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Abstract

Background

Altered immunological responses in the palatine tonsils may be involved in the pathogenesis
of IgA nephropathy (IgAN). The germinal center serves as the site for antigen-specific
humoral immune responses in the palatine tonsils. Germinal center involution is frequently
observed in the palatine tonsils of IJAN (IgAN tonsils). However, the pathogenic significance
of these characteristic changes remains unclear. This study aimed to investigate the mor-
phological changes in secondary lymphoid follicles in IgAN tonsils and to evaluate the corre-
lation between the morphometric results and the clinicopathological severity of IgAN.

Methods

The tonsils of age-matched patients with recurrent tonsillitis (RT tonsils) were used as con-
trols. The correlation between the degree of lymphoid follicular involution and histopatholog-
ical severities in clinical or kidney biopsy was evaluated.

Results

In total, 87 patients with IgAN were included (48% male, median age 35 years, median esti-
mated glomerular filtration rate: 74 mL/min/1.73 m?). Compared to RT tonsils, IgAN tonsils
showed smaller median sizes of lymphoid follicles and germinal centers (P <0.001). The rel-
ative areas of lymphoid follicles (%LFA) and germinal centers (%GCA) in the total tonsillar
tissue were smaller in the IgAN tonsils than in the RT tonsils (P < 0.001). In contrast, the
median proportion of mantle zones in the total tonsillar tissue was comparable between the
groups. A lower %LFA was associated with a longer period from the onset of urinary abnor-
malities to biopsy diagnosis and higher urinary protein excretion (P = 0.01). %LFA showed
significant negative correlations with frequencies of glomeruli with both global and segmen-
tal sclerosis.
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Conclusions

The present study confirmed accelerated germinal center involution in the tonsils of patients
with IgAN. This characteristic change in the IgAN tonsil correlates with heavy proteinuria
and advanced chronic histopathological changes in the kidneys, thereby suggesting the
involvement of repeated tonsillar immunoreactions during IgAN progression.

Introduction

IgA nephropathy (IgAN) is a leading cause of primary glomerular disease worldwide. Approxi-
mately 30-40% of biopsy-diagnosed patients with IgAN progress to kidney failure despite ther-
apies, including corticosteroids or renin-angiotensin system inhibitors [1,2]. IgAN is
frequently triggered by mucosal infections, including upper respiratory tract infections, which
can exacerbate urinary findings, such as hematuria and proteinuria [3]. In addition, tonsillec-
tomy provides beneficial effects such as an earlier reduction in urinary protein excretion and
protection from renal function decline in patients with IgAN. Therefore, it is highly postulated
that the palatine tonsils are involved in the pathogenesis and progression of IgAN [4,5].

Palatine tonsils are a significant component of Waldeyer’s ring of lymphoid tissue. They
serve as both a local mucosal defense system and the induction of a systemic immune response
at the gateway of the respiratory and alimentary tracts. Morphologically and functionally, pala-
tine tonsils comprise the following three major compartments: the crypt epithelium, interfolli-
cular region, and secondary lymphoid follicles consisting of the mantle zone and germinal
center [6]. The size of the tonsils is most prominent during childhood and is directly propor-
tional to the bacterial load and the number of B and T cells [7]. Age-dependent reduction in
size (tonsillar involution) has also been observed [8].

Tonsillar crypt epithelia exhibit a unique structure called "lymphoepithelial symbiosis," con-
sisting of epithelial and non-epithelial cells, such as macrophages, dendritic cells, and B cells,
with varying degrees of reticulation. These non-epithelial cells in crypt epithelia may partici-
pate in the uptake, transport, and presentation of antigens and contribute to antigen-specific
humoral immune responses [6]. A lack of reticulation in tonsils was more frequently observed
in patients with IgAN than in those with recurrent tonsillitis (RT), which is characterized by
frequent episodes of acute tonsillitis without hematuria and proteinuria, and the extent of
non-reticulation was correlated with the degree of renal histological damage [9]. Furthermore,
some studies with small sample sizes found that germinal centers in the palatine tonsils were
smaller in patients with IgAN than in those with RT [10,11]. These findings indicate that anti-
gen-specific humoral immune responses are attenuated in IgAN tonsils, and that the degree of
involution of the area related to antigen-specific humoral immune responses is associated with
the progression of kidney disease.

To date, no studies have focused on the association between the degree of tonsillar secondary
lymphoid follicle involution and IgAN severity. Therefore, the present study aimed to investi-
gate the morphological changes in secondary lymphoid follicles in IgAN tonsils and to evaluate
the correlation between morphometric results and the clinicopathological severity of IgAN.

Materials and methods
Study participants

Eighty-seven patients who were diagnosed with IgAN at our hospital between January 2009
and December 2019 and underwent tonsillectomy within 1 year of kidney biopsy were
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included in the study. The exclusion criteria were as follows: 1) patients aged <18 years; and 2)
patients who received immunosuppressive drugs, including glucocorticoids, within 1 year
before tonsillectomy. For comparison, tonsils were obtained from 27 age-matched patients
with RT who did not show features of kidney function impairment and urinary abnormalities,
including hematuria and proteinuria. The decision to perform tonsillectomy as a treatment for
IgAN was made at the discretion of the attending physician. Patient backgrounds and labora-
tory findings were accessed and obtained from their medical records after approval from the
Ethics Committee of the Jikei University School of Medicine (Approval date: March 9, 2020).
The time from detection of urinary abnormalities to renal biopsy was defined as the period
between the date when urinary protein or hematuria was first noted during regular medical
checkups and the date of kidney biopsy. The estimated glomerular filtration rate (eGFR) was
calculated using a modified three-variable equation for GFR in Japanese individuals:

eGFR = 194 x age'o‘287 x sCr 9% (x 0.739 if female), where sCr is the serum creatinine level.

Immunohistochemistry

After tonsillectomy, tonsillar tissues were fixed with 4% formaldehyde and embedded in paraf-
fin. Samples were cut into serial sections (thickness, 3 um) for immunohistochemical analysis.
After microwave antigen retrieval, sections were deparaffinized and blocked with 5% skim
milk. Subsequently, the sections were incubated with the following primary antibodies: anti-
HLA-DR (1:500 dilution; ab92511, Abcam, Cambridge, UK), anti-CD3 (1:50 dilution; MA5-
12577, Invitrogen, South San Francisco, CA, USA), and anti-cytokeratin (ready to use;
Nichirei Bioscience, Tokyo, Japan) and developed using Histofine® Simple Stain MAX PO
(MULTT) (Nichirei Bioscience) and a DAB staining kit (Abcam). The slides were rinsed with
xylene and mounted using mounting solution and coverslips.

Morphometric analysis

Tonsil tissue was evaluated by measuring the area of the tissue. Measurements were obtained
from at least four locations containing crypts within the same tissue. The entire stained tonsil-
lar tissue was observed under an Olympus BX53 digital virtual microscope (Olympus, Tokyo,
Japan) at 40x magnification, and the images were captured. These images were analyzed using
Image] software (National Institutes of Health, Bethesda, MA, USA). The area of each compo-
nent was measured using serial sections stained with the following stains: Human Leukocyte
Antigen-DR isotype (HLA-DR) for lymphoid follicles and germinal centers and cytokeratin
for reticular and non-reticular crypt epithelia. Furthermore, the proportions of the lymphoid
follicular area (LFA) and germinal center area to the total tonsillar tissue area were calculated
by dividing the sum of the area of each region by the area of the entire measured tonsillar tissue
[12]. The percentage of non-reticular crypt epithelial area was expressed relative to the total
crypt epithelial area in each section, as previously reported [9].

Kidney biopsy histopathological analysis

All kidney tissue specimens were obtained via percutaneous needle biopsy. The tissues were
embedded in paraffin, cut into 3-pm sections, and stained with hematoxylin-eosin, periodic
acid-Schiff, Masson’s trichrome, and periodic acid silver methenamine. All biopsy samples
were stained using the following fluorescein isothiocyanate (FITC)-labeled antiantibodies
(DAKO): anti-IgG, anti-IgA, anti-IgM, anti-C3, and anti-Cl1q. IgAN diagnosis was based on
the typical histopathological features of mesangial proliferative glomerulonephritis, the pres-
ence of dominant or co-dominant glomerular IgA deposition observed using immunohis-
tochemistry or immunofluorescence, and the presence of electron-dense mesangial deposits
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detected using electron microscopy. Patients with other systemic diseases associated with glo-
merular IgA deposition, including IgA vasculitis, liver cirrhosis, or systemic lupus erythemato-
sus, were also excluded. We employed the Oxford classification to categorize the renal biopsy
specimens, and all pathological lesions were defined according to this classification [13]. Fur-
thermore, we determined the proportion of glomeruli with global sclerosis, segmental sclero-
sis, and crescentic lesions, which included cellular and fibrocellular crescents.

Statistical analyses

The Wilcoxon-Mann-Whitney two-sample rank-sum test was used to compare non-normally
distributed continuous variables between the two groups. The Jonckheere-Terpstra or Man-
tel-Haenszel trend test was used to analyze trends in baseline characteristics and morphologi-
cal measurements among the percentages of LFA tertiles. Spearman’s rank correlation was
used to determine the correlations among continuous variables between the two groups. Mul-
tiple linear regression analysis was performed to determine the association between indepen-
dent variables. Statistical significance was set at P < 0.05. All statistical analyses were
performed using R software (version 2.4 patched) and GraphPad Prism 8.0 (GraphPad Soft-
ware, San Diego, CA, USA).

Study approval

This study was approved by the Ethics Committee of the Jikei University School of Medicine
(Approval No: 31-431 [10013]). As this was a retrospective study, information on the research
plan was posted online on our university/hospital website, patients were allowed to refuse par-
ticipation, and individual informed consent was not required. The participants were identified
using numbers rather than names, and all data were anonymized before we accessed them.
This study adhered to the principles of the Declaration of Helsinki. All methods were per-
formed in accordance with the institutional guidelines of the ethics committee of The Jikei
University School of Medicine (Tokyo, Japan).

Data availability

The datasets generated and analyzed during the current study are available from the corre-
sponding author upon reasonable request.

Results

Morphometric evaluation of size and proportion of lymphoid follicles and
their significant components in IgAN tonsils

First, we assessed the size and proportion of lymphoid follicles and their significant compo-
nents, i.e., germinal centers and mantle zones, in the tonsils of patients with IgAN (IgAN ton-
sils; N = 87) and compared them with age-matched patients with recurrent tonsillitis (RT
tonsils; N = 27) (Fig 1). The sizes of the secondary lymphoid follicles in the IgAN tonsils were
more heterogeneous than those in the RT tonsils (Fig 1A). The proportions of germinal cen-
ters in lymphoid follicles were smaller in the IgAN tonsils than in the RT tonsils. The median
size of lymphoid follicles (Fig 1B), germinal centers (Fig 1C), and mantle zones (Fig 1D) were
significantly smaller in the IgAN tonsils than in the RT tonsils (P < 0.001). Similarly, the
median proportion of lymphoid follicles (% lymphoid follicular area [%LFA], Fig 1E) and ger-
minal centers (% germinal center area, Fig 1F) in the total tonsillar tissue was significantly
smaller in the IgAN tonsils than in the RT tonsils (P < 0.001). In contrast, the median propor-
tions of mantle zones in the total tonsillar tissue (% mantle zone area, Fig 1G) were
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Fig 1. Comparison of the size and proportion of secondary lymphoid follicles between IgAN and RT tonsils. (A)
Representative images of IgAN (right panels) and RT (left panels) tonsils stained with an anti-HLA-DR antibody.
Lower panels illustrate secondary lymphoid follicles indicated with solid lines, mantle zones are marked with the letter
“M,” and germinal centers are indicated using dotted circles and marked with “G.” The letter “C” refers to the crypt.
Magnification, 40x; scale bar, 500 um. (B-D) Comparison of the size distribution of lymphoid follicles (B), germinal
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centers (C), and mantle zone (D) between IgAN (N = 87) and RT (N = 27) tonsils. The median sizes of lymphoid
follicles (B), germinal centers (C), and mantle zones (D) in IgAN tonsils were smaller than those in RT tonsils

(P < 0.001). (E-G) Comparison of the percentages of lymphoid follicles (% lymphoid follicular area, E), germinal
centers (% germinal center area, F), and mantle zones (% mantle zone area, G) in the total tonsillar tissue of the [IgAN
and RT tonsils. The median % lymphoid follicular area (E) and % germinal center area (F) tonsils were smaller in the
IgAN tonsils than in the RT tonsils (P < 0.001). In contrast, the median % mantle zone area (G) was comparable
between the IgA and RT tonsils. (H and I) Comparison of the percentages of germinal center area (H) and mantle zone
area (I) in the lymphoid follicles of IgAN and RT tonsils. Lymphoid follicles were accompanied by smaller percentages
of germinal center area (H) and larger percentages of mantle zone area (I) in IgAN tonsils than in RT tonsils

(P < 0.001).

https://doi.org/10.1371/journal.pone.0301853.9001

comparable between IgA and RT tonsils. Furthermore, in comparison with those in the RT
tonsils, lymphoid follicles in the I[gAN tonsils were associated with smaller proportions of ger-
minal centers (Fig 1H) and were notably dominated by the mantle zone (Fig 1I).

We also assessed the extent of the non-reticular area in the cytokeratin-positive crypt epi-
thelia in the IgAN tonsils (S1A Fig). The median percentage of the non-reticular area in the
total crypt epithelial area (% non-reticular area) in the IgAN tonsils was larger than that in the
RT tonsils (S1B Fig). Furthermore, in the IgAN tonsils, the % non-reticular area showed a sig-
nificant negative correlation with %LFA (S1C Fig) and % germinal center area (S1D Fig). For
subsequent clinicopathological analysis, %LFA was used because lymphoid follicles in IgAN
tonsils frequently lack a germinal center on the section.

Comparison of clinical characteristics among IgAN patient groups
categorized according to the %LFA of the tonsils

To clarify the clinical characteristics of patients with IgAN related to the degree of involution
of lymphoid follicles in IgAN tonsils, we categorized patients with IgAN into tertile groups
according to their %LFA levels as follows: high (26.0-38.6%), intermediate (19.0-25.6%), and
low (7.8-18.9%). When considering the patient characteristics at the time of renal biopsy, sex,
age, and body mass index were comparable among the tertile groups based on the %LFA
(Table 1). Similarly, a history of smoking, recurrent tonsillitis, and macroscopic hematuria did
not differ significantly among the %LFA groups. However, the median time from the onset of
urinary abnormalities to diagnostic renal biopsy was longer in the lower %LFA tertiles than in
the higher %LFA tertiles (P = 0.02). Furthermore, the number of patients with hypertension at
the time of diagnostic kidney biopsy was higher in the lower %LFA tertile than in the higher %
LFA tertile (P = 0.03). Laboratory findings at diagnostic kidney biopsy revealed that median
urinary protein excretion increased inversely with tertiles of %LFA (P = 0.01); however, the
severity of hematuria, serum creatinine, and estimated glomerular filtration rate (eGFR) levels
were not statistically different among the tertiles of %LFA.

Comparison of kidney biopsy histopathological findings among IgAN
patient groups categorized according to the %LFA of the tonsils

A summary of the renal biopsy findings in relation to %LFA is presented in Table 2. Accord-
ing to the Oxford classification, the proportion of patients with S1 and C1+2 increased
inversely with tertiles of %LFA. In contrast, the proportion of patients with M1, E1, or T1+2
did not differ among the tertiles of %LFA.

We also assessed the correlation between the percentage of glomeruli showing global sclero-
sis, segmental sclerosis, or crescentic lesions (cellular or fibrocellular crescent) and %LFA or %
non-reticular area (Fig 2). The frequency of glomeruli showing global sclerosis (Fig 2A), and
segmental sclerosis (Fig 2C) displayed a significant negative correlation with %LFA (global
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Table 1. Differences in baseline characteristics in patients with IgAN categorized into tertiles according to percentages of lymphoid follicular area.

All %LFA P-value
High Intermediate Low
(26.0-38.6) (19.0-25.6) (7.8-18.9)

N 87 29 29 29
Female sex, N (%) 46 (52) 15 (52) 14 (48) 17 (59) 0.59
Age at tonsillectomy 35 [30-41] 33 [25-38] 37 [33-42] 33 [30-45] 0.54
BMI 20 [19-22] 21 [19-24] 21.3 [20-23] 21.0 [19-22] 0.98
History of smoking, N (%) 19 (22) 6 (21) 7 (24) 6(21) 0.99
History of RT, N (%) 13 (14) 6 (21) 4 (14) 3(10) 0.52
History of macroscopic hematuria, N (%) 22 (24) 13 (45) 4(14) 4(14) 0.11
Time from urinary abnormalities to renal biopsy, year 3[1.2-10] 1.9 [0.5-4.1] 6.2 [2-14.8] 3.8 [1.6-13.3] 0.02*
Hypertension, N (%) 28 (35) 5(17) 12 (41) 11 (38) 0.03*
Cr (mg/dL) 0.86 [0.67-1.07] 0.78 [0.65-1.00] 0.9 [0.66-1.16] 0.93 [0.69-1.14] 0.19
eGFR (mL/min/1.73m?) 74 [61-87] 81 [7-92] 73 [53-85] 70 [56-84] 0.05
IgA (mg/dL) 317 [255-392] 284 [236-372] 351 [271-435] 321 [251-383] 0.55
C3 97 [83-114] 97 [76-116] 98 [80-113] 102 [85-117] 0.29
IgA/C3 3.1 [2.4-4.1] 2.4[1.2-3.1] 2.5 [1.4-3.6] 2.2[1.2-2.9] 0.55
UPE (g/day) 0.68 [0.51-1.18] 0.56 [0.39-0.86] 0.64 [0.38-1.15] 0.92 [0.65-1.59] 0.01*
Hematuria, RBC/HPF

< 20/HPF, N (%) 35 (40) 11 (38) 12 (42) 12 (42) 0.78

20-99, N (%) 43 (50) 15 (52) 14 (48) 14 (48) 0.79

> 100/HPF, N (%) 9 (10) 3 (10) 3(10) 3 (10) 0.99

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration; HPF, high power field; IgAN IgA nephropathy; %LFA, percentages of lymphoid follicular

areas in total tonsillar tissue; RBC, red blood cells; RT, recurrent tonsillitis; UPE, urinary protein excretion.

* Statistically significant.

where, N represents the number of patients. Other values are expressed as mean values with standard deviations or median values with interquartile ranges.

https://doi.org/10.1371/journal.pone.0301853.t001

sclerosis vs. %LFA, r = -0.38, P < 0.001; segmental sclerosis vs. %LFA, r = -0.33, P = 0.001). Fur-
thermore, the frequency of glomeruli with crescentic lesions showed a weak negative correlation
with %LFA (Fig 2E, r = -0.27, P = 0.010). In contrast, % non-reticular area showed no significant
correlation with the percentage of glomeruli in any of the lesions (Fig 2B, 2D and 2F). After

Table 2. Comparisons of kidney pathologies according to tertiles of percentages of lymphoid follicular area.

All %LFA
High Intermediate Low P-value
(26.0-38.6) (19.0-25.6) (7.8-18.9)

N 87 29 29 29
Oxford Classification
M1, N (%) 6 (6) 2(7) 2(7) 2(7) 0.99
EL N (%) 54 (62) 18 (62) 16 (55) 20 (69) 0.58
S1,N (%) 68 (78) 18 (62) 23 (79) 27 (93) 0.004*
T1+2, N (%) 10 (11) 1(3) 6 (21) 3(10.3) 0.41
C1+2, N (%) 47 (54) 10 (34) 16 (55) 21 (72) 0.003*

Abbreviations: %LFA Percentages of lymphoid follicular areas in total tonsillar tissue.
* Statistically significant.
where, N represents the number of patients.

https://doi.org/10.1371/journal.pone.0301853.t002
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Fig 2. Correlation between tonsillar morphological changes, i.e., %LFA and % non-reticular area, and percentage of
glomeruli affected in patients with IgAN. Correlation between (A) %LFA and % glomeruli with global sclerosis, (B) % non-
reticular area and % glomeruli with global sclerosis, (C) %LFA and % glomeruli with segmental sclerosis, (D) % non-reticular
area and % glomeruli with segmental sclerosis, (E) %LFA and % glomeruli with crescentic lesions, and (F) % non-reticular
area and % glomeruli with crescentic lesions. Tonsillar %LFA was negatively correlated with the percentage of glomeruli with
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global sclerosis (A) (r=-0.38, P < 0.001), segmental sclerosis (C) (r = -0.33, P = 0.001), and crescentic lesions (E) (r = -0.27,
P =0.010). In contrast, % non-reticular area did not show a significant correlation with the percentage of glomeruli affected.
Correlations were tested using nonparametric Spearman’s correlation coefficient.

https://doi.org/10.1371/journal.pone.0301853.9002

logarithmic transformation of the percentages of glomeruli with global and segmental sclerosis,
age, and the median time from the onset of urinary abnormalities to kidney biopsy, a multiple lin-
ear regression analysis was performed to determine the factors associated with the proportion of
sclerosed glomeruli (Table 3). Owing to the significant interaction between sex and time from
the onset of urinary abnormalities to kidney biopsy in the multiple regression analysis, we per-
formed separate analyses for each group. In the female group, the percentage of glomeruli with
sclerotic lesions increased with hypertension and %LFA. In the male group, the percentage of
sclerosed glomeruli increased with time from the onset of urinary abnormalities to kidney biopsy
and %LFA. Overall, %LFA was an independent factor associated with the percentage of sclerosed
glomeruli in both sex groups.

Discussion

In this cross-sectional study, we showed that reductions in the size of lymphoid follicles and %
LFA were more common in IgAN tonsils than in RT tonsils and that these histological changes
in IgAN tonsils were mainly due to the reduction in the size of the germinal centers. Patients
with IgAN with lower %LFA had longer durations of urinary abnormalities and more severe
proteinuria at the time of diagnostic kidney biopsy. Furthermore, %LFA showed significant
negative correlations with the frequency of glomeruli with both global and segmental sclerosis.
These findings suggested that the accelerated involution of the germinal center in the tonsils
and its degree were correlated with chronic progression of kidney disease. This indicates that
the accelerated involution of the germinal center in the tonsils is critically involved in the path-
ogenesis and progression of IgAN.

In this study, we first demonstrated that IgAN tonsils consist of smaller lymphoid follicles
comprising smaller germinal centers and mantle zones than RT tonsils. These findings are
consistent with those of previous studies with small sample sizes [10,11]. Our analysis revealed
that the % mantle zone area was comparable between the IgAN and RT tonsils. Thus, the

Table 3. Comparisons of kidney pathologies according to tertiles of the percentages of lymphoid follicular areas.

B Coefficient 95% CI p-value
Female
Intercept 1.25 -2.84--5.35 0.54
Age 0.68 —-0.45-1.81 0.23
Hypertension 0.86 0.24-1.49 0.007*
Time from urinary abnormalities to renal biopsy 0.023 -0.16-0.21 0.80
%LFA -0.057 —-0.09--0.01 0.006*
Male
Intercept 0.33 —-3.48-4.16 0.85
Age 0.73 -0.30-1.77 0.159
Hypertension —-0.049 -0.70-0.60 0.87
Time from urinary abnormalities to renal biopsy 0.37 0.19-0.55 <0.001*
%LFA -0.05 —-0.09--0.008 0.018*

95% CI, confidence interval; %LFA, percentage of lymphoid follicular areas in total tonsillar tissue.
* Statistically significant.

https://doi.org/10.1371/journal.pone.0301853.t003
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smaller lymphoid follicles and lower %LFA in IgAN tonsils were mainly attributed to the
reduction in the size of germinal centers compared with RT tonsils. Due to the lack of tonsils
from healthy controls, we cannot conclude that these findings are characteristic of IgAN ton-
sils but not of tonsils from healthy subjects without tonsillar diseases. However, a previous
report showed that the mean % germinal center area and % mantle zone area were lower in RT
tonsils than in age-matched tonsils from patients without tonsillar disease [14], indicating that
germinal center involution is a prominent feature of IgAN tonsils.

Next, we revealed that compared to patients with IgAN with higher %LFA, those with IgAN
with lower %LFA had a longer period of urinary abnormalities and higher frequencies of
hypertension, along with higher urinary protein excretion. Additionally, the %LFA was nega-
tively correlated with the percentage of glomeruli with global or segmental sclerosis. Another
cohort study on the beneficial effect of tonsillectomy for IgAN recurrence after kidney trans-
plantation reported that patients with IgAN who underwent tonsillectomy after kidney trans-
plantation had highly involuted germinal centers [15]. These findings suggest that the
involution of the germinal center is associated with chronic progression of glomerular disease.

The germinal center is a compartment of secondary lymphoid follicles where T cell-depen-
dent antibody responses occur, resulting in affinity maturation, isotype switching, and the gen-
eration of long-lived plasma cells and memory B cells. The mantle zone is mainly composed of
recirculating naive B cells. Aging potentially affects the immunocyte profile of the palatine ton-
sils. The total B-cell population and size of lymphoid follicles decrease after puberty as the
ratio of T to B cells increases [16-18]. Furthermore, the proportion of germinal center B cells
in the total B cell population of the tonsil decreases with age, whereas the proportion of naive
B cells increases with age [19]. Thus, our observations of IgAN tonsils are similar to age-related
changes in tonsils. Our study found that the median age of patients with IgAN was comparable
between tertiles of %LFA. Furthermore, the %LFA was an independent predictor of the per-
centage of sclerosed glomeruli after adjusting for age. Another potential factor accelerating the
involution of the germinal center in the IgAN tonsils is recurrent inflammation, which may
influence the immunocyte profile in the palatine tonsils. In patients with RT tonsils, the den-
sity of immunoglobulin-producing B cells in germinal centers and extra-follicular areas is
markedly and progressively reduced at an approximate age of >10 years [20]. However, in our
study, most patients with IgAN had no history of clinically apparent recurrent tonsillitis.
Recently, overexpression of a proliferation-inducing ligand (APRIL) and Toll-like receptors
(TLRs) in nasopharynx-associated lymphoid tissue (NALT) in patients and rodent models
with IgAN has been reported and speculated to be involved in pathogenesis [21-25]. Germinal
centers in IgAN tonsils contain B cells that aberrantly express APRIL, which may be prone to
the synthesis of galactose-deficient IgA1 in a T cell-independent manner [21,26]. Aberrant
expression of APRIL in IgAN germinal centers can accelerate B cell apoptosis in the germinal
center because receptor, transmembrane activator, and cyclophilin ligand interactor (TACI)
signaling can induce this apoptosis [27,28]. In addition, persistent activation of the innate
immune system via the aberrant expression of TRLs may accelerate the involution of reticula-
tion lymphoepithelial symbiosis in crypt epithelia and attenuate antigen-specific humoral
immune responses. We observed that the lack of reticulation in crypt epithelia was more severe
in the IgAN tonsils than in the RT tonsils, as previously reported. Furthermore, % non-reticu-
lar area was inversely correlated with %LFA and % germinal center area, whereas a direct cor-
relation was not observed between % non-reticular area and the proportion of sclerosed
glomeruli. Notably, most of these tonsillar morphological changes insidiously proceed with
chronic progression of kidney disease.

The major limitation of this study was that it was cross-sectional and morphological; we
failed to establish an actual cause-and-effect relationship or address the underlying mechanism
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owing to the study’s cross-sectional design. Additionally, all patients included in the study
were Japanese; therefore, the findings of these studies may not be generalizable to patients
from other regions or countries. Despite these limitations, this study adds to our understand-
ing of the importance of tonsillar microenvironment in IgAN pathogenesis.

In conclusion, the present study showed that the degree of involution of secondary lym-
phoid follicles in IgAN tonsils is significantly correlated with the severity of proteinuria and
the renal histopathology. These findings suggest that abnormal immune responses in the pala-
tine tonsils are closely associated with IgAN progression. Further studies are required to clarify
the underlying mechanism of the NALT-kidney axis in IgAN.

Supporting information

S1 Fig. Lack of reticulation in crypt epithelia is more common in IgAN tonsils than in RT
tonsils, and the percentage of non-reticular areas is negatively correlated with % lymphoid
follicular area and % germinal center area. (A) Immunostaining with cytokeratin demon-
strates crypt epithelia in the IgAN (right panel) and RT (left panel) tonsils. Lack of reticulation
(arrow) in crypt epithelia is more frequently observed in IgAN tonsils than in RT tonsils. Mag-
nification: 40x; scale: 500 um. (B) The median percentage of non-reticular area in the crypt
epithelia (% non-reticular area) was higher in the IgAN tonsils than in the RT tonsils

(P < 0.001). (C and D) % non-reticular area was inversely correlated with % lymphoid follicu-
lar area (C) (r = - 0.35, P = 0.001) and % germinal center area (D) (r = — 0.26, P = 0.015).
(TIF)
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