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I M M U N O L O G Y

Gut IgA functionally interacts with systemic IgG to 
enhance antipneumococcal vaccine responses
Cindy Gutzeit1†‡, Emilie K. Grasset2,3,4*†, Dean B. Matthews5,6§, Paul J. Maglione7§,  
Graham J. Britton8, Haley Miller1, Giuliana Magri9¶, Lewis Tomalin10, Matthew Stapylton10,  
Pablo Canales-Herrerias1, Musia Sominskaia2, Mauricio Guzman9, Marc Pybus11,  
Sonia Tejedor Vaquero9, Lin Radigan12, Roser Tachó-Piñot9, Andrea Martín Nalda13,14,15,  
Marina García Prat13,14,15, Monica Martinez Gallo14,16, Romina Dieli-Crimi16, José C. Clemente1,10, 
Saurabh Mehandru1,17, Mayte Suarez-Farinas10, Jeremiah J. Faith1,10,  
Charlotte Cunningham-Rundles12, Andrea Cerutti1,9,18*

The gut microbiota enhances systemic immunoglobulin G (IgG) responses to vaccines, but it is unknown whether 
this effect involves IgA, which coats intestinal microbes. That IgA may amplify postimmune IgG production is sug-
gested by the impaired IgG response to pneumococcal vaccines in some IgA-deficient patients. Here, we found that 
antipneumococcal but not total IgG production was impaired in mice with IgA deficiency. The positive effect of gut 
IgA on antipneumococcal IgG responses started very early in life and could implicate gut bacteria, as these respons-
es were attenuated in germ-free mice recolonized with gut microbes from IgA-deficient donors. IgA could exert this 
effect by constraining the systemic translocation of gut antigens, which was associated with chronic immune activa-
tion, including T cell overexpression of programmed cell death protein 1 (PD-1). This inhibitory receptor may at-
tenuate antipneumococcal IgG production by causing B cell hyporesponsiveness, which improved upon anti–PD-1 
treatment. Thus, gut IgA functionally interacts with systemic IgG to enhance antipneumococcal vaccine responses.

INTRODUCTION
The intestinal mucosa includes commensal bacteria, fungi, viruses, and 
other microbial and eukaryotic species collectively referred to as micro-
biota, which modulates host immunity, including immune responses to 
vaccines (1, 2). While most of these studies have focused on the micro-
bial component of the gut microbiota, this “prokaryotic organ” of our 
body also includes immunoglobulin A (IgA), a prominent mucosal anti-
body from intestinal B cells that coats commensal microbes (3). Yet, the 
role of gut IgA in systemic immunity remains unclear.

IgA mostly derives from intestinal B cell responses to commensal 
bacteria, which function as major IgA inducers (3). These responses oc-
cur under homeostatic conditions through complementary T cell–de-
pendent (TD) and T cell–independent (TI) pathways that yield distinct 
pools of IgA antibodies, at least in mice (4, 5). Conversely, IgA interac-
tion with gut commensals shapes the topography, composition, and im-
munometabolic properties of the intestinal microbiota (6). However, the 
impact of gut IgA on systemic IgG responses remains elusive.

Growing evidence indicates that IgA cooperates with IgG to en-
hance protection against both commensals and pathogens (7, 8). Ac-
cordingly, some patients with IgA deficiency (IGAD) develop mucosal 
infections, including respiratory infections, in addition to gut dysbio-
sis (9, 10). Of note, infections by common lung pathogens such as 
Streptococcus pneumoniae are usually controlled by IgG, which can be 
readily elicited by pneumococcal vaccines (11). Some patients with 
IGAD and with heterogeneous phenotypic traits show impaired sys-
temic IgG responses to pneumococcal vaccines (12, 13). In addition, 
some patients with IGAD exhibit a concomitant IgG subclass defi-
ciency, whereas others develop a global and profound IgG depletion 
as they progress to common variable immunodeficiency (14). To-
gether, these observations suggest that IgA may be more functionally 
connected to IgG than commonly thought.

Accordingly, the IgA-targeted motility protein flagellin from gut 
microbes enhances IgG responses to an influenza vaccine in addition 
to promoting IgA production (15, 16). Similarly, gut microbial 
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metabolites amplify IgG in addition to IgA responses (17). Converse-
ly, immune adaptations to the microbiota, including homeostatic 
IgA production, limit the potentially harmful host tissue response 
caused by unrestrained penetration of gut metabolites into tissues 
(18). This response usually entails a proinflammatory switch to IgG 
(19). Notwithstanding this evidence, whether intestinal IgA influ-
ences systemic IgG production remains unknown.

Here, we report that peripheral IgG responses to pneumococcal 
vaccines were compromised in IgA-deficient Igha−/− mice. This im-
pairment was associated with increased systemic penetration of gut 
antigens and could be partly recapitulated in ex-germfree (GF) recipi-
ent mice recolonized with gut microbes from Igha−/− donors. Impaired 
postimmune IgG responses were associated with increased immune 
activation, including grossly augmented preimmune IgG production, 
some of which targeted gut commensal antigens. Increased immune 
activation further encompassed enhanced germinal center (GC) and 
plasma cell (PC) differentiation as well as augmented T cell expression 
of the immune inhibitor programmed cell death protein 1 (PD-1). Of 
note, PD-1 may contribute to the weakening of postimmune IgG pro-
duction, which ameliorated upon anti–PD-1 treatment. Last, IgG re-
sponses were already perturbed in Igha−/− mice soon after birth. 
Together, our data unveil a hitherto unknown functional interconnec-
tion between gut IgA and systemic IgG responses.

RESULTS
IgA augments IgG responses to TD immunogens
Microbial carbohydrates with repetitive structure, including pneu-
mococcal polysaccharides (PPS), induce specific IgM as well as IgG 
responses by activating splenic marginal zone (MZ) B cells in a TI 
manner, as opposed to microbial proteins that activate follicular (FO) 
B cells in a TD manner (11, 20). The human vaccine Pneumovax23, 
which includes unconjugated PPS from 23 highly pathogenic sero-
types of S. pneumoniae, induces humoral protection in adults but not 
young individuals due to the incomplete development of the splenic 
MZ in the first 5 years of life (21, 22). To compensate for this limita-
tion, the protein-conjugated pneumococcal vaccine Prevnar13, which 
encompasses protein-conjugated PPS from 13 highly pathogenic se-
rotypes of S. pneumoniae, was developed. By eliciting specific IgG re-
sponses in a TD manner, Prevnar13 generates immune protection not 
only in children but also in adults unresponsive to Pneumovax23, 
which is a weaker immunogen (21, 22).

First, we determined whether IGAD impaired systemic IgG re-
sponses to Prevnar13 in IgA-deficient C57BL/6 Igha−/− mice. These 
mice were generated by deleting the following genetic elements 
from the mouse Ig heavy chain (IgH) locus: (i) the Iα exon, which 
initiates germline transcription of both switch α region and constant 
α gene; (ii) the intronic switch α region, which guides class switch-
ing from IgM to IgA; and (iii) the 5′ half of the constant α gene, 
which encodes the constant α region of IgA (23). Wild-type (WT) 
and Igha−/− strains were generated by mating heterozygous Igha+/− 
parents to control for microbiota and genetic background variability 
between strains. WT mice used came from these strains, unless in-
dicated otherwise.

Enzyme-linked immunosorbent assay (ELISA) showed that, com-
pared to WT controls, Igha−/− mice induced less IgG1 to PPS from 
the Prevnar13 vaccine 7 and 28 days following intravenous immuni-
zation (Fig. 1A). Of note, this decrease was not associated with gross 
quantitative alterations of splenic IgG1 class–switched B cells (SBCs), 

plasmablasts, or PCs (Fig. 1B and fig. S1A). We then verified whether 
IGAD impaired the magnitude and affinity of systemic IgG1 respons-
es to 4-hydroxy-3-nitrophenyl-ovalbumin (NP-OVA), a commonly 
used TD immunogen. Compared to WT controls, Igha−/− mice in-
duced less IgG1 with either high (NP7) or low (NP23) affinity 7, 14, 
21, 28, and 62 days following intraperitoneal immunization with NP-
OVA and aluminum hydroxide and magnesium hydroxide (alum) 
(Fig. 1C and fig. S1B). In immunized Igha−/− mice, the reduction of 
IgG1 affinity maturation was most evident at days 7 and 14 and re-
mained significant up to day 28 (Fig. 1D).

We therefore wondered whether IGAD depleted FO B cell pre-
cursors of TD IgG1-secreting cells and found that the absolute num-
ber but not the frequency of these cells was increased in Igha−/− mice 
compared to WT controls (Fig. 1, E and F). We further evaluated 
whether IGAD caused B cell–intrinsic alterations of TD-induced 
IgG1 class switching and secretion. Splenic B cells from Igha−/− 
mice induced surface IgG1 expression, PC differentiation, and IgG1 
secretion as much as splenic B cells from WT controls upon incuba-
tion for 6 days with an agonistic antibody to CD40 mimicking CD40 
ligand and interleukin-4 (IL-4) (Fig. 1, G to K).

Last, we determined whether IGAD altered splenic T cells and 
dendritic cells (DCs), which are essential for FO B cells to initiate TD 
antibody responses (21). Compared to WT controls, Igha−/− mice 
showed overlapping frequencies and absolute numbers of total T 
cells as well as CD4+, CD8+, or CD4−CD8− T cell subsets, except that 
the frequency of CD4−CD8− T cells was slightly decreased and the 
absolute number of CD4+ T cells was slightly increased (fig. S1C). 
Compared to WT controls, Igha−/− mice also showed overlapping 
frequencies and absolute numbers of total DCs as well as CD4+CD8−, 
CD4−CD8+, or CD4−CD8− DC subsets (fig. S1D). Thus, IgA may 
enhance systemic IgG responses to TD immunogens through a B 
cell–extrinsic mechanism that could operate upstream of PC differ-
entiation.

IgA enhances IgG responses to TI immunogens
Next, we determined systemic IgG responses to Pneumovax23 in 
Igha−/− mice. Compared to WT controls, Igha−/− mice did not in-
duce plasma IgG3 to PPS at 3 and 7 days following intravenous im-
munization with Pneumovax23 (fig. S2A). Together with IgG3, IgM 
is a major component of humoral immunity to TI antigens (20), and 
Igha−/− mice produced more PPS-specific IgM both at baseline and 
after Pneumovax23 immunization compared to WT controls (fig. 
S2A). Like Pneumovax23, replication-incompetent S. pneumoniae 
induced less specific IgG3 but more specific IgM in Igha−/− mice at 
day 7 following intravenous immunization (fig. S2B).

Then, we ascertained whether IGAD impaired IgG3 responses to 
TI antigens other than unconjugated PPS. Compared to WT con-
trols, Igha−/− mice showed no 2,4,6-trinitrophenyl (TNP)–specific 
IgG3 but increased TNP-specific IgM at steady state and 3 and 5 days 
following intravenous immunization with TNP-Ficoll (fig. S2C), a 
haptenated polysaccharide structurally mimicking native PPS. While 
TNP-Ficoll activates MZ and B-1 B cells by cross-linking the B cell 
antigen receptor (BCR), TNP–lipopolysaccharide (LPS) activates 
MZ and B-1 B cells by coengaging Toll-like receptor 4 and BCR (24). 
Compared to WT controls, Igha−/− mice induced less TNP-specific 
IgG3 but more TNP-specific IgM 3 and 7 days following intravenous 
immunization with TNP-LPS (fig. S2D). We therefore wondered 
whether IGAD globally impaired IgG3 production. Total plasma 
IgG3 was readily detectable in Igha−/− mice, although less compared 
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Fig. 1. IgA increases systemic IgG responses to TD immunogens, including protein-conjugated pneumococcal vaccine. (A) ELISA of plasma IgG1 to PPS from five 
WT or seven Igha−/− mice prior to immunization (PI) and following Prevnar13 intravenously. (B) Flow cytometry of intracellular (ic) and extracellular (ec) IgG1 from 
splenic ecIgG1+icIgG1− SBCs, ecIgG1+icIgG1+ plasmablasts (PBs), and ecIgG1loicIgG1+ PCs of representative WT or Igha−/− mice 28 days following Prevnar13 intrave-
nously. Numbers indicate frequency of B220+ cells. (C) ELISA of plasma high- [NP7–bovine serum albumin (BSA)] and low-affinity (NP23-BSA) IgG1 and (D) IgG1 affinity 
maturation calculated as optical density (OD) ratio of high- and low-affinity IgG1 in 13 WT or 11 Igha−/− mice following NP15-OVA and aluminum hydroxide and magne-
sium hydroxide (alum) intraperitoneally. (E and F) Steady-state flow cytometry of CD21lowCD23high splenic FO B cells from representative WT or Igha−/− mice (E), fre-
quency of CD19+ cells, and absolute number from 10 WT or 11 Igha−/− mice (F). (G and H) Flow cytometry of IgG1+B220+ cells from splenic B cells of representative WT or 
Igha−/− mice incubated with medium alone (ctrl) or anti-CD40 and IL-4 for 6 days (G) and frequency of live cells from 6 WT or Igha−/− mice (H). (I and J) Flow cytometry of 
B220+CD138+ PCs from splenic B cells of representative WT or Igha−/− mice incubated as in (G) (I) and frequency of live cells (J). (K) IgG1 ELISA from four WT or Igha−/− mice 
incubated as in (G). Data show representative mice [(B), (E), (G), and (I)], are representative of two experiments (F), or summarize results from either two [(A), (C), (D), and 
(K)] or three experiments [(H) and (J)]. Results are shown with mean [(A) and (F)] or mean ± SEM [(C), (D), (H), (J), and (K)]; two-tailed unpaired Student’s t test used for 
normally distributed data otherwise Mann-Whitney test. *P < 0.05, **P < 0.01, and ***P <0.001. d7, day 7; AU, arbitrary units.
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to WT controls (fig. S2E). This finding ruled out a global impairment 
of IgM-to-IgG3 class switching and IgG3 secretion in B cells from 
Igha−/− mice. As reported earlier (23), these mice also showed more 
total plasma IgM compared to WT controls (fig. S2E), which implied 
that IGAD was not associated with a general impairment of B cell 
activation.

We next wondered whether IGAD caused MZ B cell depletion 
(20), but flow cytometry showed more splenic MZ B cells in Igha−/− 
mice compared to WT controls (fig. S2, F and G). We also determined 
whether IGAD impaired IgG3 class switching and PC differentiation 
in response to commonly used TI antigens. Compared to WT con-
trols, splenic IgG3 class SBCs increased 5 days following intravenous 
immunization of Igha−/− mice with TNP-Ficoll, whereas IgG3 class–
switched plasmablasts and PCs decreased (fig. S2, H and I). This de-
crease was not due to an intrinsic B cell defect, as splenic B cells from 
WT and Igha−/− mice cultured with the TI antigen LPS for 4 days 
comparably differentiated to plasmablasts (fig. S2, J and K). Thus, IgA 
enhances systemic IgG responses to TI immunogens through a B cell 
extrinsic mechanism involving PC differentiation and/or survival.

IgA restrains IgG responses to gut commensal antigens
Given the severe impairment of Prevnar13-induced IgG1 in Igha−/− 
mice, we next evaluated the effect of IgA on steady-state IgG1 pro-
duction. Our choice of focusing hereafter on Prevnar13 and IgG1 was 
based on the following considerations. First, new clinical guidance 
recommends always using TD protein–conjugated Prevnar as clinical 
immunization practice (25). Second, IgG1 is increased in patients 
with IGAD, and this increase is associated with a biased T helper type 
2 (TH2) response, which drives strong IgG1-inducing signals to B 
cells (26). Third, as we have shown earlier, the IgG1 response to Pre-
vnar13 is grossly impaired in Igha−/− mice. Fourth, aside from IgA, 
IgG1 is involved in anticommensal immunity (27), which may be al-
tered in Igha−/− mice as is the case in patients with IGAD (26).

Consistent with an earlier study (23), we found that total plasma 
IgG1 was increased in Igha−/− mice compared to WT controls (Fig. 
2A), which demonstrated that IgG1 production was not globally 
impaired in Igha−/− mice. Considering that IgA limits the penetra-
tion of gut commensal bacteria (3), we also ascertained whether 
IGAD increased the systemic IgG1 response to soluble microbial 
antigens. Compared to WT controls, Igha−/− mice showed more 
plasma IgG1 to lipoteichoic acid (LTA) from Staphylococcus aureus, 
capsular polysaccharide 14 (CPS14) from S. pneumoniae, LPS from 
Salmonella typhimurium as well as CPS9 from S. pneumoniae (Fig. 
2B and fig. S3A).

We further determined whether IGAD increased peripheral IgG1 
responses to gut microbiota antigens. ELISA showed that, compared 
to WT controls, Igha−/− mice had increased plasma IgG1 and IgM to 
gut bacteria from both small intestine (SI) and colon (Fig. 2, C and 
D, and fig. S3, B and C). The increased plasma IgG1 in Igha−/− mice 
reacted to total antigens (Fig. 2, C and D) and surface only antigens 
from whole bacteria (fig. S3B). Last, we explored gut IgG1 and IgM 
responses. Similar to an earlier study (23), Igha−/− mice showed in-
creased total IgG1 and IgM in feces from both SI and colon com-
pared to WT controls (fig. S3, D and E). Given that gut IgG usually 
increases as a result of inflammation (19,  28), we microscopically 
analyzed the intestinal mucosa from Igha−/− mice, which was found 
to be histologically normal (fig. S3F and table S1).

Having shown that IGAD abnormally increased IgG1 produc-
tion to gut commensal antigens, we evaluated whether this finding 

stemmed from augmented bacterial breaching of the intestinal barrier. 
Similar to mesenteric adipose tissue (MAT) from patients with 
Crohn’s disease (29), MAT but not mesenteric lymph nodes (MLNs), 
liver, or spleen from Igha−/− mice yielded more colony-forming 
units (CFUs) upon incubation on agar plates placed in an anaerobic 
chamber compared to WT controls (Fig. 2E and fig. S3G). In keep-
ing with an earlier study showing IgA-coated Lactobacillus (30), mass 
spectrometry showed increased Lactobacillus, including Lactobacillus 
murinus, Lactobacillus reuteri, and Lactobacillus intestinalis, in the 
MAT from Igha−/− mice (Fig. 2F and fig. S3H). Consistent with the 
possibility that IGAD enhances the systemic penetration of gut com-
mensal antigens, quantitative polymerase chain reaction (PCR) de-
tected an increased proportion of 16S bacterial DNA in the liver 
from Igha−/− mice, although this increase did not reach statistical 
significance (fig. S3I). Bacterial DNA was comparable in the spleen 
or MLNs from Igha−/− and WT mice (fig. S3I).

At variance with an earlier study showing no consistent microbi-
ota changes in Igha−/− mice bred from Igha+/− parents (31), we de-
tected some microbiota differences in these mice when studied 
through stool 16S ribosomal RNA (rRNA) gene sequencing (Fig. 2G). 
Compared to control Igha+/+ littermates, cohoused Igha−/− mice gen-
erated from heterozygous Igha+/− parents exhibited an expansion of 
Lactobacillus and S24-7 families belonging to Bacteroidales, a micro-
bial order physiologically coated by IgA (30). Compared to control 
Igha+/+ littermates, cohoused Igha−/− mice also displayed a possible 
depletion of Lachnospiraceae (Fig. 2G), some of which were recently 
shown to critically support homeostatic gut IgA responses in mice 
and undergo depletion in patients with IGAD (10, 32, 33). More evi-
dence is needed to firmly demonstrate the involvement of microbiota-
dependent mechanisms in the enhancement of postimmune systemic 
IgG production by gut IgA. However, current data may offer a blue-
print for more detailed microbiota studies aimed at validating the 
proposed model. In this model, IgA would exert IgG-enhancing ac-
tivity by limiting commensal antigen penetration across the gut bar-
rier while supporting IgA-inducing communities.

IgA could affect IgG responses via gut commensals
Next, we asked whether the selective lack of mucosal secretory IgA 
(SIgA) could phenocopy global IGAD. Gut SIgA is absent in Pigr−/− 
mice, which lack the polymeric Ig receptor (pIgR) needed to trans-
port dimeric IgA across intestinal epithelial cells (3, 34). Given that 
IgA may undergo paracellular leakage in Pigr−/− mice (35), we first 
quantified IgA in the stool from these mice. Compared to control 
Pigr+/+ littermates, Pigr−/− mice generated from heterozygous Pigr+/− 
parents displayed a severe loss of fecal IgA (fig. S3J). Consistently and 
similar to Igha−/− mice, Pigr−/− mice induced less plasma IgG1 to PPS 
21 and 28 days following intraperitoneal immunization with Prevnar13 
compared to WT controls (Fig. 2H).

Next, we tested whether the lateral transmission of IgA-coated gut 
commensals could restore antipneumococcal IgG responses in Igha−/− 
mice. Compared to control Igha+/+ littermates, cohoused Igha−/− mice 
generated from heterozygous Igha+/− parents still mounted a weaker 
plasma IgG1 response to PPS 21 and 28 days following intraperitoneal 
immunization with Prevnar13 compared to control Igha+/+ littermates 
(Fig. 2I). Moreover, cohoused Igha−/− mice mounted a weaker IgG3 
response to PPS from Pneumovax23 7, 14, 21, and 28 days following 
intraperitoneal immunization (fig. S3K).

Considering that mucosa lumen–restricted IGAD was sufficient 
to decrease systemic IgG responses to PPS and knowing that IgA 



Gutzeit et al., Sci. Adv. 11, eado9455 (2025)     12 February 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

5 of 15

Fig. 2. IgA restrains preimmune IgG responses, including responses targeting gut commensal antigens. (A) ELISA of total steady-state plasma IgG1 from 20 WT or 
27 Igha−/− mice. (B) ELISA of steady-state plasma IgG1 to LTA from S. aureus, CPS14 from S. pneumoniae, or LPS from S. typhimurium in eight Igha+/+ or six Igha−/− littermate 
mice. (C and D) ELISA of plasma IgG1 to paired small intestine (SI) (C) or colon (D) fecal bacteria obtained from 8 to 12 WT or 8 to 10 Igha−/− mice. (E) Quantification of 
colony-forming units (CFUs) of anaerobic bacteria in homogenates of spleen, liver, mesenteric lymph nodes (MLNs), mesenteric adipose tissue (MAT), and SI from 8 to 
13 WT or 9 to 13 Igha−/− mice. (F) Taxonomic classification of anaerobic bacterial colonies isolated from MAT from two WT or seven Igha−/− mice by mass spectrometry. 
(G) Top 10 differentially abundant amplicon sequence variants between six WT and seven Igha−/− cohoused littermate mice using analysis of composition of microbiomes 
(ANCOM) (P < 0.05) on 16S rRNA gene sequences of colonic feces. (H) ELISA of IgG1 to PPS from 9 WT mice or 10 Pigr−/− mice PI and following Prevnar13 intraperitoneally. 
(I) ELISA of IgG1 to PPS from 11 Igha+/+ or 16 Igha−/− cohoused littermate mice from Igha+/− parents PI and following Prevnar13 intraperitoneally. (J) ELISA of IgG1 to PPS 
PI or following intraperitoneal immunization with Prevnar13 of ex-GF mice 2 weeks after reconstitution of six to seven GF recipient mice with specific pathogen–free WT 
or Igha−/− cecal content. Results summarize five [(A), (E), and (F)], one [(B), (G), and (J)], or two [(C), (D), (H), and (I)] independent experiments. Data are presented with mean 
[(A) to (E)] or as mean ± SEM [(H) to (J)]; two-tailed unpaired Student’s t test used for normally distributed data otherwise Mann-Whitney test. *P < 0.05, **P < 0.01, 
***P <0.001, and ****P < 0.0001.
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shapes the composition and function of the intestinal microbiota, we 
determined whether gut bacteria from Igha−/− mice had a negative 
impact on their antipneumococcal IgG response. Compared to ex-GF 
mice obtained by reconstituting GF recipients with fecal bacteria 
from WT mice, ex-GF mice obtained by reconstituting GF recipients 
with fecal bacteria from Igha−/− mice induced less IgG1 to PPS 
28 days following intraperitoneal immunization with Prevnar13 (Fig. 
2J). More studies are needed to conclusively demonstrate the involve-
ment of the gut microbiota in the impaired postimmune IgG response 
observed in Igha−/− mice. However, the data shown here do suggest 
that IgA enhances systemic IgG responses to pneumococcal vaccines 
through mechanisms involving commensal microbes. Hypothetical-
ly, IgA may be crucial for the retention and early shaping of the im-
munometabolic properties of one or more communities of commensal 
bacteria with pronounced IgG-inducing function.

IgA controls FO B cell differentiation to PCs
Considering the importance of T follicular helper (TFH) cells in B cell 
activation and IgG1 production (36), we explored whether GCs from 
gut-associated Peyer’s patches (PPs), MLNs, and spleen of Igha−/− 
mice showed any B cell and/or T cell anomalies. Compared to WT 
controls, Igha−/− mice showed enlarged PPs and MLNs but normally 
sized spleen upon macroscopic analysis (Fig. 3A and fig. S4A). Ac-
cordingly, PPs and MLNs from Igha−/− mice had an increased cellu-
larity, while the spleen did not (Fig. 3B). However, flow cytometry 
detected increased GC B cells and TFH cells not only in PPs and 
MLNs but also in the spleen from Igha−/− mice (Fig. 3, C to F).

Given that IGAD caused an expansion of GC B cells in splenic 
follicles from Igha−/− mice, we characterized the global transcrip-
tome of splenic FO cells from these mice. This study also included 
splenic MZ B cells, as IGAD impaired IgG responses to both TD and 
TI pneumococcal vaccines. RNA sequencing (RNA-seq) data visual-
ized through volcano plots showed that FO B cells from Igha−/− mice 
had more differentially expressed genes (DEGs) than MZ B cells 
when compared to WT controls (Fig. 3G). In addition, gene set vari-
ation analysis (GSVA) showed that, compared to WT controls, FO B 
cells from Igha−/− mice expressed more gene sets linked to B cell 
proliferation, GC differentiation, and PC differentiation (Fig. 3H).

As shown by heatmaps of RNA-seq data (Fig. 3I), these increased 
gene sets included previously described transcripts (37) implicated in 
GC differentiation (e.g., Tmem121, 2510009E07Rik, Troap, Ncapg, 
Fscn1, Aicda, and Ighg1) and PC differentiation (e.g., Ncapg, Ccna2, 
and Shcbp1). Having shown that Igha−/− mice have enhanced IgG1 
responses to commensal antigens, we compared IgG1 class SBCs as 
well as IgG1-expressing PBs and PCs from Igha−/− mice and WT con-
trols. By using a flow cytometric assay capable of distinguishing sur-
face from intracellular IgG1, we determined that Igha−/− mice had 
more IgG1+ SBCs, IgG1+ PBs, and IgG1+ PCs in the spleen as well as 
MLNs and PPs compared to WT controls (Fig. 3J and fig. S4, B and C).

Knowing that IgA starts influencing the intestinal microbiota 
soon after birth and that gut bacteria stimulate early postnatal im-
mune development (38, 39), we determined whether IGAD caused 
early immune anomalies. We found that both size and cellularity of 
MLNs were already increased in 5-week-old Igha−/− mice compared 
to WT controls (fig. S4D). Similar to adult mice, MLNs and spleen 
from 5-week-old Igha−/− mice included more total GC B cells, IgG1+ 
GC B cells, TFH cells, IgG1+ SBCs, IgG1+ PBs, and IgG1+ PCs than 
WT controls (fig. S4, E and F). Accordingly, 5-week-old Igha−/− mice 
had more total plasma IgG1 than WT controls, and this increase was 

augmented in 14-week-old Igha−/− mice (fig. S4G). Like adult mice, 
5-week-old Igha−/− mice further showed more plasma IgG1 to co-
lonic gut microbiota than WT controls but less plasma IgG3 to TNP-
Ficoll 5 days following intraperitoneal immunization (fig. S4, H and 
I). Thus, gut IgA may enhance systemic IgG responses to vaccines by 
constraining the differentiation of FO B cells into IgG-secreting PCs 
via the GC reaction and may start doing so at a very early age.

IgA constrains T cell expression of the immune 
inhibitor PD-1
Next, we hypothesized that, in the absence of IgA, the early and 
persistent exposure to systemically translocated gut antigens could 
impair peripheral IgG responses to vaccines by chronically activat-
ing B cells, which could lead to a state of functional B cell hypore-
sponsiveness similar to B cell anergy (40,  41). Before addressing 
this point, we first investigated whether the FO B cell hyperactiva-
tion detected in Igha−/− mice was associated with any gut enrich-
ment in proinflammatory segmented filamentous bacteria (SFB). It 
was recently reported that SFB are expanded in the SI of Igha−/− 
mice and contribute to its inflammation (42). Consistent with our 
earlier data showing no inflammation in the gut from Igha−/− mice, 
the SI, caecum, and colon from these mice showed similar SFB 
abundance to cohoused Igha+/+ littermate controls (fig. S4J). This 
result, together with our earlier finding showing a persistently at-
tenuated antipneumococcal IgG1 response in ex-GF mice reconstituted 
with cecal bacteria from Igha−/− donors, suggests that SFB are unlikely to 
be involved in the FO B cell hyperactivation detected in Igha−/− mice.

Then, we determined whether B cells from Igha−/− mice ex-
pressed a gene signature consistent with functional hyporespon-
siveness. As shown by GSVA, splenic FO but not MZ B cells from 
Igha−/− mice were enriched in B cell anergy genes compared to WT 
controls (Fig. 4A). A heatmap visualization of DEGs selected on 
the basis of published findings (40) highlighted Cenpv, Lef1, 
Nefh, Fabp5, and Tgif1 among several other gene products (Fig. 
4B). Considering that the activation-induced receptor PD-1 trans-
mits powerful inhibitory signals to activated B cells via PD-1 li-
gands (43), we also evaluated whether IGAD increased PD-1 and 
PD ligand 1 (PD-L1) expression on systemic T and B cells, respec-
tively. Compared to WT controls, Igha−/− mice showed more PD-
1+CD4+ and PD-1+CD8+ T cells, including antigen-experienced 
PD-1+CD44+CD4+ and PD-1+CD44+CD8+ T cells, in spleen and 
MLNs but not PPs (Fig. 4C and fig. S5A). Similar to adult Igha−/− 
mice, 5-week-old Igha−/− mice had more PD-1+CD4+ T cells, in-
cluding antigen-experienced PD-1+CD44+CD4+ T cells, in both 
spleen and MLNs (fig. S5B). Last, splenic MZ and B-1 but not FO B 
cells from Igha−/− mice exhibited increased PD-L1 expression com-
pared to WT controls (Fig. 4D).

The involvement of PD-1 in the inhibition of vaccine-induced 
IgG1 was further evaluated using anti–PD-1. Anti–PD-1–treated 
Igha−/− mice intraperitoneally immunized with Prevnar13 showed 
significantly more plasma IgG1 to PPS at day 14 compared with iso-
type control–treated Igha−/− mice (Fig. 4E and fig. S5C). Anti–
PD-1–treated Igha−/− mice also showed more plasma IgG1 to PPS at 
days 0 and 7 compared to anti–PD-1–treated WT controls (Fig. 4E 
and fig. S5C). This early response to anti–PD-1 treatment by Igha−/− 
mice likely contributed to the induction by immunized anti–PD-1– 
treated Igha−/− mice of as much plasma IgG1 to PPS at days 56 and 86 
as isotype control–treated WT mice. In contrast, in line with our 
earlier findings, isotype control–treated Igha−/− mice intraperitoneally 



Gutzeit et al., Sci. Adv. 11, eado9455 (2025)     12 February 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 15

Fig. 3. IgA restrains IgG1+ GC B cell expansion and IgG1+ PC differentiation. (A) Images of PPs and MLNs from representative WT or Igha−/− mice. (B) Total cells in 
spleen, MLNs, and PPs from 11 to 19 WT or 12 to 20 Igha−/− mice. (C and D) Flow cytometry of splenic CD95+GL7+ GC B cells (live CD45+B220+ cells) from representative 
WT or Igha−/− mice (C) and absolute numbers in spleen, MLNs, and PPs from seven to eight WT or 8 Igha−/− mice. (E and F) PD-1+CXCR5+ TFH cells (CD45+CD19−TCRβ+CD4+ 
cells) from MLNs of representative WT or Igha−/− mice (E) and absolute numbers in spleen, MLNs, and PPs from 10 to 11 WT or 11 Igha−/− mice (F). (G) Volcano plot of dif-
ferentially expressed genes (DEGs) identified by RNA-seq in splenic MZ and FO B cell from four to five WT or five Igha−/− mice. (H) Gene set variation analysis (GSVA) of 
proliferation (G2-M checkpoint) and GC and PC differentiation gene signatures identified by RNA-seq as in (G). (I) Heatmap of z score for top 30 DEGs related to GC (left) 
and PC differentiation (right) gene sets identified by RNA-seq as in (G). Asterisks indicate DEGs discussed in the text. The scale bar shows color coding for z score. (J) Abso-
lute numbers of IgG1+ PCs (IgDloCD45+; fig. S4B) in spleen, MLNs, and PPs from 14 WT or Igha−/− mice. Data show representative images or flow plots [(A), (C), and (E)], 
summarize two (J), three (D), six (B), or one [(G) to (I)] independent experiments, or summarize three experiments representative of five (F). Data presented with mean [(B), 
(D), and (F)], median (J), or mean GSVA score and 95% confidence interval (H); two-tailed unpaired Student’s t test used for normally distributed data otherwise Mann-
Whitney test or limma modeling (H). *P < 0.05, **P < 0.01, ***P <0.001, and ****P < 0.0001.
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immunized with Prevnar13 showed reduced plasma IgG1 to PPS at 
days 56 and 86 compared to isotype control–treated WT mice (Fig. 
4E and fig. S5C).

IgA limits anergic B cells and gut permeability in humans
We also assessed whether IGAD increased gut commensal antigen 
penetration and peripheral B cell anergy in humans. Flow cytometry 

showed an increased although small fraction of phenotypically anergic 
IgMlowCD21low naive B cells (44) in blood samples from a New York 
City (NYC) cohort of adult patients with IGAD compared to age-
matched controls (Fig. 5A and table S2). In agreement with the lack 
of IgA, the frequency of switched memory B cells was decreased in 
patients with IGAD, whereas the frequency of circulating total, na-
ive, and MZ-like B cells was normal (fig. S5D). These findings were 

Fig. 4. IgA constrains activation-induced T cell expression of the immune inhibitor PD-1, and anti–PD-1 improves postimmune IgG production in IGAD. (A) GSVA 
of anergy gene signature identified by RNA-seq from splenic MZ and FO B cells from four to five WT or five Igha−/− mice at steady state. (B) Heatmap shows gene expres-
sion for top 30 DEGs from anergy gene set in (A). Asterisks indicate DEGs discussed in the text. The scale bar shows color coding for z score. (C) Absolute numbers of 
splenic PD-1+CD4+ (top) or PD-1+CD8+ (bottom) total (left) or antigen-experienced CD44+ (right) T cells from 14 WT or Igha−/− mice determined by flow cytometry. 
(D) PD-L1 [mean fluorescence intensity (MFI)] on splenic MZ B, FO B, total B-1, B-1a, and B-1b cells from five WT or six Igha−/− mice. (E) ELISA of plasma IgG1 to PPS PI and 
following Prevnar13 intraperitoneally of seven to eight WT or Igha−/− mice treated with anti–PD-1 or isotype control (ctrl) 1 day before and after immunization, followed 
by every third day through day 19. Results summarize one [(A), (B), and (D)] or two (C) independent experiments or show one experiment representative of two (E). Data 
are presented with mean GSVA score and 95% confidence interval (A), median (C), mean (D), or mean and SEM (E). Significance was determined using limma modeling (A) 
or Mann-Whitney test [(C) to (E)]. *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001. In (E), # compares isotype ctrl WT and isotype ctrl Igha−/−, * compares isotype ctrl 
Igha−/− and anti–PD-1 Igha−/−, ‡ compares anti−PD-1 WT and anti–PD-1 Igha−/−, and † compares WT isotype ctrl and anti–PD-1 WT.
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replicated in a Barcelona (BCN) cohort of adult patients with IGAD, 
who also showed a lower frequency of IgA+ PCs (fig. S5E and table 
S3). An additional BCN cohort of IGAD pediatric patients similarly 
showed a decreased frequency of IgA+ PCs, which was accompanied 
by an increased frequency of IgG+ PCs but a normal frequency of 
switched memory B cells as well as total, naïve, and MZ-like B cells 
(fig. S5F and table S3). Thus, similar to Igha−/− mice, patients with 
IGAD showed IgA+ PC depletion combined with an increase of 
both “anergic” B cells and IgG+ PCs (44). The latter increase echoes the 
increased circulating IgG1 to gut commensal antigens found in Igha−/− 
mice. Accordingly, and in line with published findings (8, 10, 45), pa-
tients with IGAD from the NYC cohort showed signs of enhanced 
gut permeability, including more circulating soluble CD14 (sCD14), 
more bacterial 16S ribosomal DNA (rDNA), and more IgG to 
LPS from Escherichia coli compared to healthy controls (HCs; 
Fig. 5, B to D).

Thus, gut IgA enhances systemic IgG responses to pneumococcal 
vaccines. This positive effect would start soon after birth and could 
involve the limitation of commensal antigen penetration by IgA 
(Fig. 5E). Although more data are needed to validate the following 
model, we propose that, in the absence of IgA, enhanced infiltration 
of commensal antigens across the gut barrier elicits chronic IgG re-
sponses to these antigens. Over time, the resulting B and T cell hy-
peractivation would weaken IgG responses to neoantigens, including 

pneumococcal vaccines, via mechanisms possibly involving B cell 
hyporesponsiveness and T cell overexpression of PD-1.

DISCUSSION
We have shown that gut IgA positively affects systemic postimmune 
IgG responses to pneumococcal vaccines through a pathway already 
active soon after birth. IGAD is associated with increased gut anti-
gen penetration along with systemic hyperactivation of both B and 
T cells, including exaggerated preimmune IgG responses to com-
mensal antigens along with PD-1 overexpression. Together with B 
cell exhaustion, increased T cell expression of PD-1 may contribute 
to the attenuation of pneumococcal vaccine-induced IgG produc-
tion. Thus, gut IgA amplifies systemic postimmune IgG responses 
through a mechanism that appears very early in life and could entail 
the intraluminal control of gut commensal antigens.

The gut microbiota enhances mucosal IgA and systemic IgG re-
sponses to a broad spectrum of bacteria (7, 8, 46, 47), which leads to the 
generation of a preimmune layer of humoral protection against both 
noninvasive commensals and invasive pathogens (16, 47, 48). This dual 
function may stem from the cross-reactivity of some immunodominant 
antigens shared by commensals and pathogens (16, 47, 48). Consistently, 
patients with combined IgA and IgG deficiency are at increased risk of 
both systemic infections and gut inflammation (8, 9).

Fig. 5. IgA constrains the systemic translocation of gut commensal antigens. (A) Frequency (%) of circulating B cells with hyporesponsive-anergic IgMloCD21lo phe-
notype within total IgD+CD27− naive B cell population from 17 HCs and 12 IgA-deficient (IGAD) patients. (B) ELISA of soluble (s)CD14 in plasma from 18 HCs and 15 pa-
tients with IGAD. (C) Quantitative PCR of bacterial 16S rDNA in plasma from 18 HCs and 15 patients with IGAD. (D) ELISA of IgG to LPS from E. coli in plasma from 18 HCs 
and 15 patients with IGAD. (E) Proposed model depicting the impact of gut IgA on systemic IgG responses to pneumococcal vaccines. Compared to the IgA-sufficient gut 
(left), the IgA-deficient gut (right) experiences increased penetration of viable gut commensals into the MAT due to the defective immune exclusion of intraluminal 
bacteria. The resulting peripheral penetration of soluble commensal antigens from MAT-based bacteria starts at an early age and leads to the chronic stimulation of 
the immune system, including B and T cells. B cells release progressively increasing amounts of IgG to gut commensal antigens (left inset), whereas T cells up-regulate 
PD-1 expression (right inset), respectively. Persistent B cell stimulation by gut antigens combined with enhanced B cell inhibitory signals from PD-1 could cause the 
functional exhaustion of systemic B cells, which would then become hyporesponsive to neoantigens from pneumococcal vaccines. Results summarize one experi-
ment with multiple biological replicates. Data are presented with mean and significance determined using Mann-Whitney test. *P < 0.05 and **P < 0.01. (E) was 
created in BioRender.com.

https://www.biorender.com/
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Gut commensals also sustain specific systemic IgG responses to 
vaccines (15,  49). Here, we hypothesized that this effect involves 
IgA, which extensively coats the gut microbiota (30, 32). Consistent 
with this hypothesis, systemic IgG responses to pneumococcal vac-
cines are impaired in some patients with IGAD (12, 13). By showing 
that IgA-deficient Igha−/− mice had severely impaired IgG responses 
to pneumococcal vaccines, our findings indicate that gut IgA is 
functionally linked to systemic IgG. Of note, Igha−/− mice showed 
impaired IgG responses to both Prevnar13 and Pneumovax23, two 
pneumococcal antigens that activate FO and MZ B cell subsets via 
distinct TD and TI pathways, respectively (20). These findings imply 
that gut IgA shapes antibody responses through multiple mecha-
nisms, which may involve or not T cell help to B cells. While the 
impact of IgA was mostly dissected in relationship to systemic TD 
IgG responses, IgA may also regulate systemic TI IgG responses, as 
discussed later.

The link between gut IgA and systemic IgG may involve the gut 
microbiota, because pIgR-deficient Pigr−/− mice, which selectively 
lack intraluminal mucosal IgA (34), were found to mount an attenu-
ated IgG response to the TD pneumococcal vaccine Prevnar13 com-
pared to WT controls. The involvement of gut commensals was 
further suggested by the finding that GF recipient mice reconstitut-
ed with gut bacteria from Igha−/− donors mounted a weaker anti-
pneumococcal IgG response compared to controls reconstituted 
with gut bacteria from WT donors. Although still incomplete and 
somewhat preliminary, these results do suggest the involvement of 
the gut microbiota in the impaired antipneumococcal IgG response 
observed in Igha−/− mice. More studies are clearly needed to conclu-
sively demonstrate this involvement as well as relative impact of 
IGAD on protective IgG responses to specific CPSs. Of note, some 
of these microbial polysaccharides may be more sensitive to the lack 
of IgA than others.

Of note, the phenotype of Pigr−/− mice was milder compared to 
that of Igha−/− mice, which could stem from increased circulating 
dimeric IgA in Pigr−/− mice (34). Because of its inability to translo-
cate across the gut epithelium, dimeric IgA progressively accumu-
lates in the gut lamina propria of Pigr−/− mice (34). The ensuing 
increase of circulating dimeric IgA may enhance the clearance of 
systemically translocated gut commensal antigens in Pigr−/− mice 
compared to Igha−/− mice, which completely lack IgA (23). By at-
tenuating the chronic hyperactivation and ensuing functional hypo-
responsiveness of systemic B cells, this process could explain the less 
compromised antipneumococcal IgG response observed in Pigr−/− 
mice. An additional explanation may relate to nonspecific paracel-
lular transfer of commensal-reactive IgA as a result of the leaky 
nature of the gut epithelium from Pigr−/− mice (35). In these mice, 
gut barrier dysfunction results from decreased zonulin-1, occlud-
ing, and claudin-1 expression, which is central to the functionality 
of intercellular tight junctions in the gut epithelium (35). However, 
in our facility, Pigr−/− mice showed massively reduced fecal IgA 
compared to Pigr+/+ littermate controls. When persistent over time, 
chronically increased gut antigen translocation is associated with 
progressive immune activation and exhaustion, which has been 
shown to lead to hyporesponsiveness to neoantigens also from vac-
cines (50, 51).

Similar to Pigr−/− mice, GF recipient mice receiving the gut micro-
biota from Igha−/− donors displayed a milder postimmune phenotype 
compared to Igha−/− mice, possibly because GF mice progressively re-
store their IgA response following recolonization. This gradual recovery 

of IgA production could attenuate the systemic translocation of com-
mensal antigens across the gut epithelium over time upon recoloniza-
tion. It must be also noted that, compared to the gut mucosa from 
Igha−/− mice, the gut mucosa from recolonized ex-GF mice is 
exposed to the microbiota from Igha−/− mice for a much shorter 
time, which may reduce the gut mucosa contact with dysbiotic bacte-
rial communities.

Earlier works explored the impact of the gut microbiota on IgG 
responses to vaccines (15, 49) but did not evaluate the contribution 
of IgA, which physiologically binds to intestinal microbes. This 
binding shapes both the composition and function of gut commen-
sals, including their metabolic properties (10, 52, 53). Furthermore, 
IgA binding to gut bacteria maximizes microbiota diversity, which 
seems critical for optimal IgG responses to vaccines (49, 52). More-
over, IgA confines gut microbes to the intestinal lumen, which limits 
their interaction with the immune system (3). Consistent with 
the involvement of IgA in shaping the composition of gut bacterial 
communities, IGAD enriched the microbiota in Lactobacillaceae 
among other smaller changes. This mild dysbiosis is consistent with 
published findings (42, 54) and likely reflects compensatory effects 
brought about by the increased IgM and IgG production in the IgA-
deficient gut (26, 55). It must be also noted that small microbiota 
compositional differences may be associated with more profound 
microbiota functional changes, including motility changes that may 
not be detected by commonly used high-throughput screening ap-
proaches such as the 16S rDNA sequencing method used in our 
study (53).

Motility changes could be at the root of the abnormal MAT trans-
location of L. murinus, L. reuteri, and L. intestinalis detected in 
Igha−/− mice. The MAT-specific translocation of viable Lactobacilli 
may reflect both the role of MAT as gut antigen entry site and the 
role of IgA in the containment of commensals within the gut lumen 
(56). Accordingly, IgA has been shown to coat Lactobacilli (30). Of 
note, MAT-restricted bacterial translocation has also been observed 
in Crohn’s disease and may relate to the swift engulfment of invading 
commensals by MAT phagocytes (29, 57). Stromal cells and adipo-
cytes would further help phagocytes to impede bacterial dissemina-
tion beyond the MAT (57, 58), which likely explains our failure to 
detect more viable bacteria in MLNs as well as liver and spleen from 
Igha−/− mice.

Despite preventing MAT-based live bacteria from traveling to 
MLNs, liver, and spleen, phagocytosis would not impede the systemic 
penetration of soluble commensal antigens. In Igha−/− mice, this 
process could fuel persistent activation of peripheral B cells, which 
showed vastly augmented differentiation into GC B cells as well as 
PBs and PCs that released IgG1 to soluble microbial antigens, in-
cluding CPS, LTA, and LPS. Of note, the increased systemic pres-
ence of gut commensal antigens was consistent with the detection of 
more bacterial 16S rDNA in both liver from Igha−/− mice and circu-
lation from patients with IGAD.

In both Igha−/− mice and patients with IGAD, evidence suggest-
ing enhanced gut antigen translocation was associated with evi-
dence indicating overstimulation of both B and T cells. Accordingly, 
intestinal as well as systemic B cells from Igha−/− mice secreted 
more IgG1 and IgM to gut commensal antigens. These findings echo 
similar results from studies on patients with IGAD published while 
this work was under review (26, 55). Because of the hyperactivation 
of splenic FO B cells, presumably caused by gut-derived commensal 
antigens, splenic GC B cells were increased in Igha−/− mice along 
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with GC-based TFH cells. These mice also showed more activated 
antigen-experienced T cells expressing PD-1, an immune inhibitory 
receptor required for the fine tuning of IgA selection in gut GCs and 
for the compositional shaping of gut commensal communities to 
ensure host-microbiota symbiosis (43,  52). A similar increase in 
PD-1+CD4+ T cells can be also detected in patients with IGAD (10). 
When treated with anti–PD-1, Igha−/− mice ameliorated their anti-
pneumococcal IgG1 response, which points to the involvement of 
PD-1 in the hyporesponsiveness of FO B cells to vaccines.

Similar to Igha−/−mice, patients with IGAD also showed an in-
creased frequency of phenotypically exhausted IgMlowCD21low B cells. 
This increase was combined with augmented circulating sCD14, a sol-
uble antigen released by myeloid cells following activation, including 
the activation induced by translocated commensal antigens (10, 45). 
Thus, despite causing bacterial translocation largely restricted to the 
MAT, IGAD would chronically elicit systemic B cell hyperactivation 
and hyper-IgG1 production to commensal antigens through mecha-
nisms that might entail the increased permeability of the intestinal mu-
cosa and/or the increased motility or invasiveness of some commensals. 
Consistent with its capability to initiate antigen-specific IgG responses 
after intraperitoneal immunization (59,  60), B cells from the MAT 
could be directly involved in the exaggerated commensal-specific IgG1 
response observed in Igha−/−mice.

At variance with a recently published study (42), the Igha−/−mice 
from our colony showed no inflammation and no expansion of pro-
inflammatory SFB in the SI and caecum compared to WT controls. 
Both inflammation and SFB expansion can stimulate gut IgG re-
sponses characterized by a strong IgG1 component (19, 27, 28). By 
showing that the abnormally high IgG1 production observed in 
Igha−/−mice is coupled with neither gut inflammation nor SFB ex-
pansion, our findings support a model in which IgA enhances 
vaccine-specific IgG responses by constraining chronic B cell activa-
tion and the ensuing progressive B cell functional exhaustion. Al-
though more evidence is needed, these two processes could result 
from the persistent penetration of commensal antigens across the 
IgA-deficient gut barrier and would account for the combination of 
preimmune hyper-IgG1 production and postimmune IgG1 deficien-
cy in Igha−/− mice. Similar to these mice, some patients with IGAD 
show increased targeting of commensal bacteria by systemic IgG1 
(26, 55), which possibly stems from gut microbiota changes associ-
ated with a TH2 cell–biased tissue microenvironment (26). In Igha−/− 
mice, increased preimmune IgG1 responses may have additional but 
not mutually exclusive explanations, including the lack of IgA-BCR 
signals outcompeting IgG-BCR signals in class–switched GC B cells 
from PPs (61). Regardless, more studies are warranted to investigate 
the impact of IgA on the other IgG subclasses constitutively in-
creased in Igha−/− mice, including IgG2b and IgG3 previously shown 
to preferentially target the microbiota (7, 47).

In addition to limiting T cell expression of PD-1, IgA constrained 
PD-L1 expression by B cells, as this ligand was increased on MZ B 
cells from Igha−/− mice. Unlike FO B cells, MZ B cells did not ex-
hibit transcriptional signatures reflecting abnormal activation. Yet, 
their increased PD-L1 expression may initiate PD-1–mediated T 
cell inhibitory signals, which could promote the suppression of TFH 
cells (62). The gut microbiota restrains signaling from PD-1 via ino-
sine, a metabolite that modulates T cells through the adenosine A2A 
receptor (63). Future studies should explore the possibility that IgA 
constrains T cell expression of PD-1 by supporting gut communities 
enriched in inosine-releasing commensals.

Although never systematically investigated, PD-1 also regulates 
TI IgG responses (64), which raises the possibility that PD-1–PD-L1 
interaction contributes to the impairment of vaccine-induced TI in 
addition to TD IgG responses in Igha−/− mice. Such possibility 
echoes the recent detection of PD-1 expression on some bone mar-
row PCs (65). An alternative but not mutually exclusive possibility is 
that IGAD impairs TI IgG responses through PD-1–independent 
mechanisms involving gut metabolites. For instance, it could be hy-
pothesized that Igha−/− mice experience an increased release of IgG-
suppressing metabolites and/or decreased release of IgG-sustaining 
metabolites via a dysfunctional gut microbiota.

Cohousing experiments showed that the lateral transmission of a 
healthy gut microbiota into Igha−/− mice was not sufficient to rescue 
vaccine-specific IgG responses. Thus, it is plausible that IGAD irre-
versibly attenuates systemic IgG responses through a process that 
starts very early in life via vertical transmission of a dominant dysbi-
otic gut microbiota from the mother to the offspring. Accordingly, we 
found increased IgG1 responses to gut commensals as well as im-
paired IgG3 production to a PPS-mimicking TI immunogen in 
Igha−/− mice as early as 5 weeks after birth. These results echo pub-
lished findings showing that early-life-origin B cells drive homeostatic 
gut IgA responses in the adult (66). They further reflect studies show-
ing that gut IgA drives early microbiota changes and that gut microbes 
stimulate postnatal immune development (38, 39). In this regard, IgA 
may function by optimizing gut retention of consortia with broad 
IgA-inducing properties, including Lachnospiraceae A2 (33).

A limitation of our study relates to the extensive differences ex-
isting between Igha−/− mice and patients with IGAD. While Igha−/− 
mice have an absolute IGAD, patients with IGAD retain minimal 
amounts of IgA. In addition, Igha−/− mice consistently express the 
same phenotype, whereas patients with IGAD range from asymp-
tomatic individuals to patients with mild, moderate, or even severe 
gastrointestinal and/or respiratory disorders. Only symptomatic pa-
tients with IGAD were considered in this report, because they are 
the only patients with IGAD to come to hospital attention. Nonethe-
less, their study was helpful to validate in humans some of the find-
ings obtained in Igha−/− mice. In this regard, this work is about the 
fundamental biology of gut IgA rather than the pathogenesis of 
IGAD. Another limitation of this study relates to the still prelimi-
nary nature of the evidence supporting the impact of the gut micro-
biota in the impaired IgG response to pneumococcal vaccines in 
Igha−/− mice. An additional limitation relates to the lack of conclu-
sive evidence as to the impact of PD-1 in the impairment of postim-
mune IgG responses in IgA-deficient mice. This evidence should 
include the analysis of mice lacking PD-1 in addition to IgA.

In summary, we found that gut IgA amplifies systemic postim-
mune IgG responses, including pneumococcal vaccine-specific IgG 
production. This effect starts very early in life and involves but may 
not be limited to the preimmune control of B and T cell activation, 
including PD-1 expression, possibly through the limitation of gut 
antigen penetration. Aside from revealing a previously unidentified 
functional link between gut IgA and systemic IgG, our data indicate 
that the former should be always considered in studies delving into 
the impact of gut microbes on systemic immune responses, includ-
ing vaccine-induced IgG production. Consistent with recent propo-
sitions (67), our data also support the potential benefit of oral IgA 
therapy in patients with IGAD and with impaired IgG responses to 
vaccines and further imply that such a therapy should initiate very 
early in life.
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MATERIALS AND METHODS
Study design
This study was designed to dissect the impact of mucosal IgA on 
systemic IgG responses to human pneumococcal vaccines. Our hy-
pothesis was that mucosal IgA optimized systemic IgG production. 
This hypothesis was based on the following considerations. First, 
some immunodeficient patients lacking IgA have a poor IgG re-
sponse to pneumococcal vaccines. Second, IgA extensively binds to 
mucosal commensal bacteria, including intestinal microbes, which 
in turn are thought to positively influence vaccine-induced IgG pro-
duction. We compared Igha−/− or Pigr−/− mice with WT controls to 
evaluate whether and how the lack of total or intraluminal IgA influ-
enced systemic IgG responses to human pneumococcal vaccines. In 
addition, we studied peripheral IgG responses to vaccines in ex-GF 
mice recolonized with gut commensal bacteria from Igha−/− mice 
and WT controls. Moreover, we combined ex vivo high-throughput 
studies with in vivo treatment of mice by a blocking anti–PD-1 anti-
body to characterize the mechanism by which IgA enhances IgG 
production to a pneumococcal vaccine.

Most experiments were performed two to six times, showed good 
reproducibility, and were summarized by pooling the data from all the 
experiments. The following were the exceptions. The flow cytometric 
analysis following TNP-Ficoll immunization (fig. S2, H and I), the GF 
mice recolonization with gut commensal bacteria from Igha−/− and 
WT mice (Fig. 2J), PD-L1 expression flow experiment (Fig. 4D), and 
RNA-seq analysis of splenic MZ and FO B cells from Igha−/− and WT 
mice were performed once. Human sCD14 and E. Coli LPS-specific 
IgG was measured in one ELISA and 16S rDNA was measured in one 
quantitative PCR run on plasma collected at different time points 
(Fig. 5, B to D). The 16S rRNA gene sequencing analysis of the micro-
biota from colon feces of WT controls and Igha−/− mice (Fig. 2G) was 
performed once in a well-controlled experiment using cohoused lit-
termates. As shown in supplementary figures, immunizations with 
S. pneumoniae and TNP-LPS, DC subset analysis, Pneumovax23 im-
munization of cohoused littermates, and TNP-Ficoll immunization in 
5-week-old mice were performed once. Significant outliers in nor-
mally distributed data were determined using the Grubb’s test with an 
α of 0.05 and excluded from analysis.

Human subjects
Blood samples from the NYC and BCN cohorts were collected from 
age- and sex-matched HCs and patients with IGAD at Icahn School 
of Medicine at Mount Sinai and Vall d’Hebrón Hospital, respectively 
(tables S2 and S3). The Institutional Review Board of these institu-
tions approved the use of blood specimens under approval numbers 
10338 (NYC cohort) as well as PR(AG)79/2014 (BCN cohort, 
adults) and PR(AMI)135/2014 (BCN cohort, children). Treating cli-
nicians identified IgA-deficient subjects on the basis of meeting con-
sensus diagnostic criteria for selective IGAD. The study was then 
introduced to the potential subject, and if interested, the subject was 
consented for the study. Consenting was done in a private room, and 
potential risks of participating in the study were reviewed as well as 
any questions that came up after reviewing the consent form. Indi-
viduals provided consent for one sample collection only.
Analysis of human blood and stool samples
For the phenotypic study of B cells by flow cytometry, blood was col-
lected in sodium heparin blood collection tubes. Peripheral blood 
mononuclear cells were obtained from sodium heparinized blood sam-
ples by separation on Ficoll Histopaque-1077 gradient (Sigma-Aldrich).

Mice
C57BL/6J (the Jackson Laboratory), Igha−/− (23), and Pigr−/− mice 
(34) were bred in the animal facility of Icahn School of Medicine at 
Mount Sinai and Weill Cornell Medicine under specific pathogen–
free conditions. Igha−/− mice were obtained from Sergio Lira (Icahn 
School of Medicine at Mount Sinai), whereas Pigr−/− mice were pro-
vided by B. Garvy (University of Kentucky). WT and Igha−/− strains 
were generated by mating heterozygous Igha+/− parents to control for 
microbiota and genetic background variability between strains. WT 
mice used came from these strains, unless indicated otherwise. Simi-
larly, WT and Pigr−/− strains were generated by mating heterozygous 
Pigr+/− parents. Both sexes were used, and mice were 4 to 16 weeks old 
for steady-state experiments and 5 to 12 weeks old for immunization 
experiments. All animal experiments described in this study were ap-
proved by Institutional Animal Care and Use Committee of the Icahn 
School of Medicine at Mount Sinai or Weill Cornell Medicine and 
were performed in accordance with the approved guidelines for ani-
mal experimentation at the Icahn School of Medicine at Mount Sinai 
and Weill Cornell Medicine. GF C57BL/6J mice were bred in-house 
at the Mount Sinai Immunology Institute Gnotobiotic Facility in flex-
ible vinyl isolators. To facilitate high-throughput studies in gnotobiotic 
mice, “out-of-the-isolator” gnotobiotic techniques were used (68). Short-
ly after weaning and under strict aseptic conditions, 28- to 42-day-old 
GF mice were transferred to autoclaved filter-top cages outside of the 
breeding isolator and colonized with murine microbiota.

Analysis of murine blood and stool samples
Murine blood and stool samples were collected and analyzed as de-
tailed in Supplementary Materials and Methods.

Colonization of GF mice
GF mice were reconstituted with fecal bacteria from WT or Igha−/− 
mice as detailed in Supplementary Materials and Methods.

Isolation and identification of translocated gut bacteria
Translocated gut bacteria were quantified and identified as detailed 
in Supplementary Materials and Methods.

Culture of bacteria
S. pneumoniae was cultured as detailed in Supplementary Materials 
and Methods.

Immunizations
Each mouse was intravenously or intraperitoneally immunized as 
detailed in Supplementary Materials and Methods and table S4.

Bacteria isolation from mouse feces
Fecal pellets collected directly from mice or from the SI were ho-
mogenized in phosphate-buffered saline (PBS; 1 ml/0.1 g) by vor-
texing for 10 min at room temperature. Suspension was centrifuged 
twice at 2000 rpm for 5 min at 4°C, and supernatants were collected. 
After centrifugation at 8000g for 10 min at 4°C, the supernatant was 
collected to measure free fecal IgM and IgG1. Resulting bacterial 
pellets were used to determine microbiota-specific IgG1 (see Sup-
plementary Materials and Methods).

Flow cytometry and cell sorting
A total of 1 to 5 × 106 cells per sample were resuspended in PBS 
with Fc Block and Live/Dead staining. Cells were then washed with 
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fluorescence-activated cell sorting buffer (PBS with 2% heat-inactivated 
fetal bovine serum and 2 mM EDTA) and subsequently stained with 
extracellular antibodies. Intracellular IgG3/IgG1 was stained in per-
meabilization buffer after fixation and permeabilization as detailed in 
Supplementary Materials and Methods and table S4.

Enzyme-linked immunosorbent assay
Total or antigen-specific antibody subclasses, including high-affinity 
and low-affinity antibodies specific to NP and microbiota-reactive 
antibodies, as well as sCD14 were quantified as detailed in Supple-
mentary Materials and Methods and table S4.

RNA sequencing
RNA was extracted from sorted splenic murine MZ and FO B cells 
using the QIAshredder and the RNeasy Plus Micro Kit (QIAGEN). 
Library preparation and sequencing were performed by a specialized 
company (GENEWIZ). RNA-seq analysis was performed as detailed 
in Supplementary Materials and Methods. RNA-seq sequence data 
files (fastq) are stored in the public sequence read archive (SRA) un-
der project number PRJNA725246.

16S rRNA gene sequencing and analysis
DNA extraction using a ZYMO fecal DNA mini prep kit, library 
preparation, and 16S rRNA gene amplicon sequencing of colonic 
fecal bacteria from cohoused littermate Igha+/+ and Igha−/− mice 
were outsourced (GENEWIZ), and analysis was done as detailed 
in Supplementary Materials and Methods. 16S sequence data files 
(fastq) are stored in the public SRA under accession number 
PRJNA722766.

16S rRNA gene quantitative PCR
DNA from mouse spleen, liver, and MLN, and from human plasma 
was extracted using the DNeasy Blood and Tissue Kit (QIAGEN), 
and 16S rRNA gene was amplified by quantitative PCR as detailed in 
Supplementary Materials and Methods and table S4 (69).

Mouse B cell cultures
Mouse B cells were cultured as detailed in Supplementary Materials 
and Methods and table S4.

Histology and immunofluorescence
Colon and SI from WT or Igha−/− mice were processed as detailed 
in Supplementary Materials and Methods.

Statistical analysis
Statistical analysis was performed using Prism version 9.0 (Graph-
Pad). Comparisons between two groups were determined using 
either Student’s t test when data followed a normal distribution or 
Mann-Whitney U test when data were not normally distributed. Nor-
mal Gaussian distribution was determined by a D’Agostino and Pearson 
normality test. For multiple comparisons, a Kruskal-Wallis test with 
Dunn’s correction was used. For normally distributed data, sig-
nificant outliers were determined using the Grubb’s test with an α of 
0.05 and excluded from analysis. A P value < 0.05 was considered 
significant. P values are indicated on plots and in figure legends. 
(*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). Statisti-
cal analysis of 16S rRNA gene sequencing and RNA-seq is detailed 
in Supplementary Materials and Methods.

Supplementary Materials
The PDF file includes:
Supplementary Materials and Methods
Figs. S1 to S5
Tables S1 to S3
Legends for tables S4 and S5
References

Other Supplementary Material for this manuscript includes the following:
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