-R1, and AF594 anti-CD169, re-
spectively, at 3 pg/ml for 30 min after treatment with 200 pl of block-
ing buffer [phosphate-buffered saline (PBS) supplemented with 1%
bovine serum albumin (BSA)]. Sections were mounted with an anti-
fade mounting media after three washes in PBS. Images were acquired
with Leica TCS SP8 confocal microscope using 10x/0.45 NA and
20%/0.80 numerical aperture (NA) HC PL APO objectives. The mi-
croscope was equipped with Acousto Optics without filters. Fluores-
cence signals were detected by photomultiplier tubes and hybrid
photo detectors. Three laser excitation wavelengths (488, 585, and
635 nm) were used by white light laser (1.5 mw, Laser kit WLL2, 470 to
670 nm). Representative images were acquired with 200X and 800X
magnification at 1024 pixels by 1024 pixels. The RP and MZ of the
entire spleen section were photographed by concatenating multiple
images at 100X magnification, and the area was calculated by Image]J
(Image] 1.47v, National Institutes of Health, USA). Five to 10 random
fields of view were examined to calculate the number of captured bac-
teria in each area. Antibodies used in this study are listed in table S4.

Long-term 3D two-photon imaging of the spleen

Subcellular resolution imaging of the spleen was performed by
2pSAM essentially as described (39). Briefly, RP macrophages and
neutrophils were stained with 2.5 pg of phycoerythrin (PE) anti-
F4/80 and PE-Cy5 anti-Ly6G, respectively, 30 min before intrave-
nous infection with 5 x 10° CFU of GFP-expressing S. pneumoniae.
The spleen was surgically exposed and fixed by a vacuum apparatus
under the lens. The mice were kept in anesthesia using 1.5% of isoflu-
rane. An excitation light from a commercial femtosecond laser
(Spectra-Physics InSight X3, Newport) was set at 1000 nm for
three-color imaging. The average laser power under the objective
(25%/1.05 NA, water immersion, Olympus, XLPLN25XWMP2) was
about 30 mW. For detection, a 525-nm filter (MF525-39, Thorlabs)
was used for bacteria imaging, a 610-nm filter (ET610/75 m, Chroma)
was used for macrophage imaging, and a 670-nm filter (ET670/50 m,
Chroma) for the neutrophil imaging. Imaging data were collected at
a 30-Hz sampling rate, and 512 pixels-by-512 pixels-by-13 angles
scanning was adopted. Before three-dimensional (3D) reconstruc-
tion, DeepCAD was used to perform denoising for each angle (91),
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and a customized denoising model was trained for each channel. The
3D reconstruction was performed as described (39).

Bacterial uptake by RP macrophages was visualized by 2pSAM
as described (17). The splenic RP macrophages were stained by
intravenous injection of 2.5 pg PE-Cy5 anti-F4/80 antibodies at
30 min before intravenous inoculation with 10° CFU of pHrodo-
labeled GFP-expressing S. pneumoniae. pHrodo labeling was con-
ducted according to the manufacturer’s instructions except for
using 0.001 mM pHrodo Red (Invitrogen). Images were acquired
at 1 hour postinfection.

Bacterial cell tracking was performed using a deep learning
model that integrates the bacterial motility conditions and cellular
feature similarity in 2pSAM images to comprehensively reconstruct
cell movement trajectories as described (92). To reduce interference
caused by extraneous bacterial and noise signals, bacteria appearing
briefly (less than two frames) were excluded from the data.

Immune cell depletion

MZ/MP macrophages and RP macrophages were selectively depleted
by intravenous inoculation with low CL (120 pg per mouse) and
high CL (1 mg per mouse) 1 day before infection, respectively, as
described (25). Antibody-based depletion of neutrophils and IMs
was accomplished as described in our previous study (17). KCs were
removed by intraperitoneal injection of recombinant DT in Clec4F-
DTR mice 1 day before infection (93).

Flow cytometry

Flow cytometry was performed essentially as described (17). Total
splenocytes were harvested by passing through a 70-pm cell strainer,
and red blood cells (RBCs) were lysed by 1 ml of RBC lysis solution.
The splenocytes (10°%) were blocked with 50 pl fluorescence-activated
cell sorting buffer [PBS with 3% fetal bovine serum (FBS)] containing
1% anti-CD16/32 antibody for 10 min and then stained with antibod-
ies: allophycocyanin (APC)-Cy7 anti-CD45 (1/200), BV605 anti-
CD11b (1/500), fluorescein isothiocyanate anti-F4/80 (1/200), AF700
anti-Ly6G (1/500), eFluor 450 anti-Ly6C (1/500), APC anti-SIGN-R1
(1/200), and PE anti-CD169 (1/200) for 20 min. Cell viability was char-
acterized by adding 5 pl of 7-AAD to the samples before analysis. Via-
ble cells were gated as splenic RP macrophages (CD45"CD11b"°“F4/80™),
MZ macrophages (CD45*CD11b*F4/807SIGN-R1*), MP mac-
rophages (CD45"CD11b"F4/80~CD169™), neutrophils (CD45*CD11
b*Ly6C Ly6G*), and IMs (CD45*CD11b*Ly6C"¢"Ly6G™). For ana-
lyzing the bacterial association with splenic phagocytes, the mice were
intravenously infected with 10" CFU of GFP-expressing S. pneumoniae
30 min before harvesting splenocytes and cells were stained as above
recipe except using PE-Cy5 anti-F4/80 and excluding 7-AAD. The in-
formation of flow antibodies is listed in table S4.

Purification of nAbs

nlgM and nlIgG were purified from normal murine serum using
Protein G and Protein L resin (GenScript, China) according to the
manufacturer’s instructions. Briefly, a total volume of 10 ml of se-
rum was diluted with 10 ml of PBS and incubated with 1 ml of Pro-
tein G resin at 4°C for 2 hours. The resin was washed with 5 ml PBS
for four times, and bound IgG was eluted with 10 ml of 0.1 M gly-
cine (pH 2.5). The flow-through serum from Protein G columns was
further mixed with 1 ml of Protein L resin to purify IgM in a similar
manner. Purified IgM and IgG were concentrated by ultracentrifu-
gation using 30-kDa centrifugal filters (Millipore, USA), sterilized
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by 0.22-pm centrifugal filter (Corning, USA), and quantified by the
BCA Assay Kit (Beyotime, China).

Recombinant monoclonal antibody production

Murine monoclonal antibodies (idiotype T15) against PC were gen-
erated as described with minor modifications (94). The coding se-
quences of variable region for heavy chain (GenBank accession
M16334.1) and light chain (GenBank accession U29423.1) were
synthesized according to published sequences (95, 96). The coding
sequences of constant region for heavy chains (CHgv, CHiggs,
CHygg1)s light chain, and J chain were polymerase chain reaction
(PCR) amplified using murine spleen cDNA as templates. The full-
length spleen cDNA was amplified from the total RNA extracted
from mouse spleen by TRIzol reagent (Invitrogen) using Maxima H
Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
The DNA fragments were further linked by fusion PCR and cloned
into H and L vectors by enzymatic digestions and ligations. The rel-
evant primers and resulting plasmids are listed in tables S3 and S5.
The full-length IgG3 and IgM antibodies were produced by cotrans-
fection of the H and L vectors into the human embryonic kidney
(HEK) 293 suspension culture cells (Expi293F) and purified with
Protein G (IgG) and Protein L (IgM) resin, respectively.

Enzyme-linked immunosorbent assay

Antibody titers of human and murine serum and purified IgG/IgM
were quantified by ELISA. Human serum samples were collected
from healthy donors with approval by the Tsinghua University Sci-
ence and Technology Ethics Committee (Medicine) (THUOI-
20240036). Briefly, antigens in 100 pl of PBS were coated on
96-well plates at indicated concentrations: pneumococcal cells,
optical density at 600 nm 0.1; BSA and BSA-PC (10 pg/ml); CPS
(10 pg/ml). BSA-PC was produced as reported (97). Briefly, 75 mg
of cytidine 5’-diphosphocholine (CDPC, Sigma-Aldrich) was oxi-
dized in 2.5 ml of 0.1 M sodium periodate for 20 min before 0.15 ml of
1 M ethylene glycol was added to stop the reaction. BSA (140 mg,
Sigma-Aldrich) was dissolved in 5 ml of 0.1 M sodium bicarbonate
and incubated with the activated CDPC for 1 hour. After that, 5 ml
of 0.5 M sodium borohydride was added, and the mixture was in-
cubated overnight. The resulting solution was buffer-exchanged
with PBS by ultracentrifugation. CPS was extracted as described
(17). Immunoglobulin class and subtype were determined with
horseradish peroxidase-conjugated anti-mouse or anti-human IgM
and IgG antibodies (EasyBio, Beijing, China).

Construction of antibody receptor-expressing CHO cells

CHO cell lines expressing mouse antibody receptors were con-
structed as described (48). For expression of mouse Femr and Feamr,
the full-length cDNAs of the target mouse genes were amplified
from the total RNA isolated from the spleen using TRIzol reagent
(Invitrogen) using Maxima H Minus First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific) and cloned into pCDH vector with a
Hise tag at the C terminus. The ligation mixtures were transformed
into Escherichia coli DH5a and selected on LB plates with ampicil-
lin (100 pg/ml). Recombinant plasmids were confirmed by DNA
sequencing and extracted using HiPure Plasmid EF Micro Kit
(Magen) for subsequent lentiviral transduction. Recombinant plasmids
were transfected into HEK293T cells using Lipofectamine 2000
(Invitrogen) together with lentiviral packaging vectors pMD2.G and
psPAX2 (gifts from D. Trono, Addgene). The lentiviral particles
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were harvested at 48 hours and filtered through 0.45-pm syringe fil-
ter unit (Millipore) to remove cell debris. The pCDH-lentivirus was
used to infect CHO cells with polybrene (8 pg/ml, Sigma-Aldrich).
The transfectants were selected with puromycin (5 pg/ml) for
7 days. The relevant primers and resulting plasmids are listed in tables
S3 and S5.

RP macrophage cultivation

Mouse primary RP macrophages were isolated and cultivated as de-
scribed (98). In brief, the splenocytes were harvested by grinding
the spleen and resuspended in 5 ml of RPMI 1640 medium. Single
cells were obtained by filtering through a 70-pm cell strainer, and
RBCs were lysed with RBC lysis solution. Splenocytes from each
spleen were resuspended in 10 ml of conditional medium (CM,
RPMI 1640 supplemented with 20% 1929 cell supernatant and 10%
FBS) and cultured in a 10-mm plate at 37°C, 5% CO; for 3 days.
Nonadherent cells were removed, and the adhered RP macrophages
were cultured in CM for another 4 days before use.

In vitro bacterial binding

Bacterial binding to host cells were assessed essentially as described
(17). CHO transfectants and primary RP macrophages were seeded
in 96-well cell culture plates and grown to 90 to 100% confluence
(~5 x 10* cells per well). At the time of binding experiments,
growth media were replaced with basic F-12 K (CHO cells) or
RPMI 1640 (RP macropha§es) without serum and antibiotics. For
pre-opsonization, every 10° CFU of pneumococcal cells were incu-
bated with 20 pg of monoclonal T15 antibody or 50 ul of mouse
serum at 37°C for 30 min. Antibody or complement-coated bacte-
ria were suspended in basic F-12 K or RPMI 1640 at a density of
5 x 10* CFU in 50 pl and added into 96-well plates with 50 pl per
well, resulting in a multiplicity of infection of 1:1, followed by cen-
trifugation at 500¢ for 5 min to maximize the contact between bac-
teria and the cells. The mixtures were incubated for 30 min at 37°C
with 5% CO,. The free bacteria were enumerated by CFU plating of
the supernatants. The eukaryotic cells were thoroughly washed to
remove free bacteria and lysed with 100 pl of ice-cold sterile H,O
to enumerate cell-associated bacteria by CFU plating of the lysates.
Bacterial binding was calculated by dividing the cell-associated
CFU to the CFU of total bacteria.

Statistical analysis

All experiments presented in this work were repeated at least
twice at different times. The data are analyzed and presented as
means + SEM. Statistical analysis was performed using GraphPad
Prism software (8.3.1). The levels of statistical significance are de-
fined by P wvalues of <0.05 (*), <0.01 (**), <0.001 (**%),
and <0.0001 (****). Flow cytometry and gene/protein sequence
data were analyzed using Flow]Jo (10.4) and Lasergene (15.0.0) for
Macintosh, respectively.
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