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Abstract

Introduction: IgA nephropathy is the most common primary
glomerular disease. Its pathogenesis is still poorly under-
stood. Alterations of the Janus kinase signal transducer and
activator of transcription (JAK-STAT) pathway may play an
important role in IgA nephropathy. Methods: We evaluated
the clinical features, pathology, and tissue staining for lym-
phocytes and phosphorylated STAT1 (pSTAT1) in 43 patients
with biopsy proven IgA nephropathy. They were followed to
determine their disease outcomes. All had biopsy tissue and
multiple laboratory measurements to assess their kidney dis-
ease progression. Sixteen patients underwent repeat kidney
biopsy to further assess their clinical status. Results: The me-
dian eGFR at baseline was 61 mL/min/1.73 m? and the me-
dian proteinuria was 2,600 mg/d. The median follow-up was
5 years with an average annual decline in eGFR of 2.25 mL/
min/1.73 m2. There was significant inflammation and atro-
phy seen in the first biopsy, which progressed among those
who undertook a 2nd biopsy. Compared to healthy kidney
tissue, glomeruli and tubulointerstitium demonstrated in-
creased lymphocyte (CD3+) infiltrates and increased pSTAT1
staining by immunohistochemistry. Increased CD3 (p = 0.001)

staining and increased pSTAT1 (p = 0.03) correlated with re-
duced eGFRlevels.In repeat biopsy samples, increasing pSTAT1
staining correlated with loss of eGFR over time (p = 0.02).
Conclusion: These findings support the hypothesis that
pSTAT1 is activated in IgA nephropathy and may play a role
in the progression toward kidney failure.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

IgA nephropathy (IgAN) is the most common glomer-
ulonephritis worldwide. Up to 40% of patients will prog-
ress to end-stage renal disease within 20 years [1]. The
underlying pathogenesis of this autoimmune disease cen-
ters on binding of anti-glycan antibodies to galactose-
deficient IgA1 (Gd-IgA1), forming pathogenic immune
complexes which deposit in and injure the glomerulus
[2]. Gd-IgA1 and anti-glycan antibodies are considered
disease markers, but only variably predict disease pro-
gression [3]. The main defect in IgAN may lie in the reg-
ulation and function of peripheral blood mononuclear
cells (PBMCs), although little research has focused on
subsets of PBMCs in IgAN [4, 5]. The accumulation of
interstitial inflammatory cells in the kidney has been cor-
related with decreased renal function in patients with
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Table 1. Baseline characteristics of 43 IgAN ]
Age at biopsy, years

42 (20-78)

patients
Gender (women) 17 (40.4%)
Non-Hispanic/non-Latino 27 (64.2%)
Asian 7 (16.6%)
Unknown 7 (14.2%)
Hispanic 2 (4.7%)
Follow-up, years 5(0.1-12.2)
eGFR decline during follow-up, mL/min/1.73 m?/years 2.25(-31to 44)
eGFR at biopsy, mL/min/1.73 m? 47 (20-108)
Urine protein creatinine excretion ratio at biopsy, g/g 1.82(1.33-15)
MEST-C scores in pathology MO0 33/43 M1 10/43
E0 38/43 E1 5/43
S0 10/43 S1.33/43
TO 14/43T119/43T210/43
C028/43 C115/43 C20/43
Median (min, max).
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Fig. 1. Representative images of dual staining in control and 2 IgAN patients (x400). Left: control; middle: IgAN
biopsy with mild lymphocytic (CD3 stained as gray) infiltration; right: IgAN biopsy with massive lymphocytic
infiltration (CD3 stained as gray) and pSTAT1 (stained as red) expression.

IgAN and may be an important influence on disease out-
comes [6]. In glomerular diseases that primarily involve
injury to the glomeruli, the degree of interstitial infiltra-
tion, especially with T lymphocytes, indeed correlates
well with long-term outcomes, such as impairment of re-
nal function, as compared to the extent of glomerular in-
volvement [7-10]. Janus kinase signal transducer and ac-
tivator of transcription (JAK/STAT) is a major pathway
that responds to and transduces inflammatory signals
from extracellular ligands such as cytokines and chemo-
kines [11]. Our recent study indicated that JAK/STAT
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signaling is activated in the kidney and PBMCs of patients
with FSGS, with findings that compared to control, the
baseline phosphorylated STAT1 (pSTAT1) in FSGS was
significantlyhigherin CD4+lymphocytes, CD8+CD45RA
+ lymphocytes, and monocytes, suggesting that pSTAT1
may play a key role in the progression of interstitial
inflammation [12]. One study analyzing the genomic pro-
tile of PBMCs from 3 IgAN patients suggested a role of
STAT1 in the exacerbation of gross hematuria, a sign of
intense disease activity in [IgAN [13]. Another small study
in 2008 using immunohistochemistry found that the
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Table 2. Baseline characteristics of 16 IgAN patients with repeat biopsy

Age, Serum creatinine, GFR, mL/min/  Proteinuria, SBP, DBP,
years mg/dL 1.73 m? mg/day mmHg  mmHg
1st biopsy
Mean 40.9 1.23 64.9 2,878.1 127.8 82.3
STDEV 74 0.45 26.1 1,522.8 6.9 6.1
Median 425 1.16 61 2,800 125 81
25 quartile 345 1.0 48 1,625 123.3 77
75 quartile 47.3 1.3 83 4,400 131.8 87
2nd biopsy
Mean 46.1 2.98 36.1 3,772 156.1 88.3
STDEV 7.93 2.64 21.12 3,088 30.2 13.7
Median 49,5 1.8 40.5 3,100 142 90
25 quartile 38.8 1.29 17.5 1,100 137 81
75 quartile 52 3.02 48.5 4,500 183 100
p value 0.032 0.005 0.361 0.032 0.32

STDEV, standard deviation; SBP, systolic blood pressure; DBP, diastolic blood pressure.

expression of pSTAT3 in the human kidney was increased
in the glomerular and tubulointerstitial cells in IgAN but
not in minimal change disease or membranous nephrop-
athy [14]. More recently, we have reported increased tu-
bulointerstitial transcription of components of the JAK/
STAT system in IgA nephropathy, which is associated
with other disease markers in cross-sectional fashion
[15]. We aimed to further explore the expression of
pSTATTI in the kidneys of patients with IgAN, as well as
its presence in infiltrated lymphocytes in the kidneys of
patients with IgAN, with the hypothesis that altered
pSTAT (STAT phosphorylation) facilitates disease pro-
gression in IgAN, and could be a novel target for treat-
ment to prevent disease progression.

Methods

Patients

The study was approved by the Institutional Review Board of
Stanford University Medical Center. Using “IgA” as the key
word in the final text diagnosis, Stanford’s kidney pathology
registry was searched from 2003 to June 2016 and linked to Stan-
ford’s electronic medical record. 769 native kidney adult biopsy
cases (patient aged >18 years old) were found with IgA in the
final pathological diagnosis report. 246 cases were excluded due
to: insufficient residual sample for immunohistochemical stain-
ing, no clinical follow-up available, clinical diagnosis of IgA vas-
culitis, comorbidity with HBV, DN, MCD, HIV, FSGS, anti-GBM,
HCV, IMN, incidental IgA deposits, smoldering myeloma, or
polyarthritis nodosum. Among the remaining 523 cases, we
identified 43 cases with at least one follow-up with interval du-
ration of more than 1 month at the Stanford clinic. During this
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Table 3. MEST-C classification of 16 IgAN patients with repeat
biopsy (classification level, number of the cases)

1st biopsy? 2nd biopsy®

M MO 11, M1 4 M MO 10, M1 4
EE0O12,E13 EEOS8,E16
S$S03,5112 S$S03,S111
TT09,T15,T22 TT04,T14,T26
cco7,C19 CcCog,Ci6

2All glomeruli were globally scleroticin 1 case, thusonly 15 cases
were analyzed for the MEST-C score. P Two cases were not analyzed
due to inadequate tissue.

same period, we identified 16 adult IgAN patients (9 women and
7 men) who underwent both a baseline and repeat biopsy at
Stanford.

Dual Immunohistochemistry Staining for CD3 and pSTAT1

Starting with unstained paraffin-fixed slides, antigen retrieval
was done with citrate solution at pH 6.0. Normal serum was used
to block the antigens for 30 min at room temperature. Primary
antibodies CD3 (DAKO CD3 Clone F7.28) and pSTAT1 (cell sig-
naling #8826) were applied with a dilution of 1:50 and 1:200, re-
spectively, for 60 min at room temperature. Second antibodies to
rabbit Ig or mouse Ig (Vector labs) were incubated for 30 min at
room temperature. DAB was incubated for 3 min at room tem-
perature to develop the staining. Hematoxylin was counter-stained
for 1 min at room temperature. The representative images are
shown in Figure 1. Semi-quantification criterion: CD3 density: 0:
no lymphoid aggregate (>50 cells/focus); 1: 1 aggregate/bx; 2: 2 ag-
gregates/bx; 3: 3 or more aggregates/biopsy; % cells dual +: 0: none;
1: <20%; 2: 20-50%; 3: >50%; pSTAT]1 scoring 0: none, 1: <50%
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Table 4. Pathologic characteristics of 16 IgAN patients with repeat biopsy

G SG IFTA Inflammation Inflammation in Inflammation in Crescent or
intensity atrophic area, % non-atrophic area, %  necrosis, %
1st biopsy
Mean 18.36 4.75 21.79 1.5 23.25 1.69 6.35
SD 11.35 2.98 14.72 0.52 12.61 3.50 8.7
Median 16 4 20 1.5 21 0 0
25 quartile 11.5 2.75 10.63 1 13.75 0 0
75 quartile 23.75 7.25 30 2 31.25 0.50 12.50
2nd biopsy
Mean 21.21 7.71 41.54 1.77 43.54 1.31 2.92
SD 13.99 7.08 21.89 0.80 21.33 2.87 3.51
Median 15 4.5 45 2 45 0 0
25 quartile 10 2.25 25 1 23 0 0
75 quartile 28.75 12.5 50 2 60 0 6.15
t test 0.55 0.15 0.012 0.29 0.004 0.75 0.18

G, the number of the glomeruli; SG, the number of globally sclerotic glomeruli; IFTA, interstitial fibrosis tubular atrophy.

cells weak, 2: 51-100% cells, slightly strong or 20-50% very strong,
3: 51-100% cells strong staining. The semi-quantification of in-
flammation was done by routine pathology evaluation of cellular
infiltrates and in atrophic or non-atrophic areas was set as 0: no
inflammation; 1: sparse inflammation with no collections of great-
er than 10 cells/focus/slide; 2: moderate inflammation with a col-
lection of more than 10 cells/focus/slide; 3: severe inflammation
with several large collections of more than 50 cells/focus/slide.

Statistical Analysis

Descriptive statistics, including mean and SD for normally
distributed variables, median and interquartile range for skewed
variables, and proportions for categorical variables, were used to
characterize participant characteristics. Spearman’s rank correla-
tion coefficient (rho) was used to evaluate the relationship between
semi-quantification of CD3, pSTAT1, or pSTAT1 in CD3 with
eGFR, urine protein creatinine ratio, or the decline of eGFR. Anal-
yses were performed using Excel. p < 0.05 was considered statisti-
cally significant.

Results

This single-center IgAN cohort comprised 43 patients,
with a median age at biopsy of 42 years. Their character-
istics are depicted in Table 1. There were 17 women. The
majority of patients were non-Hispanic. The median
eGFR at the biopsy was 47 mL/min/1.73 m% The median
follow-up was 5 years with an annual decline of eGFR of
2.25 mL/min/1.73 m,

In the cohort of 16 IgAN patients who had a second
biopsy, there were 4 Asians, 7 non-Hispanic white, 4 with
race/ethnicity not available, and 1 Hispanic. Nine were
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newly diagnosed at the time of the first biopsy; the other
7 had prior disease duration ranging from 1 year to 11
years beforehand. Only 1 patient is still being followed
with stable renal function. Six cases required renal re-
placement or were listed on the transplant wait list (1, 10,
3, 8, 12, and 9 months later). The other 9 cases were ulti-
mately lost to follow up after the second biopsy. One case
had been treated with 6 months of prednisone before the
tirst biopsy. Six cases had also been treated with myco-
phenolic acid or prednisone for several months before
the second biopsy. Their clinical profiles are listed in
Table 2. Their MEST-C scores are summarized in Table 3,
pathological features are listed in Table 4. The average
age at biopsy was 40 years old; after an average of 6 years’
follow-up, their eGFR significantly decreased from 83 to
48.5 mL/min/1.73 m? Their systolic blood pressure was
significantly increased from 131 to 156 mm Hg, and this
was accompanied by increased severity in tubular atro-
phy and interstitial fibrosis, which was also reflected by
the semi-quantification of IFTA and inflammation in
non-atrophic areas.

As depicted in Figure 2, correlational analysis showed
that the number of resident lymphocytes in the kidney
was negatively correlated with eGFR at biopsy (n = 56;
p=0.001,r=0.47),and pSTAT1 expression in the kidney
was negatively correlated with eGFR at biopsy (n = 56;
p =0.03, r = 0.32). In the cohort of repeat biopsy IgAN
patients, the change in pSTAT1 scoring was significantly
correlated with the decline of eGFR per year (r = 0.43,
p = 0.02). We evaluated whether we could identify the
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presence of infiltrating lymphocytes that stained positive
for pSTAT1 (dual stain, CD3, and pSTAT1). While these
cells could be readily identified, their semi-quantification
trended, but was not significantly correlated, with clinical
parameters or outcome (r = 0.20, p = 0.19).

Discussion

While IgA nephropathy is the most common primary
glomerular disease in the world, its pathogenesis re-
mains poorly understood. Upstream events have indeed
been better elucidated within the “multi-hit hypothesis,”
but what transduces injury to the kidney remains uncer-
tain. The role of specific subpopulations of lymphocytes
in the pathogenesis of [gAN remains an exciting research
area, as evidence implicates many specific immune cells,
including dendritic cells [16], natural killer cells [17],
CD4 and CD8 T lymphocytes, monocytes, neutrophils,
mast cells, and T regulatory cells [18] in the pathogen-
esis of glomerular diseases [19]. Consistent with the
findings from D’Amico [8], our study demonstrates that
increasing infiltration of lymphocytes (in atrophic and
non-atrophic areas) was negatively correlated with kid-
ney structure and function, suggesting that a cause-effect
relation may exist. Although we did not find a meaning-
ful correlational relation between the change of the
number of lymphocytes with the decline of eGFR in the
repeat biopsy cohort, as had been shown in Faria’s study
[20], we would suggest that this might be due to the
small number of cases studied in this cohort (n = 10, re-
peat biopsy cases). The baseline lymphocyte number did
correlate with progression.

JAK/STAT is a critical pathway that responds to and
transduces inflammatory signals from extracellular li-
gands, including many cytokines and chemokines [11].
Strong evidence suggests that it is critical in the differ-
entiation and maturation of the immune system, autoim-
mune disease processes, cancer development, angiogen-
esis, and metastasis [11]. Data from kidney cell specific
over-expression or knock out transgenic animal models
and genetic profile analyses in human samples reveal that
the JAK/STAT pathway is extensively activated in dia-
betic nephropathy, ADPKD, HIVAN, AKI, obstructive
uropathy [21], and renal fibrosis [22]. However, its role
in the pathogenesis of glomerular disease has rarely been
investigated. We have reported a role in focal segmental
glomerulosclerosis and in IgA nephropathy based on
PBMC activity and transcription in the kidney. The major
finding of the present study demonstrates that pSTAT1
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Fig. 2. Correlation analysis between pathology and clinical markers.
a eGFR at time of biopsy plotted against pSTAT1 semi-quantification
at biopsy. b eGFR at time of biopsy plotted against CD3 semi-quan-
tification at biopsy. ¢ Change of pSTAT1 semi-quantification against
change in eGFR per year from Biopsy 1 to Biopsy 2.

Tao/Kambham/Kwok/Lafayette



expression (judged by histology) was negatively correlated
with the eGFR at the time of biopsy, and its change along
the disease course was significantly correlated with the
decline of eGFR, suggesting that activated STAT1 may
indeed play an important role in the clinical and patho-
logical progression of IgAN.

Among seven STATs identified in mammals [23], the
biological relevance of STAT1 is to target genes to pro-
mote inflammation and antagonize proliferation, which
contrasts with the pro-proliferative and anti-inflamma-
tory activities associated with STAT3 [24]. STAT1 has
been found to be activated in diffuse proliferative lupus
nephritis [25]. STAT1 is implicated in the mediation of
Ang II-induced human glomerular mesangial cell senes-
cence through the p53/p21(Cip1) pathway, and losartan
could attenuate this senescence by regulating STAT1
[26]. Based on those findings and our own, we propose
that STAT1 is active in IgAN, possibly through partici-
pating in the mesangial proliferation/cellularity and/or
interstitial inflammation or fibrosis that occurs in this
disease.

Another effort of this study was to evaluate whether
pSTAT1 expression in infiltrated lymphocytes in the kid-
ney at biopsy was correlated with eGFR or proteinuria, or
with the change of either marker. We successfully devel-
oped a dual stain method to observe the co-localization
of those two markers and semi-quantified the positive
area. While we find that pSTAT does indeed colocalize
with CD3 cells, we did not find any significant correla-
tions with biopsy scores or patient outcomes. We further
assessed the repeat biopsy cohort to investigate if the
change in pSTAT1 would correlate with any change in
proteinuria along the disease course, and we found no sig-
nificant correlations. The explanations for these negative
findings could be due to selection bias, which is hard to
avoid in any retrospective clinical study, small number of
patients, or accuracy limited by the semi-quantification
method itself. Perhaps further development of a digital,
fully quantitative method, such as that with image J cap-
ture, to estimate the expression of pSTAT1 (shown in red
in dual staining in Fig. 1) in lymphocytes (shown in gray
in dual staining) would be more accurate in associating
with clinical features.

In summary, this study assessed cross sectional and
longitudinal data from kidney biopsy tissue in an effort
to address contributions made by lymphocyte aggrega-
tion and STAT1 activation. It supports the hypothesis
that STAT1 is activated during the progression of IgAN.
There also remains a possibility that this activation
may play a role in the progression of kidney disease in

pSTAT1 and IgA Nephropathy

IgA nephropathy. STAT1’s activation in lymphocytes
and its role in the pathogenesis of IgAN deserve further
investigation.
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