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Immune checkpoint inhibitors (ICIs) are a novel class of immunotherapy drugs that have
improved the treatment of a broad spectrum of cancers as metastatic melanoma, non-
small lung cancer or renal cell carcinoma. These humanized monoclonal antibodies target
inhibitory receptors (e.g. CTLA-4, PD-1, LAG-3, TIM-3) and ligands (PD-L1) expressed on
T lymphocytes, antigen presenting cells and tumor cells and elicit an anti-tumor response
by stimulating immune system. Nevertheless, the improved overall survival is complicated
by the manifestation of Immune-related Adverse Effects (irAEs). During treatment with ICIs,
the most common adverse kidney effect is represented by the development of acute
kidney injury (AKI) with the acute tubulointerstitial nephritis as recurrent histological feature.
The mechanisms involved in ICIs-induced AKI include the re-activation of effector T cells
previously stimulated by nephrotoxic drugs (i.e. by antibiotics), the loss of tolerance versus
self-renal antigens, the increased PD-L1 expression by tubular cells or the establishment
of a pro-inflammatory milieu with the release of self-reactive antibodies. For renal
transplant recipient treated with ICIs, the increased incidence of rejection is a serious
concern. Therefore, the combination of ICIs with mTOR inhibitors represents an emerging
strategy. Finally, it is relevant to anticipate which patients under ICIs would experience
severe irAEs and from a kidney perspective, to predict patients with higher risk of AKI.
Here, we provide a detailed overview of ICIs-related nephrotoxicity and the recently
described multicenter studies. Several factors have been reported as biomarkers of ICIs-
irAEs, in this review we speculate on potential biomarkers for ICIs-associated AKI.
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INTRODUCTION

Cancer immunotherapy encompasses a number of different
treatments aimed at stimulating the immune system in order
to promote the recognition and the elimination of tumor cells
(1). In the past decade, Immune checkpoints inhibitors (ICIs)
have emerged as anticancer agents able to modify, for the better,
the natural history of a wide range of malignancies, such as
melanoma, renal cell carcinoma, non-small cell lung cancer
(NSCLC), bladder cancers, Hodgkin lymphoma and others (2).
Although these agents have dramatically improved the prognosis
of many cancer patients, they are critically associated with a
broad spectrum of sometimes ill-defined adverse events, caused
by the uncontrolled activation of the immune system, due to the
lack of physiological brakes (i.e. the immune checkpoints
themselves), referred to as immune-related adverse events
(irAEs) characterized by clinical manifestations that closely
resemble autoimmunity disorders (3, 4). Given the extrarenal
clearance of ICIs, the contribution of these agents to kidney
toxicity has been neglected and underestimated for several years
(5). This was further complicated by the fact too often, renal
toxicities from anticancer agents in general, are reported, within
oncology clinical trials, just as “creatinine increase”, or similar
definitions, without any further pathogenic insight. On the
contrary, increasing evidence supports the central involvement
of ICIs in the development of acute kidney injury (AKI),
proteinuria, and renal electrolyte abnormalities. Strikingly,
after episodes of ICIs-induced AKI, impaired renal function
recovery correlated with increased mortality (6). In this review,
we will discuss the molecular pathways modulated by ICIs on T-
cell activation, the proposed mechanisms of ICIs-related renal
injury, with a particular focus on the development of AKI, as well
as recent insights into clinical trials, and biomarkers studies
aimed at assessing response to treatment.
IMMUNE CHECKPOINT ON T
LYMPHOCYTES

In the tumor microenvironment, cancer cells can evade the
immunosurveillance by changing their surface antigens, thus
avoiding the detection and destruction by host lymphocytes. A
central mechanism of tumor-induced immune suppression is the
increased expression of ligands able to bind inhibitory T cell
receptors (2, 3, 5). These ligands are known as immune
checkpoints and act in physiological conditions to prevent the
development of autoimmunity at multiple steps during the
Abbreviations: AIN, acute interstitial nephritis; AKI, acute kidney injury; APC,
antigen-presenting cells; ATIN, acute tubulointerstitial nephritis; CKD, chronic
kidney disease; CNI, calcineurin inhibitors; CTLA-4, cytotoxic T-lymphocyte
antigen 4; ESRD, end-stage renal disease; ICIs, immune checkpoint inhibitors;
irAEs, immune related adverse events; IRI, ischemia/reperfusion injury; mTORi,
mTOR Inhibitors; NSAID, non steroidal anti-inflammatory drugs; NSCLC, non-
small-cell lung cancer; PD-1, programmed cell death protein 1; PD-L1/2,
programmed death-ligand 1; PPI, proton pump inhibitors; TCR, T cell receptor.
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immunological response. The main mechanisms involved in
the T cell modulation are the suppression of potential
autoreactive naïve- T cell (characterized by a TCR directed
against self-antigens) at initial stages in lymph nodes, or in
later phases the T cell deactivation in peripheral tissues
(Figure 1). This process is called peripheral tolerance and is
exerted mainly by the immune checkpoints cytotoxic T-
lymphocyte–associated antigen 4 (CTLA-4) and programmed
death 1 (PD-1) pathways. Tumor cells have developed ways to
take advantage of peripheral tolerance by inducing a deranged
immune checkpoint expression by T cell in order to avoid
immune recognition (7, 8).

ICIs represent different classes of monoclonal antibodies that
interrupt the delivering of inhibitory signals to T cells, and
reprogram adaptive immunity to participate to cancer elimination.

Given that our immune system is ontologically programmed to
recognize and eliminate what could ultimately harm our
organism, an effective anticancer immune response is achieved
through the interaction between the T-cell receptor (TCR) on
quiescent T cells, and a tumor associated antigen (TAA) presented
by antigen-presenting cells (APCs), mainly but not exclusively
represented by dendritic cells, within molecules of the major
histocompatibility complex (MHC). In the immune synapse,
antigen binding to TCR, and the following T cell activation is
functionally dependent on a second signal mediated by the
binding of the T cell CD28 transmembrane protein, and APC
CD80/86 (also indicated as B7-1/B7-2 ligands). The resulting
intracellular pathway mediated by the non-variable CD3
coreceptor, culminates in T cell proliferation, differentiation, and
cytokines (e.g. IL-2) secretion. Importantly, the absence of this co-
stimulation leads to T cell impaired activation and apoptosis. To
prevent an overstimulation, after antigen binding to TCR, the
immune checkpoint protein CTLA-4 is shuttled from intracellular
vesicles to T cell surface, where it exerts a co-inhibitory signal by
competitively binding the same CD80/86 molecules on APCs (9).
Since the lack of CD28-mediated second signal in presence of
CTLA-4 results in T cell anergy, the inhibition of CTLA-4 receptor
(by means of the use of specific monoclonal antibodies) allows T
cell activation, thus restoring anti-tumor immunity.

CTLA-4 signaling occurs in the tumor draining lymph nodes
(Figure 1). This signaling is initiated when an APC migrates
from cancer peripheral tissues to T cell-dependent areas and
presents a tumor-associated antigen (TAA) to a naïve T -cell.
Interestingly, in contrast with CD28, which is constitutively
expressed on naïve T cells, CTLA-4 appears to be induced after
48 to 72 h following TCR triggering, and has been showed to
replace the CD28 signaling with higher affinity at a lower surface
density. The CTLA-4 (CD152) is a type 1 transmembrane
glycoprotein belonging to the Ig superfamily. Initially
discovered in 1987 by Brunet JF et al. (10), during the
screening of a mouse T-cell derived cDNA libraries CTLA-4
has been demonstrated to be expressed not only on activated T
cells, but also on regulatory T-cells (Tregs), due to their high
levels of FoxP3, which is known to regulate CTLA-4 expression
(11). Regarding the signals transduced upon binding, the CTLA-
4 cytoplasmic tail has been demonstrated to contain PI3K-like
October 2020 | Volume 11 | Article 574271
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motif therefore suggesting an interaction with PI3K, MAPK, and
NF-kB pathways.

In addition, beside the structural similarity with CD28,
CTLA-4 receptors are capable to sequester CD80/86 from the
surface of the APCs, resulting in significant depletion of the
ligands on their surface. The role of CTLA-4 as essential “brake”
on T cells to restrain immune responses was supported by studies
performed in CTLA-4–deficient mice. The latter showed early
after birth the development of lymphoproliferative disease, an
impressive enlargement of lymphoid organs, and a lethal
autoimmune phenotype (12, 13).

The hypothesis that CTLA-4 blockade could improve anti-
tumor immune response was confirmed by Allison JP et al. in
transplantable murine colon carcinoma, and fibrosarcoma,
models (14).

A large body of experimental evidences confirmed the
beneficial role of CTLA-4 inhibition in increasing immune
recognition and elimination also of poorly immunogenic
murine melanoma (15) and prostate cancers (16).
Frontiers in Immunology | www.frontiersin.org 3
The CTLA-4 immune checkpoint provided the first target for
the treatment of advanced melanoma. From initial murine
studies and clinical trials, it took 15 years before the US Food
and Drug Administration (FDA) approved ipilimumab, the first
Ig1 human immunoglobulin monoclonal antibody directed
against CTLA-4 (Table 1).
PD-1 AND PD-L1

At tissue level and in tumor microenvironment, cancer cells
immune escape is mediated by the PD-1 inhibitory signaling
(Figure 1). Normally, the PD-1 receptor (PDCD1 or CD279) is
expressed on effector T cells, B and NK cells, while its ligands
PD-L1 and PD-L2 are expressed in various types of self-cells (as
tubular epithelial, endothelial cells, fibroblastic reticular cells,
pancreatic islet cells, astrocytes, neurons) thus avoiding
autoimmunity and host organ injury. PD-L2 expression is
limited primarily to APC (17). More importantly, on T cells,
FIGURE 1 | Effect of ICIs on T lymphocytes. In the tumor microenvironment, professional APCs, such as dendritic cells processed specific tumor peptides (TAA)
and complexed them to MHC molecules. Then, APC migrated to T cell-dependent areas of tumor draining lymph node and presented TAA to naïve or quiescent T
cells. In the immune synapse between resting T cell and APC, the lymphocytes activation is dependent by two signals. The first is mediated by the binding of TAA to
T-cell receptor (TCR). The second signal could be activatory in the case of binding of T cell-CD28 to co-stimulatory CD80/CD86 or inhibitory. The latter is mediated
by the binding of T cell-CTLA-4 to the same CD80/CD86 APC molecules. Therefore, CTLA-4 and CD28 compete for the binding to CD80/CD86 proteins. The
CTLA-4 signaling will lead to T cell anergy by inhibiting the T naïve activation and clonal expansion. The anti-CTLA-4 blocking by monoclonal antibodies as
ipilimumab restore CD28 pro-activatory signaling and result in effective anti-tumor T lymphocyte responses. In peripheral tissues, the activated T cell can be de-
activated by the binding of PD-L1 (or PD-L2, not shown) expressed on tumor cells, organ cells or other immune cells to effector T cell- PD-1 receptor. The anti-PD-1
or anti-PD-L1 blocking by monoclonal antibodies (as Nivolumab, Pembrolizumab for PD-1 or Atezolizumab for PD-L1) ipilimumab restore CD28 pro-activatory
signaling and restore effective anti-tumor T lymphocyte responses. APC, Antigen Presenting Cells; MHC-Ag, Major Histocompatibility Complex with tumor antigen;
CTLA-4, Cytotoxic T-Lymphocyte Antigen 4; PD-1, Programmed cell death protein 1; PD-L1, Programmed death-ligand 1.
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TABLE 1 | Overview of principal ICIs, targeted tumor and clinical trials.

Immune checkpointed
inhibited

Drugs Year of approval FDA-approved indications Clinical Trial

CTLA-4 Ipilimumab 2011 Metastatic melanoma Non-smal cell lung carcinoma
NCT03469960, NCT03351361,
NCT02785952, NCT03302234

Renal cell carcinoma Mesothelioma NCT02899299
Colonrectal cancer Gastric cancer NCT02872116

Squamous cell lung carcinoma
NCT02785952

PD-1 Nivolumab 2015 Metastatic melanoma Mesothelioma NCT03063450
Colonrectal cancer Non-Hodgkin lymphoma

NCT03366272
Classical Hodgkin’s lymphom Metastatic clear cell renal carcinoma

NCT01668784
Renal cell carcinoma Head and neck cancer

NCT02741570, NCT03342352
Non-small cell lung carcinoma Lung cancer NCT03348904
Head and neck squamous cell carcinoma
(HNSCC)
Metastatic urothelial carcinoma
Hepatocellular carcinoma (HCC)
Colorectal cancer with MSI-H

Pembrolizumab 2015 Metastatic melanoma Small cell lung cancer NCT03066778
metastatic NSCLC Renal cell carcinoma NCT03142334,

NCT02853331
classical Hodgkin’s lymphoma, Gastric adenocarcinoma

NCT02370498
primary mediastinal B-cell lymphoma (PMBCL) Urothelial carcinoma NCT02853305,

NCT03244384, NCT02256436,
NCT03374488,

Head and neck squamous cell carcinoma
(HNSCC)

Colorectal cancer NCT02563002

gastric cancer Pleural mesothelioma NCT02991482
solid tumors with MSI-H and MMR aberrations Esophageal neoplasms

NCT03189719, NCT02564263
metastatic urothelial carcinoma Multiple myeloma NCT02579863,

NCT02576977
Merkel cell carcinoma Hodgkin lymphoma

NCT02684292
renal cell carcinoma Hepatocellular carcinoma

NCT02702401, NCT03062358
Cervical cancer
Hepatocellular carcinoma

Cemiplimab 2018 Metastatic cutaneous squamous cell carcinoma Cutaneous squamous cell carcinoma
NCT04154943

PD-L1 Atezolizumab 2016 Metastatic urothelial carcinoma Renal cell cancer NCT02684006
Metastatic Non-small cell lung carcinoma Gastric and gastroesophageal

junction cancer NCT02625623,
NCT02625610

Metastatic Small cell lung carcinoma Ovarian cancer, fallopian tube cancer
NCT03038100, NCT02839707,
NCT02891824

Metastatic triple negative breast cancer

Avelumab 2017 Merkel cell carcinoma Non-small cell lung carcinoma
NCT02576574, NCT02395172

Metastatic urothelial carcinoma Urothelial cancer NCT02603432
Diffuse large B-cell lymphoma
NCT02951156

(Continued)
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the PD-1 expression is a feature of “exhausted” lymphocytes that
have previously experienced high levels of stimulation. This state
of exhaustion is frequently observed during chronic infections
and cancer and is characterized by deterioration of T cell
function, resulting in inefficient control of infections and
tumors (18). On the other hand, cancer cells strongly
upregulate PD-L1 ligands, and in metastatic tissues the PD-1
pathway on memory T cell causes T cell deactivation. PD-L1
increased expression has been assessed on cell surface in several
types of cancers including melanoma, bladder, lung, kidney,
colon, ovary, breast, glioblastoma, multiple myeloma and T-
cell lymphoma. The main mechanism associated to enhanced
PD-L1 expression on tumor cells have been correlated to PTEN
deletion (19), PI3K signaling and persistent high IFNg levels in
the tumor microenvironment (20). Blocking the PD-1, PD-L1,
and PD-L2 signaling by monoclonal antibodies allows tumor-
infiltrating lymphocytes to be reactivated to identify and destroy
malignant cells. Initially discovered from Ihshida Y et al. (21) as
an immunoglobulin expressed on dying thymocytes, PD-1 would
have been later associated as essential negative regulator of T cell
response. In accordance, PD-1–deficient mice were showed to
develop autoimmune disorders such as lupus like syndrome,
characterized by glomerulonephritis and arthritis, and
autoimmune cardiomyopathy (22). The binding of PD-1 is
known to induce the phosphorylation of the tyrosine residue
located within Immunoreceptor Tyrosin-based Switch Motifs
(ITSM) of the cytoplasmic tails, leading to recruitment of
phosphatases SHP1 and SHP2, and dephosphorylation of
downstream effectors such as Syk, PI3K, and CD3 (17).
Currently, several monoclonal anti-antibodies have been
approved by the US FDA targeting PD-1 (i.e., pembrolizumab,
nivolumab, and cemiplimab) and the ligand PD-L1
(atezolizumab, avelumab, and durvalumab) for the treatment
of a number of different malignancies, including NSCLC,
metastatic melanoma, bladder cancer, advanced renal cell
carcinoma, and others (Table 1).
Frontiers in Immunology | www.frontiersin.org 5
In summary, one CTLA-4 inhibitor and five PD-1/PD-L1
inhibitors have been approved by the FDA and others are
undergoing testing within phase 3 clinical trials.
NOVEL TARGET OF ICIs

Apart from CTLA4-4 and the PD-1/PD-L1, novel checkpoints
have been discovered, which can be targeted by specific
monoclonal antibodies (23). Indeed, ongoing research is focused
to the improvement of the clinical management of cancer patients
treated with ICIs, in order to reduce the occurrence of immune
adverse effect (including nephrotoxicity), and overcome the
resistance after prolonged treatments (24). Several experiments
led to hypothesize that the blockade of a single immune
checkpoint may result into a compensatory enhancement of
other checkpoint receptors in the tumor microenvironment (25).
For that reason, research moved towards the synergistic effect
obtained by the combined blockade of different immune
checkpoints, as in the case of the combination of ipilimumab
plus nivolumab (Table 1).

The next generation of immune checkpoints includes the
lymphocyte activation gene-3 (LAG-3), T cell immunoglobulin
and mucin-domain containing-3 (TIM-3), B and T cell
lymphocyte attenuator (BTLA), T cell immunoglobulin and
ITIM domain (TIGIT), V-domain Ig suppressor of T cell
activation (VISTA), and B7 homolog 3 protein (B7-H3) (26).

LAG-3 (CD223) was first discovered by Triebel F et al. in 1990
as a novel lymphocyte activation gene closely related to CD4 (27).
Further analysis of amino acid sequence would have revealed an
approximately 20% of identity to CD4. LAG3 is expressed on CD4+
and CD8+ T cells, Tregs, B cells and plasmacytoid dendritic cells.

The LAG-3 signaling plays a negative regulatory role in T
helper 1 (Th1) cell activation, proliferation, and cytokine
secretion. Even if, given the high structural similarity between
LAG-3 and CD4 should support the predominant binding to
TABLE 1 | Continued

Immune checkpointed
inhibited

Drugs Year of approval FDA-approved indications Clinical Trial

Durvalumab 2018 Metastatic urothelial carcinoma, Non-small cell lung carcinoma
NCT02273375, NCT02542293,
NCT03164616, NCT02125461

Unresectable stage III Non-small cell lung
carcinoma

Squamous cell lung carcinoma
NCT02154490, NCT02551159
Urothelial cancer NCT02516241
Advanced solid malignancies
NCT03084471

Combination of
CTLA-4 and PD-1

Ipilimumab plus
nivolumab

2016 Metastatic melanoma Non-small cell lung cancer
NCT02659059

2018 Metastatic renal cell carcinoma Metastatic renal cell carcinoma
NCT0223174

2018 Colorectal cancer with MSI-H Colorectal cancer with MSI-H
NCT02060188

2020 Hepatocellular carcinoma (HCC) Hepatocellular carcinoma (HCC)
NCT01658878
Octobe
r 2020 | Volume 11 | Article 57427
1

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Franzin et al. Immune Checkpoint Inhibitors-Induced AKI
MHC-II, other molecules can interact with LAG3 as galectin-3
(28) , LSECtin , and a-synuclein (29).

However, the binding affinity of LAG-3 for MHC-II is 100-
fold higher than CD4, thus MHC-II is considered the canonical
ligand (26).

In a murine model of ovarian cancer, Huang R-Y et al. (25)
explored the effect of combined blockade of LAG-3 and PD-1
pathways. Authors showed that the dual blocking suppressed
tumor growth by enhancing CD8+ tumor infiltrating T cells and
decreasing Tregs in the tumor microenvironment in synergic
manner (26).

Furthermore, Huang R-Y et al. also supported the hypothesis
of a compensatory mechanism. Indeed, when they evaluated the
level of other inhibitory receptors, they found that in mice
treated with anti-PD-1, the levels of LAG-3 and CTLA-4 were
increased. In accordance, the anti-LAG-3 administration led to
augmented PD-1 levels (25).

The results from Fourcade J et al. (30) and Koyama S et al.
(31) provided similar insights also in melanoma and lung cancer.

Besides experimental model, the first single center, phase I
trial was run in 2006 in stage IV Renal Cell Carcinoma patients
(NCT00351949). The trial tested the monoclonal antibody anti-
LAG3 named IMP321 (Eftilagimod alpha), initially proposed as
a vaccine adjuvant (32). The trial showed an overall reduction of
tumor progression, as well as increased levels of activated CD8+
T cells.

The combination with anti LAG3 and PD-1 has been assessed
also in in patients with previously unresectable or metastatic
NSCLC and with metastatic squamous cell carcinoma of the
head and neck (NCT03625323).

A great repertoire of LAG-3 monoclonal antibodies and
blocking agents is under active evaluation within ongoing
clinical trials, making compelling results on safety, efficacy and
potential nephrotoxicity, not yet available.

More than 20 clinical trials have been registered using the first
commercially available monoclonal antibody directed against
LAG-3 named Relatlimab (BMS-986016) (33).

In advanced solid tumor (as NSCLC, renal cell carcinoma,
bladder cancer, squamous cell carcinoma of the head and neck
and melanoma) the trial NCT01968109 is evaluating the efficacy
of Relatlimab as a monotherapy or in combination with
Nivolumab (an anti-PD-1 antibody).
IMMUNE-RELATED ADVERSE
EVENTS (IRAEs)

In the past few years, treatment with ICIs dramatically improved
the outcome of a number of solid tumors, extending progression-
free and/or overall survival in patients with melanoma, NSCLC,
urothelial cancer, renal cell cancer, and many other malignancies
(Table 1). However, the exuberant activation of immune
response generated by treatment with ICIs is complicated by a
new class of side effects called immune-related adverse events
(irAEs). IrAEs are often serious, characterized by clinical
manifestations that closely resemble autoimmune diseases.
Frontiers in Immunology | www.frontiersin.org 6
Almost all organ and system can be affected by irAEs, mainly
skin, gastrointestinal tract and liver followed by lungs, nervous
system, endocrine organs, joints, heart, pancreas and the kidneys
(34). Thus, the most frequent ICIs-induced irAEs are dermatitis,
rash, vitiligo, colitis, pneumonitis, hypophysitis, hypothyrodims,
and other endocrinopathies (35). The incidence of irAEs is wide,
ranging from 15% to 90%, with severe forms ranging from 0.5%
to 13% (36).

The manifestations occurred can vary depending on the type
of ICIs used, although the frequency and severity are higher with
anti-CTLA4 antibodies (especially ipilimumab) (37).

Even more severe (grade III and IV) toxicities may occur in as
many as 20% of the patients treated with combined anti–CTLA-4
and anti–PD-1 agents. The timing of the onset of these irAEs
varies widely, but appears to be within weeks to months of
exposure, and may occur even after ICIs discontinuation (38). In
addition, those irAEs that develop with one class ICIs (i.e. anti–
CTLA-4) may not necessarily occur with exposure to another
class (i.e. anti–PD-1/PD-L1) (34).

An emerging complication of ICIs administration is kidney
damage, which includes acute kidney injury (AKI) – possibly
evolving towards chronic kidney disease (CKD), proteinuria, and
electrolyte abnormalities (5).

Originally, in contrast to extrarenal irAEs, the incidence of
adverse effects affecting the kidneys appeared to be less common.
Yet, epidemiological data were mainly retrieved by sparse, small
case report, and were far from being reliable. In addition, too
often oncologist reports these events just as “creatinine increase,”
without further specifications. The estimated incidence of ICIs-
associated AKI (ICIs-AKI) derives from Cortazar FB et al., who
used pooled data from all phase 2 and 3 clinical trials published
between 2014 and 2015, which enrolled at least 100 patients
treated with ICIs (38, 39).

From a total of 3695 patients treated with ICIs monotherapy,
overall incidence of AKI was of 2,2%. Regarding severe AKI,
defined as an increase in serum creatinine (SCr) more than
threefold above baseline, an increase in SCr to 4.0 mg/dl, or the
need for renal replacement therapy (RRT), the detected
incidence was lower (0.6%) (38, 39).

However, even if incidence of nephrotoxicity with monotherapy
with any of the classes of ICIs was moderate, combinations
including both an anti-CTLA-4, as well as an anti–PD-1, agent
has been shown to be up to 5%. In particular, AKI was more
common with combination therapy with ipilimumab/nivolumab
combination therapy (4.9%) than with monotherapy with
ipilimumab (2%), nivolumab (1.9%), or pembrolizumab (1.4%)
alone (5, 35).

Fittingly, a meta-analysis by Manohara S et al., which
evaluated 48 clinical trials that included 11,482 patients,
reported an estimated incidence of ICIs-AKI of 2% (40).
Consistently, Seethapathy H et al. (41) examined the incidence
of ICIs-AKI in a setting of 1843 patients treated from May 2011
to December 2016 at the Massachusetts General Hospital. As
estimated by the above mentioned meta-analysis, an incidence of
3% was determined. Interestingly, given the increasing use of
these agents in a broad spectrum of malignancies (42), the
October 2020 | Volume 11 | Article 574271

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Franzin et al. Immune Checkpoint Inhibitors-Induced AKI
incidence of relatively new irAEs such as AKI has been theorized
to be rising from 9,9 to 29% in a near future (43).
CLINICAL FEATURES OF ICIs-AKI

Previous case reports based the diagnosis of ICIs-induced AKI
solely on renal biopsy (39, 44). The major histological features
observed were acute tubular interstitial nephritis (ATIN) associated
with edema, interstitial inflammation, and infiltration of T-
lymphocytes, eosinophils and plasma cells. Urine analysis often
displayed sterile pyuria and white blood cell casts (45, 46). In the
last years, given the increased use of ICIs in a wide range of cancer,
a need to harmonize the definition of AKI has emerged.

The definition and stage of AKI is regulated by the Kidney
Disease Improving Global Outcomes (KDIGO) criteria
according to relative changes in SCr (47). For instance, AKI
stage II is defined as doubling of SCr, while stage III as tripling of
SCr, or the need for RRT.

In order to standardize the ICIs-AKI definition across
different studies, National Cancer Institute's Common
Terminology Criteria for Adverse Events (NCI-CTCAEs) (48)
describes AKI, in part, by comparing changes in SCr to the
“upper limit of normal” cut-off parameters. In particular, the
NCI-CTCAEs recognize five different grades of renal injury
based on creatinine levels (grades 1–3), dialysis requirement
(grade 4), and death (grade 5).

However, patients with cancer often have decreased muscle
mass and these definitions may therefore be inadequate to detect
increases in SCr that would fall within the “normal range”.
Therefore, the application of NCI-CTCAEs criteria seem to fail
in capture the lower grade kidney complications, and to
completely ignore several AKI episodes that would have
encountered as ICIs complication (5). These observations
could explain the difficulty in the precise estimation of AKI in
patient treated with ICIs. Additionally, for all definitions of ICIs-
AKI, it is critical that the renal injury be directly attributable to
the ICIs, and not to an alternative causes.

Another confounding element is the longer latency period
between ICIs initiation and AKI development. In contrast with
typical drug-induced acute interstitial nephritis (AIN) and to
other extrarenal irAEs, the recently evaluated median time from
ICIs initiation to AKI occurrence is 14 weeks (49), with several
patients developing AKI later (6). As examples, an extrarenal
irAE as dermatitis usually occurs within 4 weeks of treatment
(50), whereas colitis within 6 weeks from ICIs start (49).

The delayed onset of AKI could be explained by the prolonged
longevity of activated T-cells, rather than a direct toxicity of ICIs.
Yet, even though all the ICIs have a long half-life of 2 to 3 weeks
which allows longer intervals between dosing, the onset of AKI
can occur from 8 months to 2 years (51) after treatment start.
Thus, could not merely associated to classical drug nephrotoxicity
as conventional chemotherapeutics. Furthermore, the
pharmacokinetic of ICIs revealed that these drugs are not cleared
by the kidney, but are primarily cleaved by proteolytic degradation
within the target tissues by lysosomes, after receptor mediated
Frontiers in Immunology | www.frontiersin.org 7
endocytosis (5). For that reason, ICIs do not need dose adjustment
for kidney impairment, and has been safely used in patients with
end-stage renal disease (ESRD) (52, 53). However, patients with
advanced CKD showed an increased risk of ICIs-induced AKI,
therefore it is highly recommended that these patients should have a
careful evaluation of renal function during treatment with ICIs.

As anticipated, a large body of evidences demonstrated that
ATIN represents the most common histological finding in
biopsies from patients experiencing ICIs-AKI (39, 45, 54–56).

However, the AIN induced by ICIs is closer to what observed
during autoimmune diseases (46), as compared to drug
hypersensitivity reactions (57). In a multicentric study that
enrolled 138 patients with ICIs-induced AKI, ATIN was found
in 93% of biopsied patients (6). This finding confirmed previous
results in a series of 13 patients with ICIs-AKI in which the
dominant pathologic lesion (observed in 12 patients) was AIN,
characterized by diffuse interstitial infiltrates of CD3+ and CD4+
T lymphocytes and associated to granulomas in 3 cases (39).
Thrombotic microangiopathy was a defining feature of one
patient's pathology in this series, whose comorbid conditions
included pre-existing hypertension.

In another smaller series, AIN was found in all 6 patients
treated with ICIs who underwent kidney biopsy for AKI (54).

Glomerular lesions are less common, as compared to ATIN;
however, in some case reports they have been associated
predominately to the use of the anti-PD1 nivolumab. In one
study of 16 patients with biopsy-proven ICIs-AKI, ATIN was
present in 14 of the 16 cases, but co-occurred with glomerular
disease in nine cases, including glomerulonephritis, IgA
nephropathy, pauci-immune glomerulonephritis, and
thrombotic microangiopathy (45).

Other small series have reported nephrotic syndrome with
minimal change disease associated to the treatment with both
anti-CTLA-4 (55), and anti–PD-1, antibodies (45, 58).

In a case report, Daanen RA et al. (59) described the occurrence
of a severe nephrotic syndrome with AKI secondary to treatment
with nivolumab in a patient with papillary renal cell carcinoma.
Interestingly, during 8 weeks of nivolumab treatment, the patient
showed AKI, hypoalbuminemia and proteinuria, whereas renal
biopsy exhibited focal segmental glomerulosclerosis. In
another case, Jung K et al. (60) presented the autoimmune
glomerulonephritis as well as the tubulointerstitial injury in a
patient treated with nivolumab for clear cell carcinoma.
Interestingly, an immune complex-mediated glomerulonephritis
with cellular crescents and necrosis was observed together with
diffuse mesangial deposition of IgA, C3, and kappa and lambda
light chains. At electron microscopy, one glomerulus showed
several hump-like subepithelial deposits, and no subendothelial
deposits and partial podocyte foot process abnormalities. Proximal
tubules were flattened with simplified tubular epithelium and
shorter microvilli. Pathologic examinations confirmed the final
diagnosis of acute toxic-type tubular injury and IgA-dominant
acute post-infectious glomerulonephritis (60).

These observations emphasize the heterogeneity of
histopathologic features of injury from ICIs, as well as the
immune activation seen in patients with ICIs-AKI. A further
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mechanism leading to podocyte foot process impairment, as
observed for minimal-change disease and focal segmental
glomerulosclerosis, could be the persistent, chronic release of
inflammatory cytokines by T cells associated to ICIs-induced
abrogation of CTLA-4 signaling (61).

Recently, risk factors for the development of ICIs-AKI have
been evaluated (6). In the same multicenter study of 138 patients
with ICIs-AKI, which included 276 unmatched control patients
who received ICIs contemporaneously but did not develop AKI,
Cortazar FB et al. identified three independent risk factors for
ICIs-AKI: concomitant use of proton pump inhibitors (PPI), the
combined treatment with anti–CTLA-4 and anti–PD-1/PD-L1
agents, and a lower baseline eGFR (6, 39, 41). Regarding the use
of PPI as risk factor for ICIs-induced AKI, Cortazar FB et al.
confirmed previous studies (62) describing an increased
susceptibility to ATIN by the PPI in the general population.
This event could be explained by the mechanism of reactivation
of drug-specific T cell that will be further described. The finding
that combination therapy is also associated to ICIs-AKI could be
explained by the well-documented enhanced predisposition
to irAEs.

The synergistic effect of dual checkpoint blockade was
investigated by several researchers (63) mainly in murine
model of advanced melanoma. Under the combined inhibition
of the inhibitory receptors CTLA-4 and PD-1, tumor-infiltrating
T cell numbers increased, a change in the ratio of effector T cell
to Tregs was induced, and effector T cell function was improved.
Given these promising animal models, Wolchock et al. (64)
tested the combination of ipilimumab and nivolumab in
metastatic melanoma patients. Although objective clinical
responses were found in the range of 40%, more than 53% of
patients exhibited grade 3 and 4 toxicities. Combination therapy
with nivolumab plus ipilimumab has resulted in a prolonged
overall survival also in patients with renal cell carcinoma (65).
Nevertheless, the study from Motzer RJ et al. showed an
incidence of any-grade irAEs of 93%, despite an objective
response rate of 42%.

Finally, in a recent open-label, phase 3 trial involving patients
with advanced NSCLC, treatment with nivolumab plus
ipilimumab resulted in a longer duration of overall survival
(66), while the percentage of patients with grade 3 or 4
treatment-related adverse events was 32.8%.

These results clearly demonstrate the superiority of the
combination of ipilimumab and nivolumab over monotherapy,
and the heterogeneity in irAEs depending on cancer type. To
date, grade 3 and 4 irAEs are frequent, although these effects are
usually easily manageable, at least in referral centers where ICIs
are commonly administered.
MECHANISMS OF ICIs-INDUCED AKI

Although the mechanisms underlying ICIs-induced AKI are yet
to be elucidated, some hypotheses have nevertheless been
advanced, based on murine models and commonly observed
extrarenal irAEs (Figure 2).
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First, CTLA-4 and PD-1 inhibition could lead to the
development of autoantibodies against self-antigens present on
tubular epithelial cells, mesangial cells, or podocytes (56).
Relevantly, ipilimumab treatment was associated to a lupus-
like glomerulopathy, and to serum circulating levels of anti
dsDNA and anti-nuclear antigen antibodies closely resembling
the autoimmune lupus nephritis phenotype (4, 67). More
importantly, the level of circulating autoantibodies appeared to
be restrained by ICIs interruption, and glucocorticoid
administration (56, 68) (Figure 2).

Second, another mechanism could be the development, the
proliferation and the aberrant activation of a clone of self-
reactive T-cells. This hypothesis can be supported by the
presence of a robust infiltration of effector T-cell in organs not
related to the tumor, which presented an impressive high level of
similarities in TCR sequence. Intriguingly, Johnson DB et al.
reported the cases of patients with melanoma treated with
ipilimumab and nivolumab in whom fatal myocarditis
developed. Within the tumors of these patients, Authors
observed high levels of self-muscle-specific antigens (desmin
and troponin) indicating that T cells could be targeting an
antigen shared by the melanoma, skeletal muscle, and the
heart (69).

It is reasonable to hypothesize that also an intrinsic kidney
antigen, initially tolerated but recognized as non-self with the
brake of CTLA-4/PD-1 signaling in self-reactive T cells could be
responsible for acute tubulointerstitial nephritis (70, 71). It has
been reported that some auto-reactive T cells escape negative
selection in the thymus and are kept dormant by several
mechanisms to prevent autoimmunity. Further studies are
required to demonstrate the TCR clonality in tumor and
kidney in ICIs-T cells-related nephrotoxicity.

An alternative hypothesis is that renal tubular cells express PD-
L1, which protects them from T-cell-mediated autoimmunity.
Ding H et al. showed that PD-L1 is constitutively expressed on
HK-2 cells, and is dramatically upregulated by IFNg. In normal
kidneys, in situ hybridization and immunohistochemical staining
revealed constitutive low expression of PD-L1 on proximal tubules
at both mRNA and protein levels. However, PD-L1 higher
expression was found in kidneys with type IV lupus nephritis.
In vitro, pre-treatment of IFNg-stimulated HK-2 cells with anti-
PD-L1 significantly enhanced IL-2 secretion from co-cultured,
mitogen-activated Jurkat or human peripheral blood T cells (72,
73). Therefore, anti-PD-L1 antibodies administrated for cancer
immunotherapy could bind other sites than T cell or cancer cells
leading to organ-specific injury (74, 75). However, given that
ipilimumab is a fully human IgG1 characterized by the lack of
antibody-dependent cell-mediated cytotoxicity and complement-
dependent cytotoxicity, the underlying mechanisms of renal injury
deserve more investigation (23). Together with PD-L1, renal
allograft cells have been shown to upregulate also PD-1 during
acute rejection as a protection mechanism of tubular cells from T
cell mediated injury. The PD-1 increased level and the consequent
enhanced PD-1/PD-L1 on Tregs has been extensively
demonstrated to be beneficial during renal ischemia/reperfusion
injury (IRI) (76, 77). In a mouse model of IRI, PD-L1 or PD-L2
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blocking by monoclonal antibodies, reduced Treg-mediated
protection and significantly exacerbated the loss of kidney
function, renal inflammation, and acute tubular necrosis (76)
(Figure 2).

Thirdly, another explanation for ICIs-induced AKI is the
reactivation of drug specific T cell through ICIs loss of tolerance.
In the majority of reports, patients received concomitant
medications as PPI and nonsteroidal anti-inflammatory drug
(NSAID) to treat ATIN. The ATIN-drug exposure, iatrogenic
and xenobiotic molecules can trigger an immune response either
by itself or after binding to tubular antigens, thus acting as
haptens. These T cell primed by drugs administration became
latent over the time, however by ICIs they can be reactivated
leading to loss of tolerance. Accordingly, in a patient with
NSCLC treated with the anti-PD-1 antibody nivolumab who
developed kidney injury, circulating lymphocytes appeared to be
effectively stimulated by the PPI lansoprazole (78). Strikingly,
patient showed rapid improvement in kidney function in 3
days (creatinine decreased from 2.74 to 1.82 mg/dl) upon
discontinuation of lansoprazole (78). In summary, patients
with ICIs-induced AKI receiving a concomitant drug (e.g.
NSAID) showed a greater probability to completely recover
renal function after the interruption of the drug (6, 78). This
effect may be explained by T cell reactivity to the drug rather than
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to endogenous autoantigens; therefore, the cessation of the
offending NSAID, antibiotics, or PPI would lead to a more
rapid attenuation of T cell immunologic activity (38).

Furthermore, in the first multicentric study of 138 patients
evaluating the clinical feature of ICIs-AKI, (6) nearly 70% of the
patients with ICIs-AKI were receiving an ATIN related medication.
In particular, 9% was receiving antibiotics, 22% NSAID and,
surprisingly, 54% PPI. The latter recently emerged as the most
common causes of drug-induced ATIN. Therefore, PPI should be
used with caution in patients receiving ICIs treatment, and should
be discontinued in those who develop ICIs-AKI.

In brief, anti–PD-1 antibody treatment can disrupt the
peripheral immune tolerance between renal tubular cells,
dormant auto-reactive T-cells, and tolerogenic dendritic cells
(79). The prevalence of immature and functional defective
plasmacytoid dendritic cells could also explain the development
of tubulointerstitial nephritis after PD-1 therapy, irrespective of
whether re-activated T-cells recognize kidney intrinsic antigens or
specific drugs.

Finally, treatment with ICIs promotes the migration and
activation of effector T cells in renal tissue and the infiltration
of other immune cells together with pro-inflammatory cytokines
release. In accordance, patients treated with ICIs exhibit
increased serum level of CXCL10, TNFa, IL-6 that contribute
FIGURE 2 | Mechanisms of ICIs-associated AKI. The proposed mechanisms underlying ICIs-induced AKI include: Re-activation of drug specific T cells: T cell primed
by different drugs (e.g. previous or concomitant antibiotics, PPIs, or NSAIDs) became latent over the time; however they can be re-activated by ICIs, leading to loss
of tolerance; Loss of tolerance versus self-antigens: the formation, the selection and proliferation of a clone of self-reactive T-cells, the auto-reactive T cell could
activated self-reactive B cells leading to auto-antibody release, that to renal injury; Off Target Effect: the upregulation of PD-L1 on renal tubular epithelial cells can lead
to kidney damage by effector T lymphocytes infiltration resulting in acute tubulointerstitial nephritis, Pro-inflammatory cytokines: ICIs promote the migration and
activation of effector T cells in renal tissue, the infiltration of other immune cells as B cells together with pro-inflammatory cytokines release as CXCL10, TNFa, IL-6
that contribute to the generation of an inflammatory milieu, leading to renal damage.
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to the generation of an inflammatory milieu, leading to renal
damage (74). The importance of the increased cytokines levels
has recently emerged in association with cytokine release
syndrome (CRS), a serious complication of the switch from
immunotherapy to targeted therapies (80). There are limited
data regarding the efficacy of treatments in ICIs‐AKI. Small case
series have shown recovery of renal function with glucocorticoids
in the majority of cases (39, 41, 54). A recent multicenter study
from Cortazar FB et al. (6) demonstrated that the glucocorticoid
treatment in a cohort of ICIs-AKI patients was independently
associated with complete renal recovery. However, we are still far
beyond the identification of a glucocorticoid regimen to prevent
the progression of AKI.
ICIs AND KIDNEY TRANSPLANTATION:
THE SWITCH TO mTORi AS A STRATEGY

Kidney transplantation is a life-saving therapy for patients with
ESRD leading to improved survival and quality of life (81).
Immunosuppression may increase susceptibility to cancer by
inhibiting immune surveillance, predisposing to oncogenic viral
infections, and reducing the rate of DNA repair (82). The risk of
cancer is two to four-fold higher in transplant recipients as
compared to age-, sex-, and race-matched individuals from
similar geographic areas (82). This higher risk is often associated
to prolonged immunosuppression that revert the balance between
graft immune-tolerance and anti-tumoral immunity. After a solid
transplant, the most common occurring cancers are the
carcinomas of the skin, non-Hodgkin's lymphoma, Kaposi
sarcoma, lung and cancer of the transplanted organ (i.e. liver or
kidney) (83, 84). Besides the occurrence of the de novo cancer,
patients with a history of cancer before transplantation are more
likely to experience early cancer relapse, usually within 2 years after
transplantation (85, 86).

The success of the first clinically approved ICIs has
created an increased appreciation of immunotherapy also in
transplanted patients.

Currently, there are no guidelines for the treatment of ICIs
requiring transplanted patients since they have been excluded
from all clinical trials of ICIs, and there are no randomized
control trials. Conceptually, the crucial core of ICIs is whether
stimulates the immune system to destroy the cancer cells, or else
suppress immune response to prevent allograft rejection. In
order to find a balance between ICIs-mediated T cell
stimulation, and anti-rejection immunosuppression, case
reports and small case series of transplanted recipients
receiving ICIs have slowly appeared. By reviewing case reports,
the frequency of rejection with the anti-CTLA-4 ipilimumab
monotherapy emerged lower (33%) compared to patients treated
with anti–PD-1 monotherapy (52%) (87).

The higher rate of rejection with anti–PD-1 treatment is not
surprising. The PD-1/PD-L1 signaling has been described as
pivotal in peripheral organ transplant homeostasis (88) and the
PD-L1 overexpression in renal tubular cells is a mechanism to
modulate T cell activation (72).
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Regard the rejection type, acute rejection of transplanted
kidney after PD-1 inhibitors occurs mainly through T cell
mediated rejection, although antibody mediated rejection has
been also observed (89).

Acute T-cell-mediated rejection after administration of PD-1
inhibitors may be explained by the ICIs-induced activation of T-
cells against donor allograft antigens. This loss of tolerance leads
to graft failure via T-cell infiltration in the renal interstitium,
damaging renal tubular epithelial and endothelial cells. These
findings are in line with the reported AIN, characterized
by infiltration of T-cells and granulocytes in renal tissue,
after treatment with ICIs in non-transplanted patients (90). As
concerns the antibody-mediated rejection, it may be attributed to
the proliferative response of B-cells induced by activated T-cells
or activation of memory B-cells expressing PD-1 induced by the
reduction in immunosuppressant use during PD-1 inhibitor
treatment (91).

The sharp rates of rejection in transplant recipients under
ICIs medications have led to the development of strategies before
the initiation of ICIs. These approaches includes modification of
dosage of immunosuppressive medications, the pre-emptive
switch to corticosteroids and, more importantly, the switch
from a calcineurin inhibitors (CNI) to mTOR inhibitors
(mTORi) before ICIs initiation.

Lowering the dose of immunosuppressant has been
considered a crucial management strategy in some cancers,
such as post-transplant lymphoproliferative disorders and skin
cancer. However, the reduction of immunosuppressive drugs
before the initiation of PD-1 inhibitor has been observed to
significantly increase the risk of graft failure. Indeed, it is well
known that immunosuppressive therapies are vital in regulating
acute allograft rejection and inducing long-term transplanted
kidney survival (92–94).

In 1999, the main mTORi (sirolimus) obtained FDA approval
for use in clinical kidney transplantation (95). Since then, an
extensive literature has emerged not only on its effects on graft
survival, reduced rejection and mortality but also on other
important clinical outcomes, such as malignancy, cardiovascular
disease and infection (84, 96). Thus, the majority of studies of
mTOR inhibitors involved conversion from CNI either early (2–6
months) or late (>6 months) post-transplantation (97).

A large body of evidences suggest that early conversion from a
CNI to an mTORi-based maintenance regimen can reduce the
development of malignancies as non-melanoma skin cancer in
transplant recipients (98–101).

The mTOR pathway is a key regulator of immune cells
metabolism, proliferation and anti-inflammatory reactivity in
both innate (dendritic cells and macrophages) and adaptive
effectors (T and B lymphocytes) (102). As widely discussed,
this pathways is often dysregulated in many types of solid and
hematological malignancies (103). Therefore, in this scenario,
mTORi are used both as immunosuppressive strategy to prevent
graft rejection in transplanted patients and as antitumor therapy,
indicating that a careful immunosuppressive dose modification
in combination with immunotherapy should be administrated.
However, to the best of our knowledge, in transplanted
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patients with de novo cancer, there is no consensus on
immunosuppressive treatment schedule, since early phase
clinical trials are still ongoing (CA209-933ISR).

In an elegant study Sabbatini et al., investigated the oscillatory
inhibition of mTOR activity in kidney transplant recipients and
found that lower level of everolimus were able to induce a robust
proliferation of Treg by TCR triggering, a decrease of neutrophils
and CD8 T cells and a reduced proinflammatory activity.
Authors then hypothesized the possibility that management of
mTORi dosage level (lower by six to 10-fold than in the oncology
setting) and administration schedule (twice versus once a day in
cancer therapy) could target respectively immune tolerance or
cancer growth control (104, 105).

The switching to mTORi, together with the dose reduction of
other immunosuppressive drugs has been associated to better
overall survival of both oncologic patients and graft
independently of the stage, type of carcinoma and oncologic
treatment. Indeed, in a monocentric cohort of more than 500
kidney and liver allograft recipients with de novo cancer,
Rousseau B et al, demonstrated that mTOR inhibitor
introduction with optimal oncologic treatment significantly
improved survival of patients (106). Vanasek TL et al. showed
that treatment with mTOR inhibitors and concomitant ICIs
could maintain T-cell anergy (107). In addition, mTORi have
been demonstrated to stimulate naïve T-cell differentiation into
Tregs, especially in the presence of IL-2 (108). Therefore, it is
arguable to sustain that treatment with mTORi not only could
reduce cancer progression in a broad spectrum of malignancies,
but could exert anti-tumor effects (109).

In a case report, a kidney transplant recipient was treated
with nivolumab for metastatic duodenal adenocarcinoma.
Immunosuppressive regimens included concurrent prednisolone
and the mTOR inhibitor sirolimus. Tacrolimus was replaced by
sirolimus before anti–PD-1, and serum sirolimus levels were initially
maintained at lower levels (4–6 ng/mL) after anti–PD-1, and then
increased to regimen values (10–12 ng/mL) 2 weeks after.
Intriguingly, the patient maintained renal graft function without
tumor progression (110).

In addition, in a recent case report Esfahani K et al. (111)
investigated the effect of the combination of mTORi and an ICIs
(sirolimus plus pembrolizumab) in a kidney transplanted patient
with melanoma. Interestingly, the ICIs-mTORi combination
decreased the global CD8+ T cell activation responsible of
ICIs-induced kidney allograft rejection. Furthermore, the dual
therapy did not reduce the IFN-g–producing CD4+ T cells that
persisted in circulation. Thus, mTORi supported the immune
tolerance while potentially adding anti-tumor efficacy to PD-1
blockade in patients with metastatic melanoma.

Finally, the ability of sirolimus to prevent T cells responses
against renal allograft was investigated in 64 patients of
multicenter trial (101).

Euvrard S et al. randomly assigned transplant recipients who
were taking CNI and had cutaneous squamous-cell carcinoma
either to receive sirolimus as a substitute for CNI or to maintain
their initial treatment. Strikingly, switching from CNI to sirolimus
led to longer disease-free survival among kidney-transplant
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recipients with previous squamous-cell carcinoma (101). Further
studies are necessary to assess the potential effect of conversion from
CNIs to mTOR inhibitors on both rejection and cancer. However,
as the incidence of rejection in patients receiving ICIs therapy is very
high, the general recommendation is to frequently monitor patients'
kidney function by weekly SCr during all treatment.
BIOMARKERS FOR ICI-BASED
IMMUNOTHERAPY AND
ICIs-INDUCED AKI

ICIs-based immunotherapies has been shown to improve
survival of patients in several types of advanced cancers (112).
However, despite the promising results in terms of overall
survival, many patients still experience severe irAEs (2, 36).
There is a critical need to define biomarkers that can anticipate
clinical outcome and the risk of organ toxicity in patients
receiving ICIs. Major efforts in biomarker studies are ongoing
and ICIs appeared encouraging (113). Several candidates have
been proposed including the body composition parameters (e.g.,
age>75 years and female gender) (114, 115), systemic non-
invasive biomarkers, tumor associated molecular features (e.g.,
PD-L1 expression and tumor mutation burden) (116, 117) and
commensal bacteria (118). For the large part of these factors, the
validation in independent patient cohorts with large sample size
is still required (119). Nevertheless, some factors have been
approved by FDA to select patients that would benefit from
the treatment (e.g., PDL1 expression as a biomarker for patient
selection) (120, 121). Despite promising results, more research is
required to identify and validate the exact combination of
biomarkers able to predict treatment outcomes and the
occurrence of kidney nephrotoxicity (122). Here we will
summarize the principal biomarkers associated to ICIs-irAEs
and that could correlate with the development of AKI.
SYSTEMIC BIOMARKERS OF IRAEs AND
ICI-INDUCED AKI

Systemic biomarkers of irAEs as lymphocytes and eosinophils
counts, neutrophil-to-lymphocytes ratio (123, 124), and cytokine
circulating level have been assessed due to poor invasive and
routine measurements.

Regarding blood cell count, the higher number of eosinophils
and T lymphocytes has been demonstrated to correlate with better
survival in melanoma patients treated with pembrolizumab (125).
Recently, Nakamura Y et al. and Diehl A et al. provided evidence
that in melanoma and renal carcinoma eosinophils counts was
also associated to the incidence of irAEs (124, 126).

In the plethora of pro-inflammatory cytokines, IL-17 is
associated with autoimmune disease like rheumatoid arthritis,
psoriasis, and inflammatory bowel disease (127) (i.e. Chron's
disease). Therefore, the evaluation of IL-17 levels in ICIs-treated
patients seems more than reasonable (128).
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IL-17 is mainly released by Th17 CD4+ cells that are potent
inducers of autoimmunity and are regulated by CTLA-4. Indeed,
CTLA4 blocking by means of tremelimumab has been
demonstrated to increase Th17 cells in peripheral blood of
patients with metastatic melanoma and to correlate with
autoimmune toxicity (129). Tarhini AA et al. reported that
higher levels of circulating IL-17 at baseline associated with
incidence of irAEs as diarrhea and colitis in melanoma
patients treated with ipilimumab. In addition, TGF-b1 and IL-
10 levels were associated with clinical outcome (128).

Besides irAEs, IL-17 is also over-released during AKI and
associated with poor outcome (130). In a recent study, Maravitsa
P et al. showed that IL-17 was the only cytokine highly produced
from peripheral blood mononuclear cells (PBMCs) and CD4-
lymphocytes of patients with septic shock and AKI, and that was
gradually consumed from the kidney (131). Interestingly, a
persistent increase in circulating Th17 cells was observed in
mice model of renal IRI and correlated with systemic organ
damage as pulmonary fibrosis (132). Similar results were found
in renal transplanted patients with Delay Graft Function (130).
Another promising biomarker of irAEs is CD163, a receptor
expressed from M2 macrophages that are largely present in the
tumor microenvironment (133). M2 macrophages are
characterized by immunosuppressive properties, thus often
associated with poor prognosis. The soluble sCD163 obtained
by the proteolytic shedding of the receptors is increased in
autoimmune disease (134) and fittingly, in melanoma patients
during anti-PD1 treatment (135).

Recently, the conversion of pro-inflammatory (M1) to anti-
inflammatory (M2) macrophage types has obtained a renewed
appreciation particularly during the AKI-to-CKD transition (136).

In a cohort of sepsis patients, the diagnosis value of urine sCD163
levels were evaluated for predicting AKI occurrence, as well as for
assessment of patients' prognosis (137). More recently, Sun PP et al.
enrolled 205 patients with renal intrinsic AKI revealing a sharp
augment of urinary sCD163 in glomerulopathy cases (138). In
addition, urinary CD163 showed better diagnostic performance in
differentiating disease etiologies compared to traditional urinary
biomarkers of AKI (i.e. NGAL and KIM-1). Similar findings were
reported in human ATIN biopsies (139). Kim M-G et al. showed a
positive correlation between the density of CD68+macrophages and
the severity of AKI, whereas the density of CD163+ M2
macrophages was associated with a lack of renal functional recovery.

Inflammation has an integral role in the pathophysiology of
irAEs. The principal pro-inflammatory cytokine IL-6 can promote
tumor progression via inhibition of cancer cell apoptosis as well as
promotion of angiogenesis. Plasma increased IL-6 levels have been
correlated with poor overall survival in melanoma patients treated
with ICIs-based immunotherapy (115).

In accordance, IL-6 is commonly elevated in inflammatory
arthritis following ICIs therapy (140) as demonstrated in several
type of cancer (e.g. malignant melanoma) (141).

From a renal perspective, IL-6 is a well-recognized biomarkers
of renal injury (142, 143) and has been evaluated as central tool for
predicting the development of AKI in critically ill patients (144,
145) as well as in the recent pandemic COVID-19 disease (146).
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The measurement of the serum enzyme lactate dehydrogenase
(LDH) is well recognized in the follow-up of patient with
metastatic melanoma (147, 148) as it has prognostic value in
renal cell carcinoma (149).

LDH is released by rapidly growing tumors characterized by a
high cellular turnover. Recently, LDH has emerged as an
independent factor for poor prognosis in patients with
advanced melanoma (147, 150) treated with ipilimubab (151),
nivolumab, and pembrolizumab (152). Similar results were
reported also in NSCLC (153).

In the kidney, LDH has been shown to correlate with the
principal parameters of kidney impairment (including estimated
glomerular filtration rate (eGFR), microalbuminuria and
proteinuria) (154, 155); in addition, urinary LDH has been
evaluated in the early detection of acute tubular necrosis (156,
157) preceding AKI.

Altogether, these results lead us to speculate that IL-17,
sCD163, IL-6, and LDH levels during ICIs treatment may
serve as predictive markers for irAEs and evaluated in
combination with other urinary markers of AKI (commonly
KIM-1, L-FABP, IGFBP7, IL-18) could provide additional
information also for the risk of ICIs-induced AKI.
IMMUNOSENESCENCE AND CELL CYCLE
ARREST AS BIOMARKERS OF ICIs-
INDUCED AKI

Immunosenescence describes the process of progressive
deterioration of the immune functions during aging due to a
several causes such as: (i) reduced NK cell-mediated cytotoxicity
and perforin release, (ii) altered TLRs and NODs activation on
monocytes, decreased phagocytosis, ROS generation; increased
basal production of proinflammatory cytokines; (iii) less efficient
antigen presentation and phagocytosis by dendritic cells; reduced
secretion of IFNg and IL-12, (iv) systemic inflammaging as a
state of chronic, low grade inflammation and the (v) thymic
involution leading to reduced naïve T cell and increased memory
cells in the elderly (158–160). Dysregulated functions associated
to immunosenescence can include reduced responses to
vaccination, lower antitumor ability of CD4, CD8 T cells and
APC, increased systemic inflammation, as well as autoimmunity
(79). Aging contributes to a reduced repertoire of naive CD8+ T
cells and to an increased pull of memory, senescent or exhausted
T cells, hence leading to a decline of adaptive immunity
(161, 162).

Several clinical trials have observed the impact of
immunosenescence on the effectiveness of ICIs. From a bird
eye view, aged patients benefit less from the PD-1 inhibitors
and CTLA-4 inhibitors in certain cancers, even though several
exceptions have been reported (163).

A possible explanation behind this observation is that ICIs
rely on intact immune responses to tumor neoantigens, thus a
misbalance in immunocompetent T cells significantly impaired
the efficacy of treatments.
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However, even if meta analyses suggested the correlation between
poor survival benefit for anti-PD-1 agents and age older than 75
years, it should be observed that chronological age does not
necessarily reflect biological age of immune system. Besides age,
many other conditions can induce immunosenescence since caloric
restriction, nutrition or physical activity can delay this process (158) .

Recently, Moreira A et al. analyzed immunosenescence markers
from PBMC of patients with newly diagnosed, untreated,
metastatic melanoma (164). Regardless to patients' age, the
Authors demonstrated that the loss of senescence markers on
PBMC is correlated with clinical response to ICIs. These markers
included CD27 and CD28, as well as Tim-3 and CD57 (165). The
loss of CD27 and CD28 on CD4+ and CD8+ T cells, as well as the
expression of the Tim-3 and CD57, all of them senescencemarkers,
correlated with resistance to ICIs. In particular, the mucin domain
containing protein T-cell immunoglobulin-3 (Tim-3) is a marker
for T-cell exhaustion and combined PD-1/PDL1 and Tim-3
blockade have been proposed to prevent T-cell exhaustion in
patients with hematologic malignancies (164).

Latterly, Zaretsky JM et al. performed a whole-exome
sequencing in biopsy samples from metastatic melanoma
patients treated with anti–PD-1 therapy (166), reporting that
resistance to ICIs was associated with defects in the interferon
pathway that plays an important role in immunotherapy resistance
mechanism since it can induce cell senescence (167, 168). Thus, the
disruption of INF-g-induced cellular senescence could partially
explain late acquired resistance to ICIs and disease progression.

In recent clinical trials, cell cycle arrest biomarkers as tissue
inhibitor of metalloproteinase 2 (TIMP2) and insulin-like growth
factor binding protein 7 (IGFBP7) have been demonstrated to be
effective in the early detection of AKI (169–171), and to perform
better than other biomarkers such as NGAL, IL-18 (172), L-FABP,
and KIM-1 (173, 174). During AKI, in response to tubular injury or
DNA damage, IGFBP7 is highly expressed and directly can
increase the expression of p53 and p21, whereas TIMP2
promoted the augment in p27. The proteins p53, p21 and p27
together with p16 blocked the cyclin-dependent protein kinase
(CDKs) od cell cycle resulting in G1 phase arrest (171).
Furthermore, AKI is associated to progressive increased level of
other cell cycle arrest markers as p16 and p21 and klotho reduction
(175). The premature renal aging has been observed in several
model of IRI-induced AKI with p21 augmented amount both at
renal (176–178) and at urinary levels (179).

In conclusion, cell cycle arrest biomarkers could represent a
step forward toward prediction of ICIs response and recognition
of ICIs-induced AKI. Additional validation studies are needed
in order to fully characterize their clinical usefulness in
combination with other markers, in order to predict survival,
occurrence of irAEs, and renal function deterioration (180).
GUT MICROBIOME AS BIOMARKERS OF
IRAE AND ICI-INDUCED AKI

The gut microbiome is composed by more than 3.8 × 1013

bacteria able to maintain host physiology and immune
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homeostasis (181). Recent advances in metagenomic analysis
has improved our understanding of microbiota-related effects in
health and disease. Alterations in intestinal microbiota dynamics
(dysbiosis) has been linked to multiple human diseases,
including intestinal disorders and cancers (182). In addition,
gut microbiota composition has been associated to ICIs response,
ICIs-induced irAEs (as colitis) and AKI (119).

Regarding response to ICIs, through the analysis of fecal
samples and gut bacteria identification, several authors showed
that bacteria composition correlated with immunotherapy
response in the treatment of melanoma (183–185), renal cell
carcinoma (118, 186) or NSCLC (118).

In melanoma patients, Chaput N et al. provided evidences
that a microbiota enriched with Faecalibacterium genus and
Firmicute, instead of Bacteroides, was associated to a better
outcome during ipilimumab therapy (183).

Furthermore, Gopalakrishnan et al. by performing a
bioinformatics analysis of gut microbiome samples of melanoma
patients indicated that higher diversity and abundance of the
Ruminococcaceae family bacteria was protective before anti-PD
treatment (185). However, despite the study from Chaput N et al.
and others (183, 185, 187) indicated a better outcome in
Faecalibacterium and Firmicute gut microbioma, they also
revealed a higher frequency of ICIs-induced irAEs such as colitis.
In the plethora of commensal bacteria, Routy B et al. identified that
the Akkermansia muciniphilia, one of the most abundant bacteria
in the ileum microbiota, was able to strengthen the efficacy of anti-
PD1 therapy by reinforcing intestinal barrier integrity and reducing
systemic inflammation (118, 184).

Gut microbiota appears to have a central in the progression of
renal injury since strongly linked to uremic toxins (188, 189).
Several studies the improvement of CKD and ESRD after gut
microbiota-directed intervention (190, 191). Bidirectional
interaction between gut microbiota and kidney is being
recognized as an important modulating factor in AKI (192).

The profi le of AKI-microbiota has been recently
characterized by metagenomic sequencing. Interestingly, the
abundancy of Erysipelotrichia, Lactobacillus salivarius and
Bacteroides sp in rodent model of renal IRI and cisplatin-
induced AKI was reported (193, 194).

Other data supports the hypothesis that gut microbiota
influence kidney function and kidney resident immune cells
through Short Chain Fatty Acids (SCFAs). SCFAs (as acetate
and propionate) are produced as the end products of the
fermentation of dietary fibers by gut microbiota, and are released
into the systemic circulation (193, 195). Administration of SCFAs
was found to significantly improve renal dysfunction in a model of
IRI-induced AKI (195).

It is well known that antibiotics can perturbate the gut
microbiota and increase the risk of developing inflammatory
bowel disease (196). Interestingly, the transfer of an antibiotic-
perturbed microbiota from mouse mother to newborn promoted
and accelerated the development of gut inflammation in the
offspring (197).

Regarding the combination with antibiotics, Routy B et al.
showed that dysbiosis generated by administration of antibiotics
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significantly affect antitumor response to ICIs in both mice and
humans (118). Similar results were found by Jang HR et al. that
demonstrated commensal microbes have a protective role in the
pathogenesis of AKI, since they regulate CD8 T cells trafficking
and modulated renal inflammation and injury (198). In contrast,
depletion of gut microbiota using broad spectrum antibiotics
protected from IRI-induced AKI by reducing maturation status
of F4/80+ renal resident macrophages and bone marrow
monocytes (199).

Finally, gut microbiome has been implicated in the
modulation of metabolism and linked to nutrition-related
chronic diseases such as obesity and diabetes. This lead to
hypothesize that lack of a healthy diet may result in impaired
immune function during ICIs treatment. Surprisingly, a study
shows that obese patients with metastatic melanoma may acquire
more benefit from anti-PD therapy than those with normal body
mass index (200). Many possible explanations have been
mentioned to elucidate this paradox of obesity in cancer, some
of which relate to observational biases and the inadequacy of
body mass index as an accurate representation of obesity (201).

In summary, gut microbiota may have important
implications for the immune response to ICIs and to
subsequent development of AKI. Although we are still far from
utilization of gut microbiome as ICIs biomarker, the
manipulation of commensal bacteria constitution (i.e. by
administration of SCFAs) could offer new therapeutic
strategies to reduce ICIs-related irAEs and nephrotoxicity (202).
PD-L1 OVEREXPRESSION

The PD-L1 overexpression is a strategy of tumor cells to
evade immune surveillance. The mechanism of escape is
exerted by promoting the T cell exhaustion through PD-1
inhibitory signaling.

Patients with high PD-L1 tumor expression seemed more
likely to benefit from anti-PD-1 treatment, although responses
were seen even in patients with low or no PD-L1 expression
(203, 204).

In several retrospective studies, PD-L1 was the first factor
shown to correlate with better outcomes as observed by higher
response rate and longer overall survival in melanoma (205) and
NSCLC (206). Given these promising results, the PDL-1
expression by immunohistochemistry in tumor biopsy has
been considered as one most widely used biomarkers for
Frontiers in Immunology | www.frontiersin.org 14
response to ICIs and has been approved by FDA for patients
with NSCLC (112, 207).

However, several concerns still remain for accurate
measurement of PD-L1 expression, including different
protocols used in each laboratory, the tumor heterogeneity that
cannot be represented by the small region of the biopsy sample,
the methods for PD-L1 quantization that rely on pathologist
evaluations (112). For that reason, additional biomarkers of
response to ICIs as the high tumor mutational burden (TMB)
are currently assessed and reviewed elsewhere (66, 208).

From a renal perspective, PD-L1 overexpression by renal
tubular epithelial cells has been reported in mice model of sepsis-
induced AKI (209).

Authors demonstrated that overexpression of PD-L1 is a
central mechanism to induce immunosuppression during
sepsis, leading to T cell apoptosis and impairment of renal
vessel permeability. In addition, they speculated that PD-L1
overexpression could be a potential biomarker to diagnose
septic AKI and the treatment with anti-PD-L1 might be a
beneficial therapy for septic AKI. In other studies, PD-L1 and
PD-L2 have been demonstrated to be involved in AKI and
inflammation in a model of bilateral IRI (76). The blocking of
PD-L1 and PD-L2 by monoclonal antibodies prior kidney IRI
significantly exacerbated the loss of renal function, kidney
inflammation and ATIN. A possible explanation could be
found in the beneficial PD-L1 /PD-L2 on immunosuppressive
Treg able to mediated protection against kidney IRI (77).

In conclusion, PD-L1 signaling appeared to have both a
detrimental effect in cancers requiring ICIs or during sepsis,
and a beneficial effect on Treg after renal ischemic injury.

However, PD-L1 overexpression on tumor and renal tissue
appeared to be a useful biomarker of response to ICIs and the
assessment of PD-L1 expression on Treg cells could be important
to predict nephrotoxicity during ICIs-induced AKI.
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