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ABSTRACT

Immune checkpoint inhibitors (ICIs) have revolutionized cancer therapy and outcomes, leading to an expanding use in
millions of patients worldwide. However, they can cause a spectrum of immune-related adverse events (irAEs). Essentially,
any organs can be affected by irAEs, which have emerged as therapy-limiting side effects. In the kidneys, ICI-associated
acute interstitial nephritis (ICI-AIN) leads to acute kidney injury (AKI) in 2%–5% of patients on ICI therapy. AKI associated
with ICI therapy pathologically presents with AIN in nearly 90% of the cases, but the pathophysiology of ICI-AIN remains to
be defined.The generation of autoreactive T cells in patients receivingAIN-inducible drugs, such as proton pump inhibitors
(PPIs), is one of the leading theories, supported by a higher incidence of ICI-AIN in patients on these AIN-inducible
drugs. In this review, we will discuss our understanding of the incidence, potential pathophysiological mechanisms,
clinical presentations, risk factors, diagnosis, and management of PPI-related AIN and its interaction with ICI therapy.

Keywords: acute kidney injury, immune checkpoint inhibitors, immune-related adverse events, interstitial nephritis,
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INTRODUCTION

Immune check point inhibitors (ICIs) are new anticancer drugs
that act by blocking intrinsic down-regulators of the immune
system, leading to empowerment of patients’ own immune
systems. Currently, four different classes of ICIs have been
approved by the US Food and Drug Administration (FDA) for
treatment of various cancers [1, 2], including anti-cytotoxic T
lymphocyte–associated protein 4 (CTLA-4) (ipilimumab), anti-
programmed cell death protein 1 (PD-1) (cemiplimab,nivolumab,
and pembrolizumab), or PD-ligand 1 (PD-L1) (atezolizumab,
avelumab, and durvalumab), and the most recent one antilym-
phocyte activation gene-3 (LAG-3) (relatlimab) [3–6]. Despite
important benefits in cancer outcomes, ICIs can come with a
myriad of adverse effects called immune-related adverse events

(irAEs). Acute interstitial nephritis (AIN) is the most common
type of renal irAE, being found in 80%–90% of patients who
undergo kidney biopsy [7, 8]. Several risk factors have been
identified in patients with ICI-associated AIN (ICI-AIN), in-
cluding use of drugs such as proton pump inhibitors (PPIs) [9].
Gastrointestinal symptoms, such as “heartburn” or “stomach
discomfort”’ frequently caused by gastroesophageal reflux
(GERD), are much more common in cancer patients. A large
retrospective cross-sectional study reported that among cancer
patients, up to 33% used acid-reducing agents, and PPIs were the
most commonly prescribed drugs among this class of agents [10,
11]. In fact, the prevalence of PPI use is largely underestimated
because of its over-the-counter use by millions of patients.
Moreover, PPIs often fail to taper and/or discontinue, with a
result of prolonged use. Although PPI use is generally safe, it has
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been demonstrated that PPI therapy is associated with a variety
of adverse events, such as AIN causing acute kidney injury (AKI)
[12–18]. Notably, the use of PPIs has been associated with worse
outcomes in the setting of ICI therapy in some [19–21], although
not in all studies [22]. As such, PPIs have been recognized as
an important cause of drug-induced AIN both in the general
population and in cancer patients receiving ICIs [4, 7, 17].

In the current review, we aim to discuss our understanding
of the incidence, pathogenesis, clinical presentations, and risk
factors to interpret a potential causal relationship between PPI
and renal irAEs in the setting of ICI therapy. We also discuss the
therapeutic strategies of PPI-related kidney injury based on the
current evidence and understanding.

ICI and PPI-associated adverse events

ICI-related irAEs can occur in any organ at a substantially high
frequency with a wide range from 59% to 85% overall [23], and
with various degrees of severity from mild to life-threatening
(Table 1). Unlike skin, gastrointestinal tract, and endocrine
system, the kidneys are less frequently affected by irAEs [24].
AKI caused by AIN is the major type of ICI-related renal irAEs,
being observed in nearly 90% of kidney biopsies [7]. However,
it remains a challenge to distinguish ICI-related AKI (ICI-AKI)
from other cause-related AKI due to lack of specific and reliable
clinical characteristics and biomarkers. The presence of ex-
trarenal irAEs such as rash, colitis, and thyroiditis in particular
in those with ≥1 extrarenal irAEs may be an important hint
in patients with suspected ICI-AKI [4, 7]. Other manifestations
of ICI-related renal irAEs, such as electrolyte abnormalities
(e.g. hyponatremia, hypokalemia, hyperkalemia, hypophos-
phatemia, and hypomagnesemia) and renal tubular acidosis
also have been reported [4, 9, 25].

PPIs are a class of medications used to suppress acid pro-
duction by irreversibly binding to the H+/K+ ATPase pump
on the secretory surface of the gastric parietal epithelial cells
[26, 27]. Currently, the US FDA have approved six PPI drugs:
omeprazole, esomeprazole, lansoprazole, lansoprazole, panto-
prazole, and rabeprazole [28]. PPI is mainly used for treatment
of acid-related disorders, such as peptic ulcer disease, GERD,
erosive esophagitis, and Barrett’s esophagus [29]. As one of the
most frequently used classes of medications worldwide [30,
31], including among cancer patients [10], PPIs are generally
thought to be safe, however, their use has been associated
with a substantial adverse impact (Table 2). PPI-related kidney
adverse effects including AIN and AKI have been reported
[12–18]. Several large epidemiologic studies suggested that PPI
use significantly increased the risk of incident chronic kidney
disease (CKD), CKD progression, and kidney failure [32–35].

Advent of ICI therapy and its association with AKI, most
caused by AIN in patients taking PPIs, makes the relationship
stronger [4, 7, 8, 36].

PPI-related AIN in the setting of ICI therapy

Relatively, AIN is an uncommon cause of kidney disease. Data
from analysis of kidney biopsy registers and several large case
series suggested that only a small portion, ∼2%–3%, developed
AIN [28, 37–39]. But AIN is much more common in hospitalized
patients with AKI, accounting for 10%–20% [40]. A large case
series study including 133 patients with biopsy-proven AIN
from 1993 to 2011 at the Mayo Clinic suggested that the most
frequent cause of AINwas drugs (70%), followed by autoimmune
disease (20%), and infections (4%) [41]. Antibiotics, non-steroidal

Table 1: ICI-related: adverse events.

Organ irAEs

Skin Pruritus
Rash, dermatitis

Gastrointestinal tract system Gastritis
Colitis
Pancreatitis
Type 1 diabetes

Endocrine system Hypophysitis
Thyroiditis (e.g. hypothyroidism,
hyperthyroidism)
Adrenalitis

Heart Myocarditis
Pericarditis
Heart failure
Arrhythmia

Liver Hepatitis
Transaminitis

Lung Pneumonitis
Pleuritis

Blood Thrombocytopenia
Hemolytic anemia
Neutropenia

Rheumatology Vasculitis
Arthritis
Sarcoidosis
Polymyalgia rheumatica
Scleroderma

Nervous and muscular system Neuropathy
Demyelination
Meningitis
Encephalitis
Myasthenia gravis
Myositis

Kidney AKI (AIN)
Glomerular disease (e.g.
pauci-immune crescentic GN, C3 GN,
renal vasculitis, and podocytopathy)
ATI/ATN
Electrolyte abnormalities (e.g.
hyponatremia, hypokalemia,
hyperkalemia, hypophosphatemia,
and hypomagnesemia, RTA)

irAEs: ICI-related adverse events; AIN: acute interstitial nephritis; GN: glomeru-

lonephritis; C3: complement 3; ATI: acute tubular injury; ATN: acute tubular
necrosis; RTA: renal tubular acidosis.

inflammatory drugs (NSAIDs), and PPIs have been thought
to be three major drug classes responsible for drug-induced
AIN, accounting for 80%–90% overall [42]. To date, ICI-AIN is
attracting more and more attention.

Currently, there is no precise data demonstrating preva-
lence and incidence of ICI-AIN and PPI-related AIN (PPI-AIN).
Available data indicated that the incidence of AKI in patients
receiving ICIs was ∼17% [4, 9, 43–45]. However, the incidence
of AKI directly related to ICI use was low, ranging from 0.8% to
5% [4, 7, 36, 46]. Some reports suggested that the second cause
of drug-induced AIN was PPI use, accounting for 14%–64% [41,
47–51], and incidence of biopsy-proven AIN related to PPI has
been increasing over the last decades [52].

PPIs are so often taken, even overdosed in cancer patients.
Development of AKI in patients receiving ICIs who also take PPIs
has become more evident. PPIs have been consistently shown
to be a risk factor for AKI in ICI-treated patients [4, 7, 36, 46]. A
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Table 2: PPI-related: adverse effects and potential mechanism.

Association [89] Potential mechanism

Adverse non-kidney effects
Vitamin B12 deficiency Likely causative Increased gastric pH alters absorption of Vitamin B12 in

the terminal ileum, potential for microbial overgrowth
that utilizers cobalamin [89]

Cardiovascular disease (e.g. myocardial
infarction)

Unknown; likely be related to impairment of endothelial
nitric oxide synthase; drug interaction (e.g. increased
cardiovascular risk in patients with concomitant use of PPI
and clopidogrel) [96, 97]

Clostridioides difficile infection Unclear Alteration of gut microbiome [98, 99]
Community-acquired pneumonia Unlikely Alteration of gut microbiome [98, 100]
Dementia Unclear Increased production and degradation of amyloid and

binding to tau. Decreased availability of other nutrients
[89]

Small Intestine Bacterial Overgrowth Likely causative Alteration of gut microbiome [98, 99]
Gastric cancer Hypergastrinemia, gastric atrophy and bacterial

overgrowth in the stomach [101]
Osteoporotic fractures Unclear Reduction in calcium absorption due to increased gastric

pH [98, 102]
Adverse kidney effects
Hypomagnesemia Likely causative Increased gastric pH alters Mg transport and absorption;

changes in the expression and activity of key transporters
both the small intestine and the colon; reduced Mg2+

solubility in the intestinal lumen; alteration of gut
microbiome [103]

AIN Cell and humoral-mediated drug hypersensitivity [52, 62]
Acute kidney injury Unclear AIN [52]
CKD and kidney failure Unclear Subclinical AIN [28, 89]

previous study suggested that ICI-AKI in patients who also took
PPIs occurred earlier and had a three-times higher rate than
thosewith other causes-related AKI during immunotherapy [36].
Similarly, two major studies have shown that PPI use was sig-
nificantly associated with ICI-AKI both with a hazard ratio (HR)
of 2.85 (95% CI 1.34–6.08 and 95% CI 1.81–4.48, respectively) [4, 7].
In addition, a largest retrospective cohort study showed that PPI
use, especially in those with a history of prior or concomitant
extrarenal irAEs, was associated with an increased risk of ICI-
AKI [8]. These studies suggested that ICI-AKI appears to be more
common in patients who use PPI compared to those who do not.

Pathophysiological mechanism

Currently, the precise mechanisms of ICI-AKI remain unclear.
The CTLA-4 and PD-1/PD-L1 axis plays a crucial role in main-
taining normal immune response and self-tolerance. In the
setting of ICI therapy, CTLA-4 inhibitor targets CTLA-4 highly
expressed on T cells, then blocks its binding to CD80/CD86
mainly expressed on antigen-presenting cells. This allows inter-
action of CD28 and CD80/CD86, resulting in T-cell activation [53].
Blocking interaction of PD-1 and PD-L1 with anti-PD-1 or anti-
PD-L1 monoclonal antibodies, respectively, promotes tumor
cell apoptosis/death but also activates T cells or suppress their
deactivation [54] (Fig. 1). Aberrant activation of self-reactive T
cells initiated by ICIs can reduce or disturb immune tolerance
against renal antigens [55]. Recently, it has been shown that the
abundance of specific immune cells (e.g. CD4+ memory T cells, T
helper, and dendritic cells) was significantly increased in kidney
tissues of patients with ICI-AIN [56]. These findings suggested
that dendritic cell-T-cell interaction within ICI-AIN and the

subsequent T-cell activation may contribute to the underly-
ing pathophysiology. These occurs in the setting of elevated
proinflammatory cytokines detected in the urine of patients
with ICI-AIN, specifically TNF-α, suggesting that ICI-induced
inflammation involves the pathogenesis of kidney injury [56].

Mechanistically, exposure to drugs such as PPIs, NSAIDs, and
antibiotics could trigger a drug-specific T-cell-mediated immune
reaction. ICIs then reactivate these drug-specific latent T cells,
leading to loss of tolerance [5]. It is hypothesized that admin-
istration of drugs that potentially increase the risk of AIN may
initiate the immune reaction triggered by drug-specific T cells in
the setting of immunotherapy [5, 57, 58]. The precise pathogene-
sis of PPI-AIN has not been defined; several immunologic mech-
anisms would most likely be involved (Fig. 1). Drug-induced
AIN is mainly a cell-mediated immune response, supported
by the findings that the predominant lymphocytes are T cells in
kidney biopsies [59]. A positive stain of either CD4+ or CD8+ T
cells also has been revealed in kidney interstitial tissue [57, 60].
Similar to other drug-induced AIN, one of the most suggested
mechanisms is that PPI may act as a hapten, resulting in a
formation of complex by binding to proteins through covalent
links either locally or peripherally [52, 61, 62]. Locally, the drug
can bind to kidney specific tubulointerstitial proteins. Peripher-
ally, the drug-formed haptens are transported to kidney, where
they are filtered, endocytosed, and metabolized by tubular
epithelial cells [61]. The resultant metabolites are presented
to dendritic cells that are located in kidney interstitial tissue,
leading to subsequent T-cell-mediated immune response [62].
Cytotoxic T-cell-mediated damage is mainly involved in the
pathogenesis of drug-induced AIN. Yet, kidney injury driven by
antibody-mediated immune reaction is also possible in some
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Figure 1: Proposed major pathophysiological mechanisms of PPI-related kidney adverse outcomes in the setting of ICI therapy. (a) In addition to the direct toxic
damage, one of the most suggested mechanisms is that PPI may act as a hapten. In kidney, PPI can bind to kidney specific tubulointerstitial proteins. The peripherally
drug-formed haptens are transported to kidney, andmetabolized by tubular epithelial cells. The resultant antigen–antibody complex and/or metabolites are presented
to dendritic cells located in kidney interstitial tissue, leading to subsequent T-cell-mediated immune response. (b) In the setting of ICI therapy, anti-CTLA-4 (i.e.

ipilimumab) can induce T-cell activation mainly by blocking CD80/CD86 binding to the CTLA-4 receptor, which allows CD28 binding. Blocking PD-L1 binding to PD-1
with anti-PD-1 or anti-PD-L1 monoclonal antibodies (i.e. nivolumab and atezolizumab) promotes tumor cell killing but also activates T cells or suppresses deactivation
of T cells. (c) Injured cells produce proinflammatory chemokines and cytokines, which can recruit inflammatory cells and induce fibroblast proliferation related
to tubular cell damage (i.e. AIN or subclinical AIN) and further kidney injury (AKI, CKD, and ESKD). CTLA-4: cytotoxic T-lymphocyte–associated antigen 4; PD-1:

programmed death 1; PD-L1: PD-ligand-1; CR: complete remission or recovery; EKSD: end-stage kidney disease.

cases, supported by the finding of deposits of antigen–antibody
complexes in the kidneys [62]. Additionally, drugs can cause
direct toxic damage to tubular cells. Similar to superantigen
stimulations, some drugs may directly interact with the T-cell

receptor or the major histocompatibility peptide complex,
leading to T-cell activation [63]. Overall, injured cells produce
proinflammatory chemokines and cytokines, which can recruit
inflammatory cells and induce fibroblast proliferation, which
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are thought to be related to tubular cell damage and kidney
damage [37, 64].

Kidney histology

Kidney biopsy is generally required for the definitive diagnosis
of AIN. Under a light microscope, it is generally characterized by
extensive interstitial infiltration, mainly caused by monocytes
and lymphocytes. Presence of eosinophils, plasma cells, and
polymorphonuclear cells is of varying degrees. Glomerular and
vascular parts are usually normal [42, 62]. The characteristics
of chronic interstitial nephritis, such as interstitial fibrosis
and tubular atrophy, can develop with the progression of the
disease [42, 62]. Usually, immune deposits are not observed
on immunofluorescence staining, but some cases can have
fibrinogen deposits in interstitial tissue.

AIN is themost commonhistopathological finding in ICI-AKI.
However, other patterns that occur either alone or in conjunc-
tion with AIN also have been described, including various
glomerular diseases and acute tubular injury or acute tubular
necrosis though with a low incidence of <10% of all cases [9].
Glomerular diseases reported in ICI-AKI have pauci-immune
crescentic glomerulonephritis, anti-glomerular basementmem-
brane disease, C3 glomerulonephritis, IgA and membranous
nephropathy, and amyloid A amyloidosis [7, 8, 65]. Additionally,
minimal change disease, focal segmental glomerulosclerosis
(FSGS), lupus nephritis, and renal vasculitis after ICIs therapy
have been reported in several case reports [66–68].

Regarding PPI-AIN, no specific histologic findings are de-
tected. A study from Australian teaching hospitals, including
18 patients with biopsy-proven AIN, showed classic findings
of AIN either with focal or with diffuse interstitial infiltrates.
Kidney biopsy revealed presence of eosinophils in 83% (15 out
of 18) of patients [49]. Kidney biopsies of patient with ICI-AIN
have similar pattern, but may present with other findings such
as FSGS, vasculitis, and, at times, granulomatous sarcoid-like
lesions [36, 66, 69, 70].

In summary, the histopathological patterns of ICI-AIN can
be heterogenous. Kidney biopsy is important and sometimes
required in patients with a highly suspected ICI-AKI particularly
in those who also take PPIs.

Clinical presentations

A multicenter study found that most patients with ICI-AKI pre-
sented with non-nephrotic proteinuria, almost half had sterile
pyuria, and ∼21% had eosinophilia [7]; a similar finding was
reported by other studies [8, 65, 71], However, these clinical man-
ifestations lack specificity and are not enough to distinguish the
ICI-AKI from other causes including drugs (e.g. PPI)-related AKI.

PPI-related kidney adverse effects present with a wide
spectrum of renal manifestations, ranging from subclinical
kidney damage, AKI with a variety of severities, to delayed
occurrence of incident CKD and ESKD. Regarding PPI-AIN, it has
been reported that fever presents in less than half patients,
rash in <10%, and eosinophilia in about one-third [28]. The
classical triad of systemic hyperallergic reactions, composed of
fever, rash, and eosinophilia, is rare and only presents in <10%
of patients [72]. By contrast, a study showed that nonspecific
symptoms were more common, including fatigue and nausea
(39%, n = 7/18), and weight loss (22%, n = 4/18) [49]. Notably,
many patients do not have or only present withmild symptoms.
Similar to NSAIDs, patients with PPI-AIN less commonly have
the classical triad compared to other drugs [62]. Nearly every
drug-induced AIN presents with non-oliguric AKI, if AKI occurs

[62]. Some cases present with hypokalemic and hyperchloremic
metabolic acidosis, indicating that the tubulointerstitial tissue
is the potential site of kidney damage [25, 62, 73]. Approxi-
mately 90% of patients with drug-induced AIN have tubular
non-nephrotic level proteinuria, but a study suggested that
older patients more likely had higher degree of proteinuria [74].

Additionally, the time from initiation of PPI use to develop-
ment of clinical AIN is very variable. AIN related to antibiotics
such as β-lactams and cephalosporins usually presents with
a short interval (several days or weeks), but PPI- and NSAID-
related AIN often have a longer drug exposure duration (PPIs,
generally 1 week to 9 months; NSAIDs, 6–18 months) prior to
AIN [62]. Rechallenge with a PPI in patients who previously
had PPI-AIN may more rapidly develop a new AIN [75–77]. A
case series study showed that within 12 hours of re-exposure
to pantoprazole, a patient developed symptoms of another
episode of AIN [16]. A population-based study in the Ontario
region reported that 59% of patients with PPI-AIN discharged
from hospital received a further prescription of a PPI; among
these rechallenged patients, 7.5% were readmitted for AKI in
the ensuing 120 days [14].

A study compared ICI-AIN to other drugs (e.g. NSAIDs,
fluoroquinolones, β-lactams, and PPIs)-related AIN, and found
that biopsy-proven ICI-AIN presented with a larger latency
period after ICI initiation (197±185 vs 114 ± 352 days, P = 0.006),
lower creatinine at diagnosis (3.8 ± 1.0 vs 6.0 ± 4.2 mg/dl,
P = 0.007), and higher urinary leucocyte counts (263.2 ± 418.0 vs
133.6 ± 284.6, P = 0.048), as well as lower slope of decreasing
creatinine over time during follow-up (P = 0.023, 0.014 and
0.004 at months 1, 3, and 6, respectively) [78]. However, among
patients with other drugs-related AIN, most were on NSAIDs
(19.4%) and only a small fraction (2.9%) were on PPIs, with no
information about how many were on PPIs in the ICI group [78].
A multicenter study also showed a longer interval from ICI ini-
tiation to AKI, with a median 14 weeks (interquartile [IQR] 6–47
weeks) [7], similar to the findings from other studies [65, 71]. But
it should be noted that ICI-AKI can occur at any time after ICI
initiation, ranging from a couple of days to >10 weeks [7].

In summary, data about clinical features in patients with
ICI-AKI, particularly in those who also take PPIs, remain limited
and this needs to be further addressed.

Risk factors

Several studies have reported that PPI-AIN was more fre-
quent in the elderly patients. The study from the Mayo Clinic
showed that patients with PPI-AIN tended to be older compared
with antibiotic- or NSAID-related AIN [41]. The New Zealand
population-based nested case-control study suggested a 10-
times greater risk for AIN in current PPI use ≥60 years compared
to younger users aged 15–49 years (20 vs 2 per 100 000 patient-
years) [17]. The Ontario population-based study of 290 592
individuals aged ≥65 years showed a three-times greater risk
for AIN among elderly patients recently beginning PPI therapy
compared to the propensity matched controls (0.32 vs 0.11 per
1000 person-years) [14]. A recent meta-analysis including nine
studies showed that among 2.6 million patients enrolled, 20%
were PPI users, and the PPI use significantly increased the risk of
AIN (relative risk ratio, 3.61; 95% CI, 2.37–5.51) [79]. Additionally,
PPI-AIN is far more common in hospitalized patients and in
those with a burden of comorbid disease [37, 51]. Patients using
high dose of PPI for prolonged duration may have a higher
risk for AIN [38]. A longer drug exposure and longer delay in
starting steroid therapy was correlated with poor recovery [41].
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A prospective epidemiologic study using the Atherosclerosis
Risk in Communities database in the USA suggested a 31%
increase of the risk for PPI-AIN in patients taking twice-daily
dosages of PPIs compared to a single daily dosage [34].

Notably, as a new cause of AIN, ICIs have attracted more
and more attention [46, 62, 80]. Several risk factors have been
reported to be related to ICI-AKI, including lower estimated
glomerular filtration rate (eGFR) at baseline, combination ther-
apy of ICIs, and co-presence of extrarenal irAEs, as well as
other concomitant drug uses (e.g. NSAIDs, antibiotics, and PPIs)
[4, 7, 8]. In particular, PPI use is a remarkable predictor for
ICI-AKI. Two large retrospective studies suggested that PPI use
caused a roughly 3-fold increase of the risk for ICI-AKI [4, 7].
Patients with recurrent AKI after ICI rechallenge often had a
concomitant use of PPI [7, 46]. Regarding the interval between
ICI initiation and AKI development, our study found that it was
shorter in ICI-AKI patients compared with non-ICI-AKI patients
undergoing ICI therapy (median 4 vs 8.5 months, P = 0.026) [36].
Patients with ICI-AKI had higher rates of PPI use within 14 days
before AKI occurrence compared to those with non-ICI-AKI
(68% vs 23%, P = 0.009). Similar to other reports [4], our results
confirmed that PPI use was significantly associated with ICI-AKI.
We also found that use of PPI or other AIN-associated drugs led
to a more rapid onset of AKI [36], suggesting that when PPIs are
prescribed at the initiation of ICI therapy, these patients should
be followed particularly closely for AKI events; however, larger
prospective studies are needed to validate this finding.

In summary, older age (>60 years), higher dosage, longer
exposure, and concomitant use of kidney offending drugs (e.g.
NSAIDs and antibiotics) are proposed risk factors for PPI-AIN in
the setting of ICI therapy.

Diagnosis

As mentioned before, PPI-AIN lacks specific symptoms and
signs for diagnosis. Most cases with AIN can have abnormal
urinary analysis findings, such as hematuria, sterile pyuria,
eosinophilia, and casts (e.g. white blood cell). The retrospective
study from Australian teaching hospitals found that eosinophil-
uria and eosinophils in the interstitial tissue presented in 61%
(11 out of 18) and 83% (15 out of 18) cases, respectively [49].
Whereas these are highly suggestive of AIN, they can only be
used to support the diagnosis. Owing to the lack of specific
clinical features and reliable noninvasive tests, kidney biopsy is
generally required to make a diagnosis. The possibility of PPI-
AIN or AKI should be considered in patients who are receiving
PPI therapy and encounter a gradual rise in serum creatinine
over weeks to months with no reasonable explanation. To
prevent or avoid progression of PPI-AIN to CKD, it is important
but also a great challenge for clinicians to diagnose subclinical
AIN in a timely fashion, particularly in those with nonspecific
manifestations or those without symptoms. Thus, a careful
and detailed investigation of clinical presentation, medication
history, and kidney function test is important in recognizing
these patients. Kidney biopsy should be considered to make the
diagnosis in patients with highly suspected AIN.

Recently, urinary TNF-α and IL-9 have been suggested as
independent predictors of AIN. A study showed that patients
with AIN had consistently higher levels of urine TNF-α and IL-9
than those with other kidney disease (e.g. acute tubular injury,
glomerular diseases, and diabetic kidney disease). Compared to
the clinician’s prebiopsy suspicion of AIN, as well as available
standard clinical tests, urinary TNF-α and IL-9 plus clinical tests
remarkably improved AIN prediction model performance (area

under the curve, 0.84 vs 0.62 vs 0.69, respectively) [81]. These
findings have been validated more recently in a prospective
pilot study showing that in patients with ICI-AIN, urine TNF-α
was significantly elevated with a strong discriminatory ability
[56]. Another study demonstrated that tertiary lymphoid struc-
ture signatures and urine chemokine markers can differentiate
ICI-AIN from other cause-related AIN [82].

In addition, our recent study showed that at time of AKI
diagnosis, compared to non-ICI-AKI, serum C-reactive protein
(CRP) was increased in ICI-AKI patients (median [IQR] 54.0
[33.7, 90.0] vs 3.5 [3.0, 7.9] mg/L, P < 0.001), and urine retinol
binding protein to urine creatinine ratio was also significantly
elevated (median [IQR] 1927 [1174, 46 522] vs 233 [127, 989]
μg/g creatinine, P = 0.013) in patients with ICI-AKI [36]. Fur-
thermore, systemic soluble interleukin-2 receptor (sIL-2R) has
been found to be elevated in patients with ICI-AIN compared
to ICI-treated controls and hemodynamic AKI controls (median
2.5-fold upper limit of normal vs 0.8- and 0.9-fold, P < 0.001 and
P = 0.008, respectively) [83]. In this study, a sIL-2R cut-off point
of 1.75-fold-upper limit of normal was suggested to be maximal
specificity (100%) and optimal sensitivity (81%) in differentiat-
ing ICI-AKI from ICI-treated controls and hemodynamic AKI
controls [83]. However, sIL-2R did not differ significantly in
ICI-treated patients with extrarenal irAE (such as pneumonitis
and colitis), suggesting that another extrarenal inflammatory
process may also increase its levels as it does with CRP. The
diagnostic value of these noninvasive biomarkers in detecting
ICI-AIN or AKI in particular in those with concomitant use of
PPIs remains uncertain and needs be further investigated.

PPI and the risk of AKI, CKD and ESKD in the setting of
ICI therapy

Data from the Ontario population-based study indicated a
∼2.5-fold increase of AKI risk (13.49 vs 5.46 per 1000 person-
years) among patients receiving PPIs compared to controls
[14]. Just recently, data from the large post-marketing surveil-
lance indicated that compared to the histamine H2-receptor
antagonists (H2RAs), patients who received PPIs without other
reported concurrent medications had a four-fold increase in
the frequency of AKI (odds ratio [OR], 4.2; 95% CI, 2.8–6.3),
and those who received the following PPIs as monotherapy
also significantly increased the AKI frequency: lansoprazole
(OR, 10.8; 95% CI, 7–17), omeprazole (OR 5.8; 95% CI, 3.8–8.9),
esomeprazole (OR, 3.3; 95% CI, 2.2–5), and pantoprazole (OR, 1.8;
95% CI, 1.01–3.3) [84]. These findings strongly suggested that PPI
use is a significant predictor for AKI.

In the setting of AIN, the acute inflammation and damage
of the tubulointerstitial tissue may become chronic interstitial
fibrosis and scar over time, particularly in those whose AIN diag-
nosis is missed or not recognized as subclinical AIN. Ultimately,
chronic interstitial inflammation leads to CKD and kidney fail-
ure in some severe cases. The case series study from Australia,
including 18 patients with biopsy-proven PPI-AIN, indicated
that in most patients, renal function was recovered at least par-
tially by 3 months after AIN diagnosis and PPI discontinuation.
However, the eGFR remained significantly reduced both at 3 and
6 months after initial presentation when compared with the
baseline, with a median reduction of 15.9 and 11.5 ml/min per
1.73 cm2, respectively [49]. Another case series study including
15 patients with PPI-AIN observed that serum creatinine con-
centration was significantly higher (1.57 vs 0.94 mg/dl) at 3–18
months after PPI withdrawal than baseline [50]. Therefore, CKD
development could be a long-term consequence of PPI use.
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A cohort study including 173321 new PPI users and 20270
H2RAs new users, both with normal renal function at baseline,
indicated that compared to H2RAs, PPI significantly increased
the risk of incident CKD, doubling of serum creatinine level,
eGFR decline >30%, and ESKD development by 28%–96% [32].
Consistently, a meta-analysis including five studies with 536 902
participants showed that compared to H2RAs, the risk of CKD
development in PPI users was increased by 29% (pooled RR,
1.29; 95% CI, 1.22–1.36) [85]. Despite withdrawal of PPI and
steroid therapy, it is possible that after AIN and/or AKI, residual
CKD may be left in some patients. It is also possible that the
development of CKD may result from subclinical or undiag-
nosed AIN. However, these studies excluded patients with eGFR
<60 ml/min/1.73 m2. Therefore, the effect of PPI use on CKD
progression remains unknown in these populations. Recently, a
graded association between cumulative PPI exposure and risk of
CKD progression was revealed [86], suggesting that PPI use was
significantly associated with high risk for both development and
progression of CKD, and this association was more prominent
in those taking high doses with long exposure.

Moreover, the population-based case-control study showed
that PPI use increased the risk of ESKD by 88%, with the highest
adjusted OR of esomeprazole (1.69; 95% CI, 1.45–1.98) and
pantoprazole (1.63; 95% CI, 1.39–1.90), followed by rabeprazole
(1.36; 95% CI, 1.02–1.81), lansoprazole (1.23; 95% CI, 1.09–1.4),
and omeprazole (1.14; 95% CI, 1.02–1.26) [87]. A potential dose–
response correlation was also detected between PPI use and
risk for ESKD [87].

In the setting of ICI therapy, induction of subclinical AIN,
ICI-induced immune activation causing accelerated progression
of pre-existing kidney disease, or recurrent AKI episodes con-
tribute to CKD progression. A recent large retrospective study
showed that ICI-treated patients with rapid eGFR decline (1.4 vs
3.7 ml/min/1.73 m2 per year average decline before vs after
ICI, P = 0.01) was common, and new-onset CKD or significant
(>30%) eGFR decline sustained for >90 days occurred in 20% of
survivors who lived at least 5 years [88]. Moreover, age and use
of PPIs were identified as important risk factors for new-onset
CKD and sustained 30% eGFR decline, with an adjusted HR of
1.13 (95% CI 1.10–1.73) and 1.38 (95% CI 1.10–1.73, respectively
[88]. In another study, the kidney function over time dropped
significantly at 1 year follow-up from median (IQR) eGFR of 77.9
(62.6, 85.6) ml/min/1.73 m2 at baseline before ICI therapy down
to 57.1 (38.6, 69.9) ml/min/1.73 m2 [36].

Overall, some observational studies includingmeta-analyses
supported the association of PPI usewith increased risks for AKI,
incident CKD, CKD progression, and kidney failure, including
among patients treated with ICI. But we should interpret this
association cautiously as, currently, evidence from randomized
controlled trials (RCTs) is lacking. The current evidence cannot
demonstrate a strong causal relationship between PPI use and
adverse kidney effects because the results could be affected by
some confounding factors.

Management of AIN in the setting of PPI-ICI therapy

In the general population, current evidence suggests that initi-
ation of and cumulative exposure to PPIs are associated with a
risk of adverse renal outcomes. However, due to the uncertain
causal relationship based on current evidence, no specific
recommendations have been suggested for monitoring renal
function in patients receiving particular long-term PPI therapy
[89]. As for other drug-induced AIN, early recognition and
diagnosis of PPI-AIN and discontinuation or dosage adjustment

of PPI use in these cases are crucial for renal function recovery
[42, 90, 91]. Current reports showed inconsistent results on
treatment with corticosteroids (variable courses and doses) for
PPI-AIN without ICI therapy [12, 92]. The benefits of corticos-
teroids treatment are only supported by case reports and small,
retrospective studies. In a multicenter retrospective study of
61 patients with biopsy-proven drug-induced AIN (mostly on
antibiotics and NSAIDs), serum creatinine was lower in those
treated with steroids; therefore, prompt treatment after diag-
nosis of AIN would avoid subsequent interstitial fibrosis and
an incomplete recovery of renal function [93]. The conclusive
evidence supporting the therapeutic efficacy of corticosteroids
remain lacking and RCTs are needed.

However, ICIs should be withheld in patients with ICI-AKI.
PPI or any other AIN-related drugs should also be discontinued.
Like PPI-AIN, there are no RCTs regarding the best treatment
for ICI-AIN, but corticosteroids are considered the first line of
treatment. The usual initial dose is 0.8–1 mg/kg/day for a period
of 8–12 weeks, but shorter courses have been suggested [8, 46].
It has been shown that duration of corticosteroids of 28 days
or less is safe and has similar efficacious compared to longer
durations for patients with ICI-AKI [8]. However, these data
require confirmation by larger studies and, ideally, RCTs that
include patients with biopsy-proven ICI-AIN as a rebound of
AIN can occur with a shorter duration of corticosteroid therapy.
Until the association of PPI and ICI-AIN is better clarified, it is
reasonable to monitor serum creatinine and/or eGFR with each
ICI dose, based on CKD guidelines for monitoring patients tak-
ing medications with potential nephrotoxicity [89, 94]. Finally,
rechallenge even with another PPI drug class is not suggested.
PPI rechallenge may lead to another incident AIN, likely with a
result of only partial recovery, then leaving a possibility of pro-
gression of kidney damage to advanced CKD. When necessary,
it is suggested to switch to H2RAs. This is particularly important
when PPI or another AIN-associated drug is used in the setting
of rechallenge with ICI therapy [95].

CONCLUSION

Taken together, PPIs have been recognized and considered as
one of the most frequent causes of drug-induced AIN, and PPI-
related adverse kidney effects are potentially present, and we
need be aware of them in practice even though current evidence
is weak. The fact that AIN is the most common pathological
finding in kidney biopsies of patients with ICI-AKI who also took
PPI during ICI therapy provides further evidence. Currently, RCTs
are lacking but are needed to consolidate a causal relationship
between PPI use and its kidney adverse outcomes, including
among patients receiving ICI therapy. Second, PPI-AIN has a
lack of specific clinical manifestations or often presents with
non-allergic symptoms. To prevent progression of PPI- AIN to
CKD and kidney failure, it is important but also a great challenge
for clinicians to quickly diagnose and recognize the subclinical
AIN. Kidney biopsy should be considered in patients with highly
suspected AIN, especially during ICI therapy, as its interruption
may affect patient outcomes. Reliable noninvasive biomarkers
are needed to help diagnosis of AIN in patients who cannot
undergo a kidney biopsy, but their accessibility and validity
may be limited. Third, at present no specific recommendations
are proposed for treatment and management of PPI- AIN, but
it is important to review the need for PPIs and to discontinue
and/or make dose adjustment in every patient. Therapeutic
effects with steroids are clear in patients with ICI-AIN, but
duration still needs be investigated. Finally, rechallenge, even
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with another PPI, is not suggested in those who have had an
episode of PPI-AIN.

FUNDING
Dr. Sandra M. Herrmann is supported by National Institute of
Health K08 DK118120 from the NIDDK and by Mayo CCaTS grant
number UL1TR002377.

CONFLICT OF INTEREST STATEMENT
All the other authors report no relevant disclosures.

DATA AVAILABILITY STATEMENT
No new data were generated or analyzed in support of this
research.

(See related article by Tan and Sprangers. Proton pump in-
hibitors and adverse kidney outcomes during immune check-
point blockade: time to sound the alarm? Clin Kidney J (2023) 16:
1709–1713.)

REFERENCES

1. Gandhi L, Rodriguez-Abreu D, Gadgeel S et al. Pem-
brolizumab plus chemotherapy in metastatic non-small-
cell lung cancer.N Engl J Med 2018;378:2078–92. https://doi.
org/10.1056/NEJMoa1801005

2. Hodi FS, O’Day SJ, McDermott DF et al. Improved survival
with ipilimumab in patients with metastatic melanoma.
N Engl J Med 2010;363:711–23. https://doi.org/10.1056/
NEJMoa1003466

3. Wolchok JD,Neyns B, Linette G et al. Ipilimumabmonother-
apy in patients with pretreated advanced melanoma:
a randomised, double-blind, multicentre, phase 2, dose-
ranging study. Lancet Oncol 2010;11:155–64. https://doi.org/
10.1016/S1470-2045(09)70334-1

4. Seethapathy H, Zhao S, Chute DF et al. The incidence,
causes, and risk factors of acute kidney injury in pa-
tients receiving immune checkpoint inhibitors. Clin J Am
Soc Nephrol 2019;14:1692–700. https://doi.org/10.2215/CJN.
00990119

5. Herrmann SM, Perazella MA. Immune checkpoint in-
hibitors and immune-related adverse renal events. Kidney
Int Rep 2020;5:1139–48. https://doi.org/10.1016/j.ekir.2020.
04.018

6. Tawbi HA, Schadendorf D, Lipson EJ et al. Relatlimab
and nivolumab versus nivolumab in untreated advanced
melanoma. N Engl J Med 2022;386:24–34. https://doi.org/10.
1056/NEJMoa2109970

7. Cortazar FB, Kibbelaar ZA, Glezerman IG et al. Clin-
ical features and outcomes of immune checkpoint
inhibitor-associated AKI: a multicenter study. J Am
Soc Nephrol 2020;31:435–46. https://doi.org/10.1681/
ASN.2019070676

8. Gupta S, Short SAP, Sise ME et al. Acute kidney injury
in patients treated with immune checkpoint inhibitors.
J Immunother Cancer 2021;9:e003467. https://doi.org/10.
1136/jitc-2021-003467

9. Miao J, Sise ME, Herrmann SM. Immune checkpoint in-
hibitor related nephrotoxicity: advances in clinicopatho-
logic features, noninvasive approaches, and therapeutic

strategy and rechallenge. Front Nephrol 2022;2. https://doi.
org/10.3389/fneph.2022.1017921

10. Uchiyama AAT, Silva P, Lopes MSM et al. Proton pump
inhibitors and oncologic treatment efficacy: a practi-
cal review of the literature for oncologists. Curr On-
col 2021;28:783–99. https://doi.org/10.3390/curroncol2801
0076

11. Smelick GS, Heffron TP, Chu L et al. Prevalence of acid-
reducing agents (ARA) in cancer populations and ARA
drug–drug interaction potential for molecular targeted
agents in clinical development.Mol Pharm 2013;10:4055–62.
https://doi.org/10.1021/mp400403s

12. Brewster UC, Perazella MA. Proton pump inhibitors and the
kidney: critical review. Clin Nephrol 2007;68:65–72. https://
doi.org/10.5414/CNP68065

13. Klepser DG, Collier DS, Cochran GL. Proton pump in-
hibitors and acute kidney injury: a nested case-control
study. BMC Nephrol 2013;14:150. https://doi.org/10.1186/
1471-2369-14-150

14. Antoniou T, Macdonald EM, Hollands S et al. Proton pump
inhibitors and the risk of acute kidney injury in older
patients: a population-based cohort study. CMAJ Open
2015;3:E166–71. https://doi.org/10.9778/cmajo.20140074

15. Cheungpasitporn W, Thongprayoon C, Kittana-
mongkolchai W et al. Proton pump inhibitors linked
to hypomagnesemia: a systematic review and meta-
analysis of observational studies. Ren Fail 2015;37:1237–41.
https://doi.org/10.3109/0886022X.2015.1057800

16. Harmark L, van derWiel HE, de GrootMC et al.Proton pump
inhibitor-induced acute interstitial nephritis. Br J Clin Phar-
macol 2007;64:819–23.

17. Blank ML, Parkin L, Paul C et al. A nationwide nested case-
control study indicates an increased risk of acute intersti-
tial nephritis with proton pump inhibitor use. Kidney Int
2014;86:837–44. https://doi.org/10.1038/ki.2014.74

18. Fontecha-Barriuso M,Martin-Sanchez D,Martinez-Moreno
JM et al. Molecular pathways driving omeprazole nephro-
toxicity. Redox Biol 2020;32:101464. https://doi.org/10.1016/
j.redox.2020.101464

19. Dunne JW, Leedman PJ, Edis RH. Inobvious stroke: a cause
of delirium and dementia. Aust N Z J Med 1986;16:771–8.
https://doi.org/10.1111/j.1445-5994.1986.tb00034.x

20. Rizzo A, Cusmai A, Giovannelli F et al. Impact of pro-
ton pump inhibitors and histamine-2-receptor antag-
onists on non-small cell lung cancer immunother-
apy: a systematic review and meta-analysis. Can-
cers (Basel) 2022;14:1404. https://doi.org/10.3390/
cancers14061404

21. Hopkins AM, Kichenadasse G, McKinnon RA et al. Ef-
ficacy of first-line atezolizumab combination therapy
in patients with non-small cell lung cancer receiv-
ing proton pump inhibitors: post hoc analysis of IM-
power150. Br J Cancer 2022;126:42–47. https://doi.org/10.
1038/s41416-021-01606-4

22. Jun T, Ozbek U, Dharmapuri S et al. Antacid expo-
sure and immunotherapy outcomes among patients
with advanced hepatocellular carcinoma. Ther Adv Med
Oncol 2021;13:17588359211010937. https://doi.org/10.1177/
17588359211010937

23. Tajiri K, Ieda M. Cardiac complications in immune check-
point inhibition therapy. Front Cardiovasc Med 2019;6:3.
https://doi.org/10.3389/fcvm.2019.00003

24. Postow MA, Sidlow R, Hellmann MD. Immune-related
adverse events associated with immune checkpoint

https://doi.org/10.1056/NEJMoa1801005
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1016/S1470-20450970334-1
https://doi.org/10.2215/CJN.00990119
https://doi.org/10.1016/j.ekir.2020.04.018
https://doi.org/10.1056/NEJMoa2109970
https://doi.org/10.1681/ASN.2019070676
https://doi.org/10.1136/jitc-2021-003467
https://doi.org/10.3389/fneph.2022.1017921
https://doi.org/10.3390/curroncol28010076
https://doi.org/10.1021/mp400403s
https://doi.org/10.5414/CNP68065
https://doi.org/10.1186/1471-2369-14-150
https://doi.org/10.9778/cmajo.20140074
https://doi.org/10.3109/0886022X.2015.1057800
https://doi.org/10.1038/ki.2014.74
https://doi.org/10.1016/j.redox.2020.101464
https://doi.org/10.1111/j.1445-5994.1986.tb00034.x
https://doi.org/10.3390/cancers14061404
https://doi.org/10.1038/s41416-021-01606-4
https://doi.org/10.1177/17588359211010937
https://doi.org/10.3389/fcvm.2019.00003


1842 J. Miao and S. M. Herrmann

blockade. N Engl J Med 2018;378:158–68. https://doi.org/
10.1056/NEJMra1703481

25. Herrmann SM, Alexander MP, Romero MF et al. Renal tubu-
lar acidosis and immune checkpoint inhibitor therapy: an
immune-related adverse event of PD-1 inhibitor-A report of
3 cases. Kidney Med 2020;2:657–62. https://doi.org/10.1016/j.
xkme.2020.05.015

26. Ward RM, Kearns GL. Proton pump inhibitors in pediatrics :
mechanism of action, pharmacokinetics, pharmacogenet-
ics, and pharmacodynamics. Paediatr Drugs 2013;15:119–31.
https://doi.org/10.1007/s40272-013-0012-x

27. El Rouby N, Lima JJ, Johnson JA. Proton pump inhibitors:
from CYP2C19 pharmacogenetics to precision medicine.
Expert Opin Drug Metab Toxicol 2018;14:447–60.

28. Moledina DG, Perazella MA. PPIs and kidney disease: from
AIN to CKD. J Nephrol 2016;29:611–6. https://doi.org/10.
1007/s40620-016-0309-2

29. Strand DS, Kim D, Peura DA. 25 Years of proton pump in-
hibitors: a comprehensive review. Gut Liver 2017;11:27–37.
https://doi.org/10.5009/gnl15502

30. Littman J, Halil R. Potential effects of rational prescribing
on national health care spending: more than half a bil-
lion dollars in annual savings. Can Fam Physician 2016;62:
235–44.

31. Luo H, Fan Q, Xiao S et al. Changes in proton pump in-
hibitor prescribing trend over the past decade and phar-
macists’ effect on prescribing practice at a tertiary hos-
pital. BMC Health Serv Res 2018;18:537. https://doi.org/10.
1186/s12913-018-3358-5

32. Xie Y, Bowe B, Li T et al. Proton pump inhibitors and risk
of incident CKD and progression to ESRD. J Am Soc Nephrol
2016;27:3153–63. https://doi.org/10.1681/ASN.2015121377

33. Xie Y, Bowe B, Li T et al. Long-term kidney outcomes among
users of proton pump inhibitors without intervening acute
kidney injury.Kidney Int 2017;91:1482–94. https://doi.org/10.
1016/j.kint.2016.12.021

34. Lazarus B, Chen Y, Wilson FP et al. Proton pump in-
hibitor use and the risk of chronic kidney disease.
JAMA Intern. Med. 2016;176:238–46. https://doi.org/10.1001/
jamainternmed.2015.7193

35. Xie Y, Bowe B, Yan Y et al. Estimates of all cause mor-
tality and cause specific mortality associated with pro-
ton pump inhibitors among US veterans: cohort study. BMJ
2019;365:l1580. https://doi.org/10.1136/bmj.l1580

36. Isik B, Alexander MP, Manohar S et al. Biomarkers, clin-
ical features, and rechallenge for Immune checkpoint
inhibitor renal immune-related adverse events. Kidney
Int Rep 2021;6:1022–31. https://doi.org/10.1016/j.ekir.2021.
01.013

37. Buysen JG, Houthoff HJ, Krediet RT et al. Acute interstitial
nephritis: a clinical andmorphological study in 27 patients.
Nephrol Dial Transplant 1990;5:94–9. https://doi.org/10.1093/
ndt/5.2.94

38. Clarkson MR, Giblin L, O’Connell FP et al. Acute interstitial
nephritis: clinical features and response to corticosteroid
therapy. Nephrol Dial Transplant 2004;19:2778–83. https://
doi.org/10.1093/ndt/gfh485

39. Davison AM, Jones CH.Acute interstitial nephritis in the el-
derly: a report from the UK MRC Glomerulonephritis Reg-
ister and a review of the literature. Nephrol Dial Transplant
1998;13 Suppl 7:12–6. https://doi.org/10.1093/ndt/13.suppl_
7.12

40. Perazella MA, Markowitz GS. Drug-induced acute intersti-
tial nephritis. Nat Rev Nephrol 2010;6:461–70. https://doi.
org/10.1038/nrneph.2010.71

41. Muriithi AK, Leung N, Valeri AM et al. Biopsy-proven acute
interstitial nephritis, 1993-2011: a case series. Am J Kid-
ney Dis 2014;64:558–66. https://doi.org/10.1053/j.ajkd.2014.
04.027

42. Praga M, Gonzalez E. Acute interstitial nephritis. Kidney Int
2010;77:956–61. https://doi.org/10.1038/ki.2010.89

43. Stein C, Burtey S, Mancini J et al.Acute kidney injury in pa-
tients treated with anti-programmed death receptor-1 for
advanced melanoma: a real-life study in a single-centre
cohort. Nephrol Dial Transplant 2021;36:1664–74. https://doi.
org/10.1093/ndt/gfaa137

44. Garcia-Carro C, Bolufer M, Bury R et al. Acute kidney
injury as a risk factor for mortality in oncological pa-
tients receiving checkpoint inhibitors. Nephrol Dial Trans-
plant 2022;37:887–94.

45. Shimamura Y, Watanabe S, Maeda T et al. Incidence
and risk factors of acute kidney injury, and its effect
on mortality among Japanese patients receiving immune
check point inhibitors: a single-center observational study.
Clin Exp Nephrol 2021;25:479–87. https://doi.org/10.1007/
s10157-020-02008-1

46. Manohar S, Ghamrawi R, Chengappa M et al. Acute in-
terstitial nephritis and checkpoint inhibitor therapy: sin-
gle center experience of management and drug rechal-
lenge.Kidney360 2020;1:16–24. https://doi.org/10.34067/KID.
0000152019

47. Sierra F, Suarez M, Rey M et al. Systematic review: pro-
ton pump inhibitor-associated acute interstitial nephritis.
Aliment Pharmacol Ther 2007;26:545–53. https://doi.org/10.
1111/j.1365-2036.2007.03407.x

48. Nast CC. Medication-induced interstitial nephritis in
the 21st century. Adv Chronic Kidney Dis 2017;24:72–79.
https://doi.org/10.1053/j.ackd.2016.11.016

49. Geevasinga N, Coleman PL, Webster AC et al. Proton pump
inhibitors and acute interstitial nephritis. Clin Gastroenterol
Hepatol 2006;4:597–604. https://doi.org/10.1016/j.cgh.2005.
11.004

50. Simpson IJ, Marshall MR, Pilmore H et al. Proton pump
inhibitors and acute interstitial nephritis: report and
analysis of 15 cases. Nephrology (Carlton) 2006;11:381–5.
https://doi.org/10.1111/j.1440-1797.2006.00651.x

51. TorpeyN,Barker T,Ross C.Drug-induced tubulo-interstitial
nephritis secondary to proton pump inhibitors: experi-
ence from a single UK renal unit. Nephrol Dial Transplant
2004;19:1441–6. https://doi.org/10.1093/ndt/gfh137

52. Schiffl H, Al-Nemnem E, Lang SM. Proton-pump inhibitors
and chronic kidney disease: hidden consequences of
an inappropriate drug use? Saudi J Kidney Dis Transpl
2020;31:312–9. https://doi.org/10.4103/1319-2442.284005

53. Hosseini A, Gharibi T, Marofi F et al. CTLA-4: from
mechanism to autoimmune therapy. Int Immunopharma-
col 2020;80:106221. https://doi.org/10.1016/j.intimp.2020.
106221

54. Dermani FK, Samadi P, Rahmani G et al. PD-1/PD-L1 im-
mune checkpoint: potential target for cancer therapy. J
Cell Physiol 2019;234:1313–25. https://doi.org/10.1002/jcp.
27172

55. Koda R, Watanabe H, Tsuchida M et al. Immune check-
point inhibitor (nivolumab)-associated kidney injury and
the importance of recognizing concomitant medications
known to cause acute tubulointerstitial nephritis: a case
report. BMC Nephrol 2018;19:48. https://doi.org/10.1186/
s12882-018-0848-y

56. Farooqui N, Zaidi M, Vaughan L et al. Cytokines and im-
mune cell phenotype in acute kidney injury associated

https://doi.org/10.1056/NEJMra1703481
https://doi.org/10.1016/j.xkme.2020.05.015
https://doi.org/10.1007/s40272-013-0012-x
https://doi.org/10.1007/s40620-016-0309-2
https://doi.org/10.5009/gnl15502
https://doi.org/10.1186/s12913-018-3358-5
https://doi.org/10.1681/ASN.2015121377
https://doi.org/10.1016/j.kint.2016.12.021
https://doi.org/10.1001/jamainternmed.2015.7193
https://doi.org/10.1136/bmj.l1580
https://doi.org/10.1016/j.ekir.2021.01.013
https://doi.org/10.1093/ndt/5.2.94
https://doi.org/10.1093/ndt/gfh485
https://doi.org/10.1093/ndt/13.suppl_7.12
https://doi.org/10.1038/nrneph.2010.71
https://doi.org/10.1053/j.ajkd.2014.04.027
https://doi.org/10.1038/ki.2010.89
https://doi.org/10.1093/ndt/gfaa137
https://doi.org/10.1007/s10157-020-02008-1
https://doi.org/10.34067/KID.0000152019
https://doi.org/10.1111/j.1365-2036.2007.03407.x
https://doi.org/10.1053/j.ackd.2016.11.016
https://doi.org/10.1016/j.cgh.2005.11.004
https://doi.org/10.1111/j.1440-1797.2006.00651.x
https://doi.org/10.1093/ndt/gfh137
https://doi.org/10.4103/1319-2442.284005
https://doi.org/10.1016/j.intimp.2020.106221
https://doi.org/10.1002/jcp.27172
https://doi.org/10.1186/s12882-018-0848-y


Immune checkpoint inhibitors and PPI 1843

with immune checkpoint inhibitors.Kidney International Re-
ports 2022.

57. Spanou Z, Keller M, Britschgi M et al. Involvement of drug-
specific T cells in acute drug-induced interstitial nephritis.
J Am Soc Nephrol 2006;17:2919–27. https://doi.org/10.1681/
ASN.2006050418

58. Sprangers B, Leaf DE, Porta C et al. Diagnosis and man-
agement of immune checkpoint inhibitor-associated acute
kidney injury. Nat Rev Nephrol 2022;18:794–805. https://doi.
org/10.1038/s41581-022-00630-8

59. Krishnan N, Perazella MA. Drug-induced acute interstitial
nephritis: pathology, pathogenesis, and treatment. Iran J
Kidney Dis 2015;9:3–13.

60. Kelly CJ, Neilson EG. Contrasuppression in autoimmu-
nity. Abnormal contrasuppression facilitates expression of
nephritogenic effector T cells and interstitial nephritis in
kdkd mice. J Exp Med 1987;165:107–23. https://doi.org/10.
1084/jem.165.1.107

61. Raghavan R, Shawar S. Mechanisms of drug-induced in-
terstitial nephritis. Adv Chronic Kidney Dis 2017;24:64–71.
https://doi.org/10.1053/j.ackd.2016.11.004

62. Sanchez-Alamo B, Cases-Corona C, Fernandez-Juarez G.
Facing the challenge of drug-induced acute interstitial
nephritis. Nephron 2022;1–13.

63. Pichler WJ. Pharmacological interaction of drugs with
antigen-specific immune receptors: the p-i concept. Curr
Opin Allergy Clin Immunol 2002;2:301–5. https://doi.org/10.
1097/00130832-200208000-00003

64. Rossert J. Drug-induced acute interstitial nephritis. Kid-
ney Int 2001;60:804–17. https://doi.org/10.1046/j.1523-1755.
2001.060002804.x

65. Mamlouk O, Selamet U, Machado S et al. Nephrotox-
icity of immune checkpoint inhibitors beyond tubu-
lointerstitial nephritis: single-center experience. J Im-
munother Cancer 2019;7:2. https://doi.org/10.1186/s40425-
018-0478-8

66. Gallan AJ, Alexander E, Reid P et al. Renal vasculitis and
Pauci-immune glomerulonephritis associated with im-
mune checkpoint inhibitors.Am J Kidney Dis 2019;74:853–6.
https://doi.org/10.1053/j.ajkd.2019.04.016

67. Daanen RA, Maas RJH, Koornstra RHT et al. Nivolumab-
associated nephrotic syndrome in a patient with renal
cell carcinoma: a case report. J Immunother 2017;40:345–8.
https://doi.org/10.1097/CJI.0000000000000189

68. Fadel F, El Karoui K, Knebelmann B. Anti-CTLA4 antibody-
induced lupus nephritis. N Engl J Med 2009;361:211–2.
https://doi.org/10.1056/NEJMc0904283

69. Bobart SA, Owoyemi I, Grande J et al. Immune check
point inhibitor-associated endothelialitis. Kidney Int
Rep 2020;5:1371–4. https://doi.org/10.1016/j.ekir.2020.
05.027

70. Charkviani M, Herrmann SM. Immune check-
point inhibitor-associated sarcoidosis reaction in
the kidney: a case report. Kid Med 2023;5:100626.
https://doi.org/10.1016/j.xkme.2023.100626

71. Cortazar FB, Marrone KA, Troxell ML et al. Clinicopatho-
logical features of acute kidney injury associated with
immune checkpoint inhibitors. Kidney Int 2016;90:638–47.
https://doi.org/10.1016/j.kint.2016.04.008

72. Bhandari J, Thada PK,Arif H.Tubulointerstitial Nephritis. Stat-
Pearls. Treasure Island (FL): 2022.

73. Toto RD. Acute tubulointerstitial nephritis. Am J
Med Sci 1990;299:392–410. https://doi.org/10.1097/
00000441-199006000-00007

74. Haas M, Spargo BH, Wit EJ et al. Etiologies and out-
come of acute renal insufficiency in older adults: a renal
biopsy study of 259 cases. Am J Kidney Dis 2000;35:433–47.
https://doi.org/10.1016/S0272-6386(00)70196-X

75. Ruffenach SJ, Siskind MS, Lien YH. Acute interstitial
nephritis due to omeprazole. Am J Med 1992;93:472–3.
https://doi.org/10.1016/0002-9343(92)90181-A

76. Christensen PB, Albertsen KE, Jensen P. Renal failure af-
ter omeprazole. Lancet 1993;341:55. https://doi.org/10.1016/
0140-6736(93)92531-W

77. Assouad M, Vicks SL, Pokroy MV et al. Recurrent acute
interstitial nephritis on rechallenge with omepra-
zole. Lancet 1994;344:549. https://doi.org/10.1016/
S0140-6736(94)91945-3

78. Draibe JB, Garcia-Carro C, Martinez-Valenzuela L et al.
Acute tubulointerstitial nephritis induced by checkpoint
inhibitors versus classical acute tubulointerstitial nephri-
tis: are they the same disease? Clin Kidney J 2021;14:884–90.
https://doi.org/10.1093/ckj/sfaa027

79. Nochaiwong S, Ruengorn C, Awiphan R et al. The associ-
ation between proton pump inhibitor use and the risk of
adverse kidney outcomes: a systematic review and meta-
analysis.Nephrol Dial Transplant 2018;33:331–42. https://doi.
org/10.1093/ndt/gfw470

80. Barreto EF, Rule AD.Management of drug-associated acute
interstitial nephritis. Kidney360 2020;1:62–64. https://doi.
org/10.34067/KID.0000042019

81. Moledina DG, Wilson FP, Pober JS et al. Urine TNF-alpha
and IL-9 for clinical diagnosis of acute interstitial nephri-
tis. JCI Insight 2019;4. https://doi.org/10.1172/jci.insight.127
456

82. Singh S, Long JP, Tchakarov A et al.Tertiary lymphoid struc-
ture signatures are associatedwith immune checkpoint in-
hibitor related acute interstitial nephritis. JCI Insight 2022;
https://doi.org/10.1172/jci.insight.165108

83. Sise ME, Wang Q, Seethapathy H et al. Soluble and cell-
basedmarkers of immune checkpoint inhibitor-associated
nephritis. J Immunother Cancer 2023;11:e006222. https://doi.
org/10.1136/jitc-2022-006222

84. Makunts T, Cohen IV, Awdishu L et al.Analysis of postmar-
keting safety data for proton-pump inhibitors reveals in-
creased propensity for renal injury, electrolyte abnormal-
ities, and nephrolithiasis. Sci Rep 2019;9:2282. https://doi.
org/10.1038/s41598-019-39335-7

85. Wijarnpreecha K, Thongprayoon C, Chesdachai S et al.
Associations of proton-pump inhibitors and H2 recep-
tor antagonists with chronic Kidney disease: a meta-
analysis.Dig Dis Sci 2017;62:2821–7. https://doi.org/10.1007/
s10620-017-4725-5

86. Klatte DCF, Gasparini A, Xu H et al. Association between
proton pump inhibitor use and risk of progression of
chronic kidney disease. Gastroenterology 2017;153:702–10.
https://doi.org/10.1053/j.gastro.2017.05.046

87. Peng YC, Lin CL, Yeh HZ et al. Association between the
use of proton pump inhibitors and the risk of ESRD in
renal diseases: a population-based, case-control study.
Medicine (Baltimore) 2016;95:e3363. https://doi.org/10.1097/
MD.0000000000003363

88. Chute DF, Zhao S, Strohbehn IA et al. Incidence and pre-
dictors of CKD and estimated GFR decline in patients re-
ceiving immune checkpoint inhibitors. Am J Kidney Dis
2022;79:134–7. https://doi.org/10.1053/j.ajkd.2021.05.012

89. Nehra AK, Alexander JA, Loftus CG et al. Proton pump
inhibitors: review of emerging concerns. Mayo Clin Proc

https://doi.org/10.1681/ASN.2006050418
https://doi.org/10.1038/s41581-022-00630-8
https://doi.org/10.1084/jem.165.1.107
https://doi.org/10.1053/j.ackd.2016.11.004
https://doi.org/10.1097/00130832-200208000-00003
https://doi.org/10.1046/j.1523-1755.2001.060002804.x
https://doi.org/10.1186/s40425-018-0478-8
https://doi.org/10.1053/j.ajkd.2019.04.016
https://doi.org/10.1097/CJI.0000000000000189
https://doi.org/10.1056/NEJMc0904283
https://doi.org/10.1016/j.ekir.2020.05.027
https://doi.org/10.1016/j.xkme.2023.100626
https://doi.org/10.1016/j.kint.2016.04.008
https://doi.org/10.1097/00000441-199006000-00007
https://doi.org/10.1016/S0272-63860070196-X
https://doi.org/10.1016/0002-93439290181-A
https://doi.org/10.1016/0140-67369392531-W
https://doi.org/10.1016/S0140-67369491945-3
https://doi.org/10.1093/ckj/sfaa027
https://doi.org/10.1093/ndt/gfw470
https://doi.org/10.34067/KID.0000042019
https://doi.org/10.1172/jci.insight.127456
https://doi.org/10.1172/jci.insight.165108
https://doi.org/10.1136/jitc-2022-006222
https://doi.org/10.1038/s41598-019-39335-7
https://doi.org/10.1007/s10620-017-4725-5
https://doi.org/10.1053/j.gastro.2017.05.046
https://doi.org/10.1097/MD.0000000000003363
https://doi.org/10.1053/j.ajkd.2021.05.012


1844 J. Miao and S. M. Herrmann

2018;93:240–6. https://doi.org/10.1016/j.mayocp.2017.10.
022

90. Torregrosa E, Rovira RE, Calvo C et al. [Acute interstitial
nephritis associated with omeprazole therapy]. Nefrologia
2004;24 Suppl 3:61–3.

91. Klatte DCF, Wiegersma JS, Dekker FW et al. [Proton pump
inhibitor-induced nephrotoxicity]. Ned Tijdschr Geneeskd
2021;165.

92. Ra A, Tobe SW. Acute interstitial nephritis due to panto-
prazole. Ann Pharmacother 2004;38:41–5. https://doi.org/10.
1345/aph.1D085

93. Gonzalez E, Gutierrez E, Galeano C et al. Early steroid
treatment improves the recovery of renal function in
patients with drug-induced acute interstitial nephri-
tis. Kidney Int 2008;73:940–6. https://doi.org/10.1038/sj.ki.
5002776

94. Summary of recommendation statements. Kidney Int Suppl
(2011) 2013;3:5–14. https://doi.org/10.1038/kisup.2012.
77

95. Herrmann SM. Is rechallenge appropriate in patients that
develop immune checkpoint inhibitor-associated AKI?:
PRO. Kidney360 2022;3:799–802. https://doi.org/10.34067/
KID.0003962021

96. Melloni C, Washam JB, Jones WS et al. Conflicting re-
sults between randomized trials and observational stud-
ies on the impact of proton pump inhibitors on cardiovas-
cular events when coadministered with dual antiplatelet
therapy: systematic review. Circ Cardiovasc Qual Outcomes
2015;8:47–55. https://doi.org/10.1161/CIRCOUTCOMES.114.
001177

97. Sherwood MW, Melloni C, Jones WS et al. Individual pro-
ton pump inhibitors and outcomes in patients with coro-
nary artery disease on dual antiplatelet therapy: a system-
atic review. J Am Heart Assoc 2015;4. https://doi.org/10.1161/
JAHA.115.002245

98. Fohl AL, Regal RE. Proton pump inhibitor-associated pneu-
monia: not a breath of fresh air after all?World J Gastrointest
Pharmacol Ther 2011;2:17–26. https://doi.org/10.4292/wjgpt.
v2.i3.17

99. McDonald EG, Milligan J, Frenette C et al. Contin-
uous proton pump inhibitor therapy and the asso-
ciated risk of recurrent Clostridium difficile infection.
JAMA Intern. Med. 2015;175:784–91. https://doi.org/10.1001/
jamainternmed.2015.42

100. Eom CS, Jeon CY, Lim JW et al. Use of acid-suppressive
drugs and risk of pneumonia: a systematic review and
meta-analysis. CMAJ 2011;183:310–9. https://doi.org/10.
1503/cmaj.092129

101. Cheung KS, Leung WK. Long-term use of proton-
pump inhibitors and risk of gastric cancer: a re-
view of the current evidence. Therap Adv Gastroen-
terol 2019;12:1756284819834511. https://doi.org/10.1177/
1756284819834511

102. Zhou B, Huang Y, Li H et al. Proton-pump inhibitors and
risk of fractures: an update meta-analysis. Osteoporos Int
2016;27:339–47. https://doi.org/10.1007/s00198-015-3365-x

103. Gommers LMM, Hoenderop JGJ, de Baaij JHF. Mechanisms
of proton pump inhibitor-induced hypomagnesemia. Acta
Physiol (Oxf) 2022;235:e13846. https://doi.org/10.1111/apha.
13846

https://doi.org/10.1016/j.mayocp.2017.10.022
https://doi.org/10.1345/aph.1D085
https://doi.org/10.1038/sj.ki.5002776
https://doi.org/10.1038/kisup.2012.77
https://doi.org/10.34067/KID.0003962021
https://doi.org/10.1161/CIRCOUTCOMES.114.001177
https://doi.org/10.1161/JAHA.115.002245
https://doi.org/10.4292/wjgpt.v2.i3.17
https://doi.org/10.1001/jamainternmed.2015.42
https://doi.org/10.1503/cmaj.092129
https://doi.org/10.1177/1756284819834511
https://doi.org/10.1007/s00198-015-3365-x
https://doi.org/10.1111/apha.13846

