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Transplantation, Necker Hospital, AP-HP, Paris, France, 2 Department of Renal Pathology, Necker Hospital, AP-HP,
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Antibody-mediated rejection (ABMR) is associated with poor transplant outcomes and
was identified as a leading cause of graft failure after kidney transplantation. Although the
hallmark histological features of ABMR (ABMRh), i.e., microvascular inflammation (MVI),
usually correlate with the presence of anti-human leukocyte antigen donor-specific
antibodies (HLA-DSAs), it is increasingly recognized that kidney transplant recipients
can develop ABMRh in the absence of HLA-DSAs. In fact, 40-60% of patients with overt
MVI have no circulating HLA-DSAs, suggesting that other mechanisms could be involved.
In this review, we provide an update on the current understanding of the different
pathogenic processes underpinning MVI. These processes include both antibody-
independent and antibody-dependent mechanisms of endothelial injury and ensuing
MVI. Specific emphasis is placed on non-HLA antibodies, for which we discuss the
ontogeny, putative targets, and mechanisms underlying endothelial toxicity in connection
with their clinical impact. A better understanding of these emerging mechanisms of
allograft injury and all the effector cells involved in these processes may provide important
insights that pave the way for innovative diagnostic tools and highly tailored
therapeutic strategies.

Keywords: antibody-mediated rejection (ABMR), microvascular inflammation (MVI), anti-HLA donor-specific
antibodies (HLA-DSA), non-HLA antibodies, kidney transplantation
INTRODUCTION

In kidney transplantation, antibody-mediated rejection (ABMR) remains one of the major causes of
graft loss (1). Successive Banff conferences, the most recent of which was held in 2019, have
established an international classification of rejections, dichotomizing acute rejection mediated by T
cells (TCMR) and ABMR (humoral rejection). Currently, 3 criteria must be met to identify ABMR:
microvascular injury (MVI), evidence of current/recent interaction between an antibody and the
vascular endothelium, and serological evidence of donor-specific antibodies (DSAs), which can be
specific for human leucocyte antigens (HLAs) or non-HLA antigens (2). MVI illustrates the
leukocyte margination reaction in the glomeruli (glomerulitis, Banff score g) and peritubular
org March 2022 | Volume 13 | Article 8647301
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capillaries (peritubular capillaritis, Banff score ptc). The Banff
classification introduced an MVI score (g+ptc) depending on the
context. In the absence of C4d staining, the MVI score must be
≥ 2. In the case of concurrent TCMR or borderline TCMR, ptc
and g must be present to establish a diagnosis of ABMR (3).
While the prototypic presentation of ABMR includes both MVI
and circulating anti-HLA DSAs (HLA-DSAs), the observation of
histological features of ABMR in the absence of detectable HLA-
DSAs remains puzzling to the transplant physician, and in 2019,
Senev and colleagues introduced the term ABMRh to
characterize patients with histological features of ABMR in the
absence of HLA-DSAs (4). Despite the development of
increasingly specific and sensitive assays, many studies have
shown that circulating HLA-DSAs are often absent in
recipients who nevertheless present with ABMRh (4–10). It is
now assumed that 40-60% of patients with ABMR do not have
circulating HLA-DSAs (4, 6, 7). In addition, the clinical
phenotype could be different, since patients without HLA-
DSAs are associated with more transient histological lesions
and improved overall graft survival compared to HLA-DSA-
positive patients (4, 11). However, several reports also
demonstrated that allograft biopsies with MVI in the absence
of HLA-DSA might exhibit unusual frequency of vasculitis
lesions, more severe vasculitis scores or even thrombotic
microangiopathy or interstitial hemorrhages, suggesting a
dramatic involvement of the vascular wall (8, 12–14). This
observation suggests that non-HLA-mediated pathogenic
mechanisms targeting graft endothelial cells might exhibit
particular phenotypes of vascular rejections with severe
endothelial/vascular injury.

Taken together, these observations highlight the increasing
need for transplant physicians to identify the underlying
mechanisms of graft injury to ultimately improve ABMR
treatment and long-term graft outcome. In this review, we aim
to present basic knowledge and recent findings on the
mechanisms, effector cells and molecules involved in ABMR-
induced MVI. How anti-HLA and non-HLA-specific antibodies
trigger vascular injury, which mechanisms are required, and
consequently how these mechanisms influence kidney allograft
rejection are of great interest for better addressing biopsies
presenting criteria inconsistent with the Banff classification system.
HLA-DSA-DEPENDENT MVI

HLA-DSAs and ABMR
DSAs are defined as antibodies that recognize a “non-self”
peptide in the recipient graft. In transplantation, the current
dogma is that alloantigens expressed by the graft are recognized
by DSAs directed against class I and II HLA antigens (Figure 1).
HLA- can easily be fixed to major histocompatibility complex
(MHC) alloantigens expressed on the surface of endothelial cells
in the graft. The renal endothelium is particularly prone to injury
in kidney transplant recipients, as endothelial cells from the
transplant are directly exposed to the recipient’s immune system.
The presence of DSAs that react with the mismatched donor’s
Frontiers in Immunology | www.frontiersin.org 2
HLA type causes MVI, leading to ABMR and kidney graft failure
(15, 16).

As mentioned above, the detection of HLA-DSAs is essential
for diagnosing ABMR. The first technique for the detection of
HLA-DSAs in recipients prior to kidney transplantation was
introduced in the 1960s with complement-dependent
cytotoxicity (CDC) crossmatch (17). Since then, progressive
improvements in sensitivity have culminated in the HLA
antigen-coated fluorescence bead assay based on a Luminex
platform (Luminex single bead or SAB) (18). In the latter, an
extremely sensitive assay, the mean fluorescence intensity (MFI)
is used as a measure of the degree of saturation of total antigens
present on the beads bound by antibodies. This MFI is often used
as a surrogate marker for antibody titers. However, one current
challenge is the lack of consensus in defining an optimum MFI
cutoff to discriminate positive and negative values (18–22). In
addition, the MFI values of this cutoff depend on the Luminex
instrument and reagent kits, which are laboratory specific,
making ABMR diagnoses with circulating HLA-DSAs difficult
to compare among centers. In addition, accumulating evidence
suggests that MFI should not be considered a surrogate of
antibody titer, and several factors influencing the MFI value
have been identified. For example, interference mediated by the
activated complement components can cause false negative or
reduced MFI levels by competitively displacing the detection
antibodies (phenomenon also called prozone effect) (23, 24).
Serum dilution or serum treatment with reagents such as
ethylene-diamine-tetraacetic acid (EDTA) (25) can prevent this
effect but laboratory practices are once again not shared by all the
centers. Finally, substantiating these analytical issues, several
studies have found an increased risk of graft loss with high
titers of DSAs (26, 27), while other did not found any clear
association between MFI values and graft survival (28–30).
Finally, the causal relationship between circulating HLA-DSAs
and ABMRh has long been a matter of debate (31), but
accumulating evidence strongly supports the causality of HLA-
DSAs in ABMR (32).

Transplant recipients with pre-existing HLA-DSAs are at a
higher risk of ABMR than those without circulating DSAs (33–
36), but the posttransplant evolution of preformed HLA-DSAs
seems to be associated with long-term graft outcome. In a cohort
of 924 patients, Senev et al. showed that 52% of the patients with
pretransplant HLA-DSAs had resolution of these pre-existing
antibodies within the first 3 months posttransplant. The
persistence of pretransplant HLA-DSAs had a negative impact
on graft survival (36). The development of de novo HLA-DSAs
occurs in 10-40% of solid organ transplant recipients (37), and
the presence of these antibodies is strongly associated with
allograft injury and reduced graft survival (38–41). In a large
study of 771 kidney biopsy specimens, Aubert et al. showed that
the development of de novo HLA-DSAs was associated with an
increased incidence of chronic allograft injury. Graft biopsies of
patients with de novo HLA-DSAs were characterized by
increased expression of IFNg-inducible, NK cell-related, and T
cell-related transcripts compared to those of patients with ABMR
with pre-existing HLA-DSAs (42). These findings suggest
March 2022 | Volume 13 | Article 864730
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differences in the mechanisms that drive alloimmune injury
associated with pre-existing or de novo HLA-DSAs. However,
the strategies to manage de novo HLA-DSAs are identical to
those for managing pretransplant HLA-DSAs.

Antibody Producers: Memory B Cells
and T Follicular Helper (TFH) Cells
Circulating antibodies are produced constitutively by long-lived
plasma cells residing in the bone marrow and by circulating
specific memory B cells (mBCs) that rapidly differentiate into
antibody-secreting cells upon antigen reexposure (43). B cell
activation occurs in the secondary lymphoid organs, such as the
spleen and lymph nodes. Two signals are necessary for this
activation: recognition of the cognate antigen through the B-cell
receptor and engagement of CD40/CD40L with cognate TFH
cells (44). mBCs can be generated by T cell-dependent activation
through both the extrafollicular response and the germinal
center reaction (45). Much of the quantification of mBCs in
Frontiers in Immunology | www.frontiersin.org 3
transplant patients has focused on the total mBC population in
the peripheral blood, irrespective of mBC specificity. Although
phenotypic identification of mBCs is being increasingly refined, a
significant limitation of this approach is that it fails to assess the
frequency of donor‐reactive B cells, which are the clinically
relevant population. Thus, a number of approaches have been
developed to address this limitation; these strategies were
reviewed by Chong et al. (46).

Concerning the anti-HLA humoral response, Luque et al.
developed an HLA B cell enzyme-linked immunospot (ELISpot)
assay to monitor circulating donor-reactive mBCs after
transplantation. Markedly, 21 of 29 (72.4%) HLA-DSA-
negative patients with chronic ABMR had circulating donor-
reactive mBCs (6, 47). This finding assumes that mBCs can be
involved in ABMRh, even in the absence of circulating HLA-
DSAs at the time of biopsy, and that measuring mBCs and HLA-
DSAs may allow better discrimination of patients with ABMRh.
Moreover, in a longitudinal cohort of 90 nonsensitized patients
FIGURE 1 | Mechanisms potentially involved in microvascular inflammation. HLA-DSAs can cause microvascular damage through activation of the complement
system and recruitment of inflammatory cells such as NK cells and monocytes/macrophages via their crystallizable fragment (Fc) receptors, inducing antibody-
dependent cell cytotoxicity. Many non-HLA allo- and autoantibodies have also been identified as players in allograft rejection. The exact mechanisms involved
are still unclear but could be similar to those of HLA-DSA-associated processes. Recent studies have identified antibody-independent mechanisms involving the
key role of innate immune cells distinguishing between self and non-self, leading to an alloimmune response: NK cell activation can render these cells apt to
attack endothelial cells via a missing self-mechanism, while a SIRPa/CD47 mismatch between the donor and recipient can lead to monocyte allorecognition and
monocyte-driven graft injury.
March 2022 | Volume 13 | Article 864730
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with 6- and 24-month protocol biopsies, 1 of 5 patients with
subclinical ABMR were mBC positive but HLA-DSA negative at
6 months, as were 2 of 12 at 24 months (47). This study suggests
that independent of HLA-DSAs, interrogation of mBCs may
improve risk stratification.

As mentioned above, TFH cells are crucial in promoting
antibody production by B cells (48) and could also be involved
in allograft rejection. In the context of kidney transplantation,
recent reports have shown an association between circulating TFH
(cTFH) cell profiles and humoral alloreactivity (49, 50). Notably,
cTFH cells, i.e., CD4+CXCR5+ TFH-like cells, can predict HLA-
DSA formation after transplantation. Indeed, La Muraglia et al.
observed expansion and differentiation of donor-reactive
CD4+CXCR5+ cTFH cells following kidney transplantation using
murine transplant models. Expansion and differentiation
temporally correlated with germinal center alloreactivity and
preceded the generation of DSAs (51). Thus, monitoring cTFH
cells, more specifically, the activated CXCR5+PD1+ICOS+ cTFH
cell subset linked to antibody production, in transplant patients
may predict the development of ABMR (52–55). However, studies
addressing the potential role of cTFH cells in non-HLA antibody
production are still required.
NON-HLA ANTIBODY-DEPENDENT MVI

As mentioned above, ABMRh without detectable circulating
HLA-DSAs suggests the involvement of antibodies directed
against non-HLA antigens called minor histocompatibility
antigens. Despite the fact that the presence of these antibodies
is now increasingly accepted (56–61), the real issue is whether
these antibodies can cause endothelial damage on their own or
whether they are biomarkers of previous/ongoing injury (62).
Two categories of non-HLA antibodies have been identified.
Alloantibodies are directed against polymorphic antigens, which
differ between the donor and the recipient, and autoantibodies
are antibodies that recognize self-antigens (Figure 1). Many
antigens have been identified, including angiotensin II type 1
receptor (AT1R), endothelin receptor type A (ETAR), perlecan
(LG3), intercellular adhesion molecule 4 (ICAM4), endoglin,
EGF-like repeats and discoidin I-like domains 3 (EDIL3), and
protein kinase Cz. Excellent reviews detailing the current
knowledge on non-HLA antibodies in transplantation have
already been published (60, 63–66). Here, to investigate the
distribution of non-HLA antigen expression in the kidneys, we
performed single-cell analysis of previously published human
single-cell data (Figures 2A, B) from two ABMR biopsies and
four healthy references corresponding to transplant surveillance
biopsies as previously described (67). We focused on the main
studied antibodies and discuss new large-scale studies in the field
of non-HLA antibodies.

MHC Class I-Related Antibodies
Major histocompatibility class I-related chain A (MICA) and
chain B (MICB) are alloantibodies among the most polymorphic
non-HLA antigens, with more than 200 MICA and MICB alleles.
Frontiers in Immunology | www.frontiersin.org 4
These antigens, especially MICA, have been extensively studied
in kidney transplantation (Figure 1). MICA expression was
previously found on endothelial cells, epithelial cells,
fibroblasts, dendritic cells, monocytes and keratinocytes. In the
kidneys, we observed MICA expression mainly in intercalated
cells (ICs), peritubular (PT) cells and activated endothelial cells.
In contrast,MICB was mainly expressed in immune cells and the
endothelium but not in the epithelium (Figure 2C). MICA acts
as a ligand for NK cell group 2 (NKG-2D), activating receptors
on natural killer (NK) cells, gd T cells and CD8+ ab T cells,
thereby mediating innate cellular cytotoxicity (69). MICA-
specific antibodies can also activate complement, resulting in
antibody-dependent cellular cytotoxicity (ADCC), which causes
injury through adaptive immunity. They can be a result of prior
transplantation, pregnancy, or transfusions, as for HLA-
DSAs (70).

Whether MICA-specific antibodies are pathogenic in kidney
transplantation is still controversial, and evidence showing that
MICA allele mismatching between the donor and recipient
affects ABMRh and long-term graft outcome through the
development of donor-specific MICA antibodies still needs to
be produced. Filippone et al. recently described the current
knowledge from studies considering the effects of pre- and
posttransplantation MICA-specific antibodies on kidney
transplant outcome (66).

G-Protein-Coupled Receptors
AT1R is probably the most studied antigen that acts as a target of
non-HLA antibodies. AT1R is a G-protein-coupled receptor
encoded by AGTR1 that binds to angiotensin II, leading to
hypertension, vasoconstriction and vascular smooth muscle
migration and proliferation (71). At the single-cell
transcriptomic level, we found that AGTR1 was mainly
expressed in vascular smooth muscle and pericytes (vSMp), as
expected. In 2005, Dragun et al. first reported elevated levels of
AT1R-specific antibodies in transplant recipients with severe
steroid-resistant vascular rejection and malignant hypertension
in the absence of HLA-DSAs (72). In that study, among the
recipients without DSAs, 16 tested positive for anti-AT1R
antibodies and presented vascular injury and hypertension.
Notably, graft biopsy samples from AT1R-positive patients did
not show evidence of complement deposition. Several studies
have since confirmed these results and showed correlations
between anti-AT1R antibodies and an increased incidence of
ABMRh and decreased graft survival. The reader is referred to a
recent review by Zhang and Reed for more details about these
studies (60).

These antibodies may be present at the time of transplantation
or develop de novo after transplantation. In 2013, Taniguchi et al.
studied the presence of pre- and posttransplantation AT1R-
specific antibodies in 351 kidney transplant recipients using a
cutoff value of 15 U/ml. The patients who were positive for anti-
AT1R antibodies before transplantation (9.9%) but became
negative after transplantation did not show an impact on graft
survival. However, 48% of the patients with anti-AT1R antibodies
before and after transplantation and 64% of the patients who
developed de novo anti-AT1R antibodies suffered graft loss (73).
March 2022 | Volume 13 | Article 864730
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Interestingly, the patients who had both anti-AT1R antibodies and
HLA-DSAs exhibited poorer graft survival than those with HLA-
DSAs alone, suggesting a synergistic effect for these two types of
antibodies. Nevertheless, the clinical significance of these
antibodies is still controversial. A possible explanation could be
found in the interpretation of data with an appropriate cutoff for
positivity. Indeed, most studies use a cutoff of 10 U/ml or 17 U/ml,
but there is no consensus among centers (74).

More recently, several teams have investigated the potential
role of anti-AT1R antibodies in the absence of HLA-DSAs.
Frontiers in Immunology | www.frontiersin.org 5
In 2018, Min et al. studied 359 kidney transplant recipients
and found that MVI was the most common histological feature
of allograft failure in patients with pretransplant anti-AT1R
antibodies. Among these patients, six were MVI positive, HLA-
DSA negative, and C4d negative but developed allograft failure
(75). One year later, Lefaucheur et al. measured HLA-DSAs and
anti-AT1R antibodies in 1845 kidney transplant recipients at the
time of rejection and at 1 year posttransplant. Among 77 HLA-
DSA-negative ABMRh patients, 51 (66%) had anti-AT1R
antibodies. These patients had a higher prevalence of
A

B

C

FIGURE 2 | Kidney distribution of non-HLA antigens at the transcriptional level. Previously published human single-cell data from two ABMR biopsies and four
healthy references corresponding to transplant surveillance biopsies were used. The associated raw counts or matrices were downloaded from the Gene Expression
Omnibus (GEO; GSE145927, https://www.ncbi.nlm.nih.gov/geo) and Kidney Precision Medicine Project (https://atlas.kpmp.org/repository). The analysis was
performed as previously published (67, 68). (A) UMAP dimensionality reduction for the different cell type clusters identified by scRNA-seq analysis. The number of
cells in each cluster and the location of the cell population in the kidneys are provided. (B) Dot plot showing selected cell marker gene expression (dot color scale)
and the within-cluster detection rate (dot size). (C) Heatmap showing the average expression of the indicated non-HLA antigens across the cell clusters.
March 2022 | Volume 13 | Article 864730
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hypertension, more vascular rejection with arterial inflammation
and higher levels of endothelium-associated transcripts than
those with HLA-DSAs (12). Once again, they had no C4d
deposition, suggesting that complement-independent
mechanisms contributed to graft injury.

ETAR is another G-protein-coupled receptor identified as an
endothelial antigen. It is encoded by the gene EDNRA, which is
also mainly expressed in vSMp. The phenotype of anti-ETAR
antibody-related transplant injury has not yet been precisely
defined. However, a prospective study evaluated the presence of
anti-ETAR antibodies in 116 consecutive kidney transplant
recipients through pre- and posttransplant screening. They
found ETAR-specific antibodies in 55 (47%) of the recipients
before transplantation. The presence of anti-ETAR antibodies
was associated with worse renal transplant function during the
first 12 months after transplantation (76).

In transplant contexts, AT1R- and ETAR-specific antibodies
could play a role in liver, heart and lung transplantation (61). AT1R
and ETARwere also found in nontransplant patients and associated
with cardiovascular disease, preeclampsia, cancer and autoimmune
disease (77). They are therefore considered autoantibodies,
recognizing self-antigens, rather than alloantibodies (Figure 1).

Perlecan/LG3
Perlecan is a proteoglycan found within the vascular basement
membrane and thus not a surface endothelial antigen per se. It
is encoded by the HSPG2 gene, which is mainly expressed by
vasa recta endothelial cells (ECs-vr) and PT cells (Figure 2C).
The third laminin-like globular (LG3) fragment of
endorepellin – the C-terminal domain of perlecan – is
produced via proteolysis in apoptotic endothelial cells (78).
Extracellular matrix remodeling via proteolysis, which is
associated with the release of cryptic extracellular fragments,
is a consequence of membrane degradation (79). LG3 acts as a
neoantigen, promoting the production of anti-LG3 antibodies
(13, 14). In kidney transplantation, patients with acute
vascular rejection were found to have elevated anti-LG3
titers pre- and posttransplantation compared to patients with
acute tubulointerstitial rejection or stable graft function.
Elevated pretransplant anti-LG3 antibody and pretransplant
HLA-DSA levels were both independently associated with
acute vascular rejection (13). Of note, anti-LG3 antibodies,
which are preformed and persist after transplantation, were
associated with chronic lung allograft dysfunction in lung
transplant recipients (80). Even if the role of LG3-specific
antibodies is increasingly associated with graft failure, the
exact underlying mechanisms are still largely unknown.
Larger prospective cohort studies need to be performed to
better understand the role of these autoantibodies.

Other Potential Non-HLA Candidates
In addition to the non-HLA antigens cited above, we explored
the expression of several other non-HLA antigens suspected or
known to be targeted by antibodies linked to allograft rejection,
allowing us to study the gene expression of 33 antigens. Among
these antigens, AGRN (81), AGT (82), PECR (83), LIMS1 (84),
ENG (85), PPIA (86), VIM (87), CENPB, TRIM21 and SSB (88)
Frontiers in Immunology | www.frontiersin.org 6
may have roles in kidney transplant rejection. Interestingly,
CENPB is broadly expressed in renal cells but not in immune
cells. In addition, VIM, ENG, TRIM21 and PPIA are highly
expressed in activated kidney endothelium, whereas AGT,
AGRN, PECR, LIMS1 and SSB seem to be more highly
expressed in the epithelium (Figure 2C). HNRNPK (89),
LMNA (90) and ENO1 (91) encode antigens targeted by
antibodies in heart rejection. They are expressed in the
epithelium and activated endothelial cells. Pathogenic anti-
TUBA1B antibodies (92) were also described in lung rejection.
In the kidneys, this antigen is mainly found in lymphoid cells,
but limited expression in endothelial cells has also been detected.
Regarding PTPRN (93), which is involved in pancreas rejection,
and AURKA (94), which is involved in skin graft rejection, their
expression in the kidneys is weak and mainly occurs in
immune cells.

Some of these antigens, such as FLRT2 (95), IFIH1 (96) and
GDNF (87), have been implicated in other diseases and both are
highly expressed in the endothelium and vSMp in the kidneys
(Figure 2), but the link with transplantation needs to be
confirmed. Autoantigens corresponding to collagen I to V can
also influence the outcome of kidney and lung transplantation
(97–99), and their expression is high in cortical endothelial
cells (Figure 2C).

Development of New Assays to Identify
Non-HLA Antibodies
In recent decades, many antigens have been identified as
potential mediators of allograft rejection not only in kidney
transplantat ion but a l so in hear t , lung and l iver
transplantation. We recommend the review by Kardol-
Hoefnagel and Otten, which provides an overview of non-HLA
antibodies and their clinical impact on solid organ
transplantation (61). What we should remember is that non-
HLA antibodies are organ dependent and that each kind of
antibody may have a different mechanism of action. To create
new solutions for detecting and evaluating the relevance of non-
HLA antibodies, a multiplex assay for the detection of antibodies
against 14 non-HLA antigens using single-antigen beads
evaluated on a Luminex scanner was developed (100). Senev
et al. used this assay to investigate 13 of 14 pretransplant non-
HLA antibodies and their associations with ABMRh and kidney
allograft failure. Of the selected non-HLA antibodies, only the
antibodies against ARHGDIB were associated with graft failure,
and they synergized with HLA-DSAs (101).

Through a nationwide survey, we identified a highly selected
cohort of 38 kidney transplant recipients with homogeneous
clinical and pathological presentation of early acute rejection
with MVI but no HLA-DSAs. A cellular test was developed to
assess non-HLA anti-endothelial cell antibodies. To this end, we
developed an in vitro assay in which the seroreactivity of serum
samples collected on Day 0 was analyzed using the CiGEnC
human microvascular glomerular endothelial cell line as the
target cells. As CiGEnC cells express class I and class II HLA
antigens, this analysis was restricted to ABMRh patients, stable
kidney transplant recipients and healthy volunteers with no
circulating anti-HLA antibodies to avoid any HLA-dependent
March 2022 | Volume 13 | Article 864730
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cell reactivity. The seroreactivity against CiGEnC cells was
significantly increased with ABMRh serum, whereas limited
reactivity was observed with serum from healthy volunteers or
stable kidney transplant recipients (8). We subsequently applied
a CRISPR/Cas9 strategy to delete both the B2M and CIITA genes
by a nonhomologous end-joining pathway to obtain
CiGEnCDHLA cells that can be used to specifically detect non-
HLA antibodies even in patients with circulating anti-HLA
antibodies. CiGEnCDHLA cells allowed us to develop a non-
HLA antibody detection immunoassay (NHADIA). The
evaluation of the NHADIA in an unselected cohort of 389
kidney transplant recipients revealed that preformed non-HLA
antibodies were increased in the patients who had undergone
previous kidney transplantation, supporting the role of
allosensitization to minor histocompatibility antigens. The
pretransplant NHADIA value correlated with MVI lesions on
the kidney graft at 3 months and 12 months and was associated
with the risk of developing ABMRh (102).

Genome-Wide Analysis to Refine Non-HLA
Antibody Identification
Over the last decade, several groups have used a genome-wide
approach to identify relevant non-HLA mismatches with a
significant association with graft outcome. Mesnard et al. were
the first to quantify genome-wide mismatches outside the HLA
region. They performed exome sequencing of DNA from 53
kidney transplant recipients and their living donors and
estimated all possible cell-surface antigen mismatches for a given
donor/recipient pair by computing the number of amino acid
mismatches in transmembrane proteins (103). They found a
significant effect on the estimated glomerular filtration rate
(eGFR) that was independent of HLA-A, HLA-B, DR matching,
donor age, and time posttransplantation. Subsequently, Pineda
et al. performed whole-exome sequencing with 28 kidney
transplant donor/recipient pairs, among whom half developed
ABMR. They found a significantly higher number of
mismatched non-HLA variants in the pairs with ABMR and
identified a set of 123 variants associated with the risk of ABMR
(104). More recently, Reindl-Schwaighofer et al. genotyped 477
pairs of deceased donors and first kidney transplant recipients with
stable graft function at three months. They analyzed 59268
nonsynonymous single-nucleotide polymorphisms (nsSNPs)
affecting a transmembrane or secreted protein, avoiding the
MHC locus, and found a median of 1892 mismatches between
donors and recipients (105). The degree of nsSNP mismatch was
independently associated with graft loss in a multivariable model
adjusted for HLA serotype and eplet mismatch. Reindl-
Schwaighofer et al. also designed customized peptide arrays that
contained both self and non-self peptides (666 peptides) for
analysis of 25 patients with a biopsy showing chronic ABMR.
They were able to highlight 16 non-HLA antibodies targeting
genetically predicted nsSNPs in membrane-associated proteins.

In the Go-CAR patient cohort, Zhang et al. analyzed genome-
wide array data, excluding the HLA region, for 385 donor/
recipient pairs to study the roles of donor/recipient differences
in serial histology and allograft survival. They estimated the
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ancestry and proportion of genome-shared identity-by-descent
(pIBD) in each donor/recipient pair. In donor/recipient pairs
with similar ancestry, pIBD was significantly associated with
allograft survival independent of HLA mismatching in 224
transplants. Moreover, pIBD was inversely correlated with
early vascular intima fibrosis and allograft survival (106).
Although rich in valuable information, none of these studies
were focused on ABMRh.

Kidney Endothelium Heterogeneity:
The Answer to the Diversity Among
Non-HLA Profiles?
Another challenge for non-HLA antibody identification and
evaluation of functional consequences is that the phenotype of
endothelial cells appears to be extremely heterogeneous
depending on the organ and even within individual organs.
Chi et al. showed that endothelial cells from different blood
vessels or anatomical sites had distinct expression patterns that
could play a role in the local physiology or in response to
pathology (107). Single-cell RNA sequencing (scRNA-seq) of
>40,000 mouse renal endothelial cells highlighted the extensive
heterogeneity of these cells, with the identification of 24
(including eight novel) renal endothelial cell phenotypes
between and within the cortex, glomeruli, and medulla (108).
Knowing that the kidney allograft endothelium is prone to
exposure to various injurious stimuli and ischemia–reperfusion
injury that disturb the homeostatic function of the endothelium,
we can assume that the development of standardized assays to
identify non-HLA antibodies applicable in all circumstances is
highly challenging. For example, in the study by Delville et al.,
the IgG reactivity of serum samples from kidney transplant
recipients with ABMRh was restricted to glomerular
endothelial cells, with no reactivity to primary cultures of
human macrovascular endothelial cells or human renal
epithelial cells used as targets (8).

The importance of kidney endothelium heterogeneity with
respect to the risk of developing non-HLA antibodies was
investigated by Li et al., who conducted an integrative genomic
analysis of serological responses to non-HLA targets after renal
transplantation. They measured posttransplant antibody
responses with serum samples from 18 pediatric kidney
transplant recipients. Non-HLA responses, including anti-
MICA antibodies, were detected against kidney compartment-
specific antigens, with the highest posttransplant recognition for
renal pelvis- and cortex-specific antigens (109). This study
provides an anatomic roadmap of the most likely non-HLA
antigens that can generate serological responses after kidney
transplantation. However, the correlation with the risk of kidney
allograft rejection has to be studied.

All the available data suggest that non-HLA antibodies may
play a major role in kidney allograft rejection, as well as in solid
organ transplantation in general. Even if their presence is now
undeniable, the real challenge is to know whether these
antibodies play a role on their own, alone or in a synergistic
way with HLA-DSAs, or constitute an epiphenomenon with no
pathological effect per se (110). In addition, the frequency of non-
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HLA antibodies in healthy population is not well documented,
and a proportion of healthy individuals could have a significant
proportion of such antibodies. As an example, Hönger et al. have
shown positive levels of anti-AT1R (>17 U/ml) and anti-LG3
(optical density ratio >1) in 19% and 58% healthy controls
respectively. Moreover, they found higher anti-AT1R
antibodies levels in male controls, compared to women
controls (111). As discussed above, these results bring up the
question of defining a universal and clinically relevant cut-off for
non-HLA antibodies, allowing the discrimination of pathogenic
antibodies, possibly depending on gender, age, or other
unidentified determinants. Finally, it is still unclear whether a
single non-HLA antibody can have a significant impact on graft
outcome or whether a combination of several non-HLA
antibodies is needed, perhaps with a set of specific antibodies
for each individual, therefore requiring potential full sequencing
of every donor/recipient pair (105). One approach may be to
develop assays allowing us to detect the burden of non-HLA
antibody binding to target cells, as we did with our
NHADIA (102).
MECHANISMS INVOLVED IN ANTIBODY-
MEDIATED MVI

As mentioned above, HLA-DSAs can cause microvascular
damage through activation of endothelial cells in the graft, and
these cells are directly exposed to the recipient’s immune system.
This injury involves activation of the complement system (112)
and recruitment of inflammatory cells such as NK cells via their
crystallizable fragment (Fc) receptors, inducing ADCC (113).

Complement-Dependent Cytotoxicity
and ABMRh
It is now widely accepted that the binding of HLA-DSAs to the
graft vasculature, depending on the titer and the heavy chain
isotype of the pathogenic antibody, can trigger the classical
complement pathway (114, 115). As a marker of local classical
complement pathway activation, positive C4d staining in the
peritubular capillaries during ABMR has constituted a major
criterion of ABMR in previous Banff classifications and is now
considered a surrogate criterion for HLA-DSAs (116) when
circulating antibodies cannot be identified.

The complement system includes more than 40 proteins,
including membrane-bound and soluble proteins, which can act
as receptors and regulatory proteins (117). The complement
system is activated in the allograft through three distinct
pathways: the classical pathway, the lectin pathway, and the
alternative pathway. Classical pathway activation is initiated
when plasma C1q binds to the Fc segments of IgG and IgM
(also called HLA-DSAs). Although these three pathways are
engaged by distinct molecular mechanisms, all of them lead to
the cleavage of the C3 protein, generating the C3a and C3b
fragments (118). Two recent studies have demonstrated that in a
nonhuman primate model, C3 complement inhibition can
prevent antibody-mediated injury and improve transplant
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outcomes (119, 120). Ultimately, full complement cascade
activation leads to the cleavage of C5, generating the soluble
C5a and C5b fragments. Finally, C5b-9 (or the membrane attack
complex) forms pores through the outer membrane of
endothelial cells and can cause cellular activation, signaling
and cell lysis (118).

The presence of C4d in the peritubular capillaries reflects the
activation of complement following an antibody-endothelium
interaction (Figure 1). This link between complement and
rejection was confirmed by Feucht et al., who identified the
complement cleavage product C4d in transplant biopsies,
involving the classical complement pathway in acute and
chronic rejection (121, 122). However, several lines of evidence
suggest the involvement of complement-independent
mechanisms in these types of lesions (32). Although positive
C4d staining strengthens the likelihood of a pathogenic role for
DSAs, C4d can also be found in the absence of detectable DSAs
(123). Conversely, true C4d-negative ABMR can occur in the
context of HLA-DSAs (7, 123, 124). An elegant study by Koenig
and colleagues compared graft survival among four groups based
on the presence of MVI, DSAs and C3d. Interestingly, they found
equivalent graft survival between the MVI+DSA+C3d- and MVI
+DSA- groups. Moreover, the graft survival of these two groups
was better than that of the MVI+DSA+C3d+ group but
significantly worse than that of the MVI-DSA- group,
suggesting a deleterious impact of MVI on graft survival (7).
Finally, in HLA-DSA-negative ABMRh, C4d deposition is also
often absent, suggesting once again that complement-
independent mechanisms of injury may be involved (56).

ADCC and ABMRh
Injury to the graft endothelium can also be induced by another
mechanism, ADCC. ADCC is initiated by the binding of an
antibody (including an HLA-DSA) to its antigenic target by its
Fab fragment, which allows the recruitment of effector cells
expressing FcgR and having cytolytic potential, such as NK cells,
monocytes, macrophages and neutrophils (125) (Figure 1). FcgRs
are divided into three classes, FcgRI, FcgRII and FcgRIII,
corresponding to CD64, CD32 and CD16, respectively, and
different forms of the receptors FcgRI, FcgRII (FcgRIIA, FcgRIIB
and FcgRIIC), and FcgRIII (FcgRIIIA and FcgRIIIB) have been
described (126). Flow cytometry and surface plasmon resonance
studies have demonstrated the differences in affinity and avidity
among the 3 types of FcgRs with respect to IgG subclasses, with
FcgRI presenting the strongest affinity for IgG (127, 128).

CD32 receptors preferentially bind IgG1 and IgG3 and exhibit
lower affinity for IgG2 and IgG4 (129). CD32A, CD32B and
CD32C are encoded by three genes located at 1q23: FCGR2A,
FCGR2B and FCGR2C, respectively. The CD32A gene is known to
contain a functional polymorphism that affects receptor affinity
and impacts innate immune cell functions, such as cytokine
production (130, 131). Interestingly, the impact of the FCGR2A
polymorphism in kidney transplantation is still unclear: although
several studies failed to associate it with chronic rejection (132,
133), Yuan et al. showed that the FCGR2A polymorphism might
be a risk factor for acute kidney graft failure (134). CD32B is
highly expressed on the surface of B cells, basophils, approximately
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20% of monocytes and 4% of neutrophils but also in a very small
fraction of NK cells (135, 136). A SNP has been identified in the
FCGR2B gene and is associated with receptor dysfunction (137).
Of note, in two cohorts including Caucasian and African kidney
transplant recipients, Clatworthy et al. found no effects of the
FCGR2B polymorphism on acute rejection rates, graft function at
1 year, or 10-year transplant or patient survival (138). Structurally,
the extracellular and transmembrane domains of CD32C are
identical to those of CD32B. CD32C therefore shares the
binding specificity of CD32B and induces an activating signal
through the signaling pathway of a receptor with an ITAM-like
motif identical to that of CD32A (139, 140). CD32C is able to bind
complexed human IgG1, IgG3 and IgG4 (127). It is expressed on
the surface of NK cells, monocytes/macrophages and neutrophils
(126). This receptor has a polymorphism that creates a stop codon,
explaining its absence on the surface of NK cells in 50 to 60% of
donors (141, 142).

The FcgR type 3 receptor (CD16) exists in two isoforms in
humans: FcgRIIIA (CD16A) and FcgRIIIB (CD16B). CD16A and
CD16B are encoded by two very homologous genes, and the
extracellular region sequences are 96% identical (143). FCGR3A
expression is reported in monocytes, NK cells, and a fraction of
ab (144) and gd T cells (145), as well as in macrophages and
certain dendritic cells. In contrast, CD16B expression is limited
to polynuclear neutrophils and basophils (146). The FCGR3A
gene exhibits two polymorphisms that modulate the affinity for
IgG (147–149). The relevance of one of these polymorphisms in
chronic ABMR was assessed. Eighty-five HLA-DSA+ kidney
allograft recipients who were recruited upon antibody
screening of 741 prevalent patients were genotyped, and the
patients with high-affinity polymorphic CD16A showed a higher
rate of ptc in protocol biopsies. In parallel, there was a trend
toward increased myeloid-associated transcripts in these patients
(132). Interestingly, a very recent study using scRNA-seq
analysis of kidney transplant patients reported that FCGR3A
was highly expressed by graft-infiltrating monocytes during
ABMR (150), suggesting that these monocytes can play a
pathogenic role during rejection by infiltrating the graft and
performing ADCC subsequent to DSA fixation.

Altogether, these data suggest an important role for immune
cells armed with Fc receptors. Despite the important findings for
FcR polymorphisms and their clear involvement in solid organ
rejection, no assessment has yet been translated into clinical
diagnostic parameters. Moreover, it is unknown whether non-
HLA antibodies can trigger microvascular damage through a
mechanism such as ADCC, regardless of whether FcR
polymorphisms are involved. Wide mechanistic studies are
needed to understand how non-HLA antibodies can exert a
deleterious effect on the graft endothelium.
HETEROGENEITY OF INFILTRATING
IMMUNE CELLS DURING ABMRH

Little is known about the exact composition of immune cell
infiltrates in the kidney allograft in patients with TCMR or
Frontiers in Immunology | www.frontiersin.org 9
ABMR. In a recent study from our laboratory (151), T
lymphocytes and macrophages represented the 2 major
populations during rejection, either TCMR or ABMR, whereas
NK cells represented a very small proportion of the total
inflammatory burden. Even if the proportions of NK cells and
macrophages are quite similar between TCMR and ABMR, these
populations of cells appear to be compartment specific within the
nephron. Indeed, macrophage and NK cell counts were found to
be significantly higher in the peritubular capillaries during
ABMR than during TCMR (151, 152). However, no study has
compared the composition of the infiltrates during ABMR with
HLA-DSAs to that during ABMR without HLA-DSAs.
Interestingly, in our study, in a small cohort of 20 patients
with ABMR, including 4 lacking HLA-DSAs, the frequencies of
NK cells, macrophages and T cells were very similar between
patients with ABMR with or without HLA-DSAs (151). To
provide a larger-scale study, we assessed the proportions of
macrophages, B cells, T cells, and NK cells using multiplex
immunofluorescence as previously published (151) with
automated quantification of CD68-, CD20-, CD3- and NKp46-
positive cells in a cohort of 15 HLA-DSA+ ABMR and 19 HLA-
DSA- ABMR patients (Figure 3). We found important
heterogeneity in the inflammatory burden during kidney
allograft rejection, in either the presence or absence of HLA-
DSAs, and very similar proportions of macrophages, B cells, T
cells, and NK cells were found in the biopsies with or without
circulating HLA-DSAs (Figures 3A, B). NK cells and B cells were
the least represented cell types among all cell populations but still
exhibited high variability across the biopsies. The extravascular
density was higher in the HLA-DSA- ABMR group, with higher
densities of macrophages and T cells, than in the HLA-DSA+
ABMR group (Figure 3C), which was also correlated with higher
total inflammation and tubulitis scores according to the
Banff classification.

These findings confirm that the composition of the
inflammatory burden during ABMR, with or without
circulating HLA-DSAs, is much more complex than previously
thought, exhibiting high variability among individuals, and may
not be useful for characterizing the mechanisms involved.
ANTIBODY-INDEPENDENT MVI

Antibodies directed against donor-derived antigens cause
inflammation in the microvascular endothelium, an undeniable
marker of ABMR. MVI is characterized by local activation of the
complement system and accumulation of innate and adaptive
immune cells within the capillaries. A traditional view in
transplantation is that adaptive immune cells (i.e., T and B
lymphocytes) and specialized surface-expressed proteins
encoded by genes within the MHC complex (also known as
the HLA complex) are necessary and sufficient for allograft
rejection. However, the vascular injury in an allograft in the
effector phase of rejection is probably far more complex and
could involve many other cell types, as suggested by our results
(Figure 3), thereby complicating the current view of allograft
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rejection. Unlike the knowledge on B and T cells, little is known
about how innate immune cells participate in the allograft
response. Perhaps slightly naively, transplant physicians have
long considered that most innate cells do not respond directly to
allotransplants but are instead recruited by activated T cells
during the process of graft destruction. However, several teams
have recently reported evidence of a direct role for innate cells in
allograft rejection. NK cells and monocytes/macrophages are
able to distinguish between self and non-self and trigger an
alloimmune response (153). Recruitment of these cells in
response to nonspecific “danger” signals from various causes
(for example, ischemia–reperfusion after organ transplantation)
could elicit inflammation associated with tissue injury.

NK Cell-Mediated Rejection
The current doctrine is that MVI triggered by an antibody
response against an alloantigen is the main cause of graft
failure. Among innate immune cells, populations expressing
the Fc receptor family (CD16, CD32 or CD64), which makes
them able to recognize any antibody, are considered potential
effectors in ABMR. NK cells are cytotoxic lymphocytes
expressing the surface markers CD56 and CD16. Depending
on their expression patterns, these cells can have strong cytotoxic
Frontiers in Immunology | www.frontiersin.org 10
(CD56dim CD16bright) or regulatory (CD56bright CD16dim)
properties. In the indirect recognition mechanism called
ADCC, the expression of CD16 by NK cells is increased, which
enables antibody-coated target cell detection (154). Sablik et al.
reported an increase in CD16 expression on circulating NK cells
in recipients with active chronic ABMR compared to matched
recipients without ABMR (155). In line with these findings,
certain groups reported that the density of NK cells was
significantly higher in patients presenting ABMR than in
patients without rejection or with TCMR (151, 156).

The activity of NK cells is controlled by the complex interplay
between activating and inhibitory receptors that mainly belong
to either the C-type lectin-like receptor (CLR) superfamily or the
killer immunoglobulin receptor (KIR) family. KIR receptors
recognize HLA class I molecules and can be either activating
or inhibitory. Inhibitory KIRs play an important role in the
maturation of NK cells by mediating their “education”, making
the cells ready to attack cells not expressing the corresponding
ligand, a mechanism called “missing self”. This education is
necessary to prevent NK cells from becoming autoreactive and
depleting their cytotoxic granules, as is the case when malignant
or virally infected cells downregulate surface HLA class I
expression. In the case of transplantation, if donor endothelial
A

B

C

FIGURE 3 | Important heterogeneity of infiltrated immune cells in kidney allografts with microvascular inflammation. (A) Relative fractions of CD68+ cells, CD3+ cells,
CD20+ cells, and NKp46+ cells for each case of antibody-mediated rejection without (left) or with (right) circulating anti-HLA donor-specific antibodies (HLA-DSAs).
(B) Representative image of multiplex immunofluorescence staining showing macrophages (purple), T cells (blue), B cells (yellow), and NK cells (orange) in a case of
HLA-DSA- ABMR (left; Case #7) or HLA-DSA+ ABMR (right; Case #8). Endothelial cells are shown in green (CD34+) and identify peritubular capillaries. (C) Cellular
densities according to the detection of circulating HLA-DSAs in the extra- and intravascular compartments. HLA-DSA-negative ABMR samples display more
inflammatory cells (CD68+ and CD3+) in the extravascular compartment. Leukocyte densities are expressed as the number of cells per square millimeter (mm2), and
relative fractions are expressed as percentages (%). Statistical analyses were performed with Prism software version 9.3.1 (GraphPad Software). We compared the
means of 2 groups using the Mann–Whitney U test. Values are given as the mean ± SD. *P < .05.
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cells express an HLA I allotype that is unable to interact with a
KIR receptor expressed by the recipient’s NK cells, these
recipient NK cells would be likely to attack through the
missing self mechanism (157) (Figure 1).

It is well established that NK cells participate in the
microvascular inflammatory response in HLA-DSA-positive
ABMR (156, 158). The question is whether NK cells can
mediate MVI independent of any antibodies. Olivier
Thaunat ’s group showed that NK cells could induce
histological lesions independent of antibody mediation (7). In
a cohort of 129 kidney recipients with MVI on graft biopsy, no
antibodies were detected in approximately half of the
participants. Genetic analysis of the patients showed that
65.1% presented a genetically predicted mismatch between
donor class I HLA and recipient inhibitory killer cell
immunoglobulin-like (iKIR) receptors. Using both in vitro
models and transplantation of b2-microglobulin-deficient
hearts into wild-type mice, they demonstrated that NK cells
could allorecognize donor endothelial cells in the case of
recipient KIR/donor HLA mismatch and thus participate in
endothelial injury. Subsequently, the same group analyzed 135
HLA-DSA+MVI+ ABMR kidney transplant recipients. The 73
patients with complement-fixing DSAs identified by a positive
C3d binding assay result had a higher risk of transplant failure.
Within the C3d- group, the patients in whom missing self was
identified through donor/recipient genotyping exhibited worse
allograft survival. Furthermore, cocultures of human NK cells
and endothelial cells confirmed that missing self synergized
with DSAs to increase endothelial damage (159).

Despite all these emerging data, we can assume that NK cells
are not the only innate immune effectors involved in MVI
lesions, since some patients with MVI on graft biopsy but no
antibodies do not have a genetically predicted missing self
mismatch (7). Interestingly, the involvement of NK cells
during allograft rejection was first suggested by transcriptomic
analyses. Comparison of biopsies from DSA-negative versus
DSA-positive patients highlighted 132 differentially expressed
transcripts. Among them, 6 transcripts linked to NK cells were
found to have selectively higher expression (158). Very recently,
Callemeyn et al. confirmed these findings by analyzing
transcriptional changes in 56 biopsies from patients with
ABMRh. They found overexpression of transcripts mostly
related to IFNg-induced pathways and NK cell activation (9).
However, IFN-g signaling pathways are involved in the
transcriptional regulation and activation of many immune
cells, including NK cells, T cells, macrophages and dendritic
cells (160). Therefore, the IFNg-induced transcripts that are
considered markers of NK cell involvement may also be
expressed by other cell types (e.g., monocytes and T cells).
Moreover, it has been shown in a murine allograft model that
host macrophage depletion but not T cell, NK cell, neutrophil, or
complement depletion inhibits in vivo allocytotoxicity. Finally, as
shown by our results, macrophages are the most represented
population within the graft during ABMR (Figure 3). Together,
these studies also reveal the potential role of macrophages as
effectors in endothelial injury during ABMR.
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Emerging Data Reveal the Role of
Monocytes/Macrophages in Kidney
Transplantation
The role of recipient monocyte-derived macrophages
fol lowing ischemia–reperfusion injury and vascular
anastomosis is now well established (161, 162). Moreover, it
has been shown that activated macrophage infiltrates are
present during clinical rejection and could be responsible
for acute graft dysfunction (163). Monocytes circulate in the
blood, bone marrow, and spleen, composing between 2% and
10% of all leukocytes in the human body. Their main role
under normal conditions is to replenish resident macrophages
in tissues, but they can differentiate into inflammatory
dendritic cells or macrophages during inflammation and
migrate into tissues in response to “danger” signals (164). In
a target tissue, monocytes and their macrophage progeny
serve four main functions in the immune system. These are
phagocytosis, antigen presentation, cytokine production and
killing of infected host cells via ADCC. In transplantation, in
vitro and in vivo experiments have shown that alloantibody-
dependent a l lograf t re ject ion is mediated by host
macrophages through FcgRs and reactive oxygen species
(ROS)-related cytotoxic effector mechanisms (165). In
biopsies of kidney allografts, CD68 and CD163 are two
main markers used to follow the presence of tissue-resident
macrophages and monocyte-derived macrophages (151, 152,
166). The density of CD68+ macrophages in early surveillance
kidney allograft biopsies has been shown to be a significant
predictor of al lograft dysfunction four years after
transplantation (167). Increased CD68+ macrophage
infiltration was shown to be significantly elevated in both
ABMR and TCMR but not in kidneys with established
interstitial fibrosis and tubular atrophy. Biopsies with
ABMR showed mainly peritubular infiltration, whereas
those with TCMR were correlated with CD68+ cells in the
peritubular and perivascular compartments, suggesting
compartment-specific infiltration and proliferation of these
cells (152). We also found a significant and equivalent
proportion of CD163+ macrophages in both ABMR and
TCMR biopsies compared to normal biopsies. However, the
macrophage density in the glomerular and peritubular
capillaries was significantly higher during ABMR (151). In a
cohort of 52 ABMR cases, the number of CD68+ macrophages
in the capillaries and interstitium was correlated with the
HLA-DSAMFI and associated with allograft loss at the time of
ABMR diagnosis (168).

In murine transplant models, macrophages were shown to
be recruited by non-self determinants and to act as direct
effectors of rejection (169). Moreover, monocyte depletion was
shown to prevent loss of the renal microvasculature in a
murine model of acute kidney rejection (170). In a murine
heterotopic cardiac transplant system known to develop
cardiac allograft vasculopathy, macrophage depletion led to
a 70% reduction in lesions compared to mock treatment (171).
In terms of mechanism, monocytes were shown to be able to
d i s t ingu i sh se l f and non-se l f a l logene ic ant igens
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independently of NK and T cell-dependent alloresponses (172,
173). More importantly, recent data from Lakkis’s group
highlighted this allorecognition driven by monocytes.
Notably, in a murine Rag2-/-gc-/- model, which lacks T, B and
NK cells, the activation of monocytes infiltrating the graft was
mediated by binding of donor signal regulatory protein alpha
(SIRPa) to recipient CD47 in a manner independent of T, B,
and NK cells (Figure 1). By phylogenetic analysis, they
revealed that donor SIRPa polymorphism controlled the
host innate alloresponse by modulating the binding of
SIRPa to CD47. Allelic variation in donor SIRPa could
cause greater CD47/SIRPa binding, resulting in CD47
signaling and increased monocyte activation and dendritic
cell transformation. This binding strength makes monocytes
able to distinguish between self and allogeneic non-self (174).
Using a similar murine model established with Rag2-/-Il2rg-/-

mice, which lack B, T, NK and innate lymphoid cells, the same
team later showed that monocytes and macrophages acquired
memory specific to MHC-I antigens mediated by paired Ig-
like receptors (PIRs). Indeed, deletion of PIR-A in the
recipient or blocking of PIR-A binding blocked memory and
decreased the risks of kidney and heart rejection (175).
Altogether, these recent reports suggest a central role for
Frontiers in Immunology | www.frontiersin.org 12
monocyte/macrophage allorecognition in graft rejection and
monocyte-driven rejection (Figure 1).
CONCLUSION

Recent experimental and clinical research highlights the wide
diversity of mechanisms underlying MVI in the kidney allograft,
the prototypic histological lesion of the immune injury called
ABMR. Injury to graft endothelial cells can of course be triggered
by antibodies recognizing non-self HLA molecules, but a wide
diversity of non-HLA auto- and alloantibodies can also be
involved. In addition, nonantibody-mediated mechanisms of
graft endothelial cell injury, including NK cell-mediated
missing self and allorecognition by host monocytes, are being
identified (Figure 4). This complex interplay between antibody-
dependent and antibody-independent injuries and the
involvement of many effector cells exemplifies that a single
effector cannot induce a complete phenotype by itself and that
the immune response is far more complex than expected. Thus,
the ABMR spectrum should be viewed as the integration of many
synergistic mechanisms that can play roles in the allograft
rejection process. We believe that this underrecognized
FIGURE 4 | Diversity of mechanisms underlying microvascular inflammation in the kidney allograft. Diverse injuries to the kidney allograft can induce cell damage and
a pro-inflammatory environment that initiate diverse effector mechanisms including antibody production and recruitment of immune cells, both leading to allograft
lesions of ABMRh.
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diversity among pathogenic mechanisms largely explains the
relatively disappointing results for ABMR treatment in clinical
practice. Should we classify and treat ABMR according to the
major immunological process involved in the observed rejection?
Whether such an approach is feasible, it would require the
development of reliable and specific biomarkers to guide highly
tailored therapeutic strategies.
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7. Koenig A, Chen C, Marçais A, Barba T, Mathias V, Sicard A, et al. Missing
Self Triggers NK Cell-Mediated Chronic Vascular Rejection of Solid Organ
Transplants. Nat Commun (2019) 10(1):5350. doi: 10.1038/s41467-019-
13113-5

8. Delville M, Lamarthée B, Pagie S, See SB, Rabant M, Burger C, et al. Early
Acute Microvascular Kidney Transplant Rejection in the Absence of Anti-
HLA Antibodies Is Associated With Preformed IgG Antibodies Against
Diverse Glomerular Endothelial Cell Antigens. J Am Soc Nephrol (2019) 30
(4):692–709. doi: 10.1681/ASN.2018080868

9. Callemeyn J, Lerut E, de Loor H, Arijs I, Thaunat O, Koenig A, et al.
Transcriptional Changes in Kidney Allografts With Histology of Antibody-
Mediated Rejection Without Anti-HLA Donor-Specific Antibodies. J Am
Soc Nephrol (2020) 31(9):2168–83. doi: 10.1681/ASN.2020030306

10. van Loon, ELerut E, de Loor H, Kuypers D, Emonds MP, Anglicheau D, et al.
Antibody-Mediated Rejection With and Without Donor-Specific Anti-
Human Leucocyte Antigen Antibodies: Performance of the Peripheral
Blood 8-Gene Expression Assay. Nephrol Dial Transplant (2020) 35
(8):1328–37. doi: 10.1093/ndt/gfaa096

11. Senev A, Van Loon E, Lerut E, Callemeyn J, Coemans M, Van Sandt V, et al.
Risk Factors, Histopathological Features, and Graft Outcome of Transplant
Glomerulopathy in the Absence of Donor-Specific HLA Antibodies. Kidney
Int (2021) 100(2):401–14. doi: 10.1016/j.kint.2021.01.029

12. Lefaucheur C, Viglietti D, Bouatou Y, Philippe A, Pievani D, Aubert O, et al.
Non-HLA Agonistic Anti-Angiotensin II Type 1 Receptor Antibodies
Induce a Distinctive Phenotype of Antibody-Mediated Rejection in Kidney
Transplant Recipients. Kidney Int (2019) 96(1):189–201. doi: 10.1016/
j.kint.2019.01.030
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Farkona S, et al. Increased Autoantibodies Against Ro/SS-A, CENP-B, and
La/SS-B in Patients With Kidney Allograft Antibody-Mediated Rejection.
Transplant Direct (2021) 7(10):e768. doi: 10.1097/TXD.0000000000001215
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111. Hönger G, Cardinal H, Dieudé M, Buser A, Hösli I, Dragun D, et al. Human
Pregnancy and Generation of Anti-Angiotensin Receptor and Anti-Perlecan
Antibodies. Transpl Int (2014) 27(5):467–74. doi: 10.1111/tri.12282

112. Stegall M, Chedid M, Cornell L. The Role of Complement in Antibody-
Mediated Rejection in Kidney Transplantation. Nat Rev Nephrol (2012) 8
(11):670–8. doi: 10.1038/nrneph.2012.212

113. Akiyoshi T, Hirohashi T, Alessandrini A, Chase CM, Farkash EA, Neal Smith
R, et al. Role of Complement and NK Cells in Antibody Mediated Rejection.
Hum Immunol (2012) 73(12):1226–32. doi: 10.1016/j.humimm.2012.07.330
Frontiers in Immunology | www.frontiersin.org 16
114. Sicard A, Ducreux S, Rabeyrin M, Couzi L, McGregor B, Badet L, et al.
Detection of C3d-Binding Donor-Specific Anti-HLA Antibodies at
Diagnosis of Humoral Rejection Predicts Renal Graft Loss. J Am Soc
Nephrol (2015) 26(2):457–67. doi: 10.1681/ASN.2013101144

115. Lefaucheur C, Viglietti D, Bentlejewski C, Duong van Huyen JP, Vernerey D,
Aubert O, et al. IgG Donor-Specific Anti-Human HLA Antibody Subclasses
and Kidney Allograft Antibody-Mediated Injury. J Am Soc Nephrol (2016) 27
(1):293–304. doi: 10.1681/ASN.2014111120

116. Haas M. Evolving Criteria for the Diagnosis of Antibody-Mediated Rejection
in Renal Allografts. Curr Opin Nephrol Hypertens (2018) 27(3):137–43. doi:
10.1097/MNH.0000000000000398

117. Merle N, Noe R, Halbwachs-Mecarelli L, Fremeaux-Bacchi V, Roumenina L.
Complement System Part II: Role in Immunity. Front Immunol (2015) 6:1–
26. doi: 10.3389/fimmu.2015.00257

118. Grafals M, Thurman J. The Role of Complement in Organ Transplantation.
Front Immunol (2019) 10. doi: 10.3389/fimmu.2019.02380

119. Eerhart M, Reyes J, Blanton C, Danobeitia JS, Chlebeck PJ, Zitur LJ, et al.
Complement Blockade in Recipients Prevents Delayed Graft Function and
Delays Antibody-Mediated Rejection in a Nonhuman Primate Model of
Kidney Transplantation. Transplantation (2022) 106(1):60–71. doi: 10.1097/
TP.0000000000003754

120. Schmitz R, Fitch Z, Schroder P, Danobeitia JS, Chlebeck PJ, Zitur LJ, et al. C3
Complement Inhibition Prevents Antibody-Mediated Rejection and
Prolongs Renal Allograft Survival in Sensitized Non-Human Primates. Nat
Commun (2021) 12(1):1–11. doi: 10.1038/s41467-021-25745-7

121. Feucht H, Felber E, Goker M, Hillebrand G, Nattermann U, Brockmeyer C,
et al. Vascular Deposition of Complement-Split Products in Kidney
Allografts With Cell-Mediated Rejection. Clin Exp Immunol (1991) 86
(3):464–70. doi: 10.1111/j.1365-2249.1991.tb02954.x

122. Feucht H, Schneeberger H, Hillebrand G, Burkhardt K, Weiss M,
Riethmüller G, et al. Capillary Deposition of C4d Complement Fragment
and Early Renal Graft Loss. Kidney Int (1993) 43(6):1333–8. doi: 10.1038/
ki.1993.187

123. Filippone E, Farber J. The Specificity of Acute and Chronic Microvascular
Alterations in Renal Allografts. Clin Transplant (2013) 27(6):790–8. doi:
10.1111/ctr.12258

124. Guidicelli G, Guerville F, Lepreux S, Lepreux S, Wiebe C, Thaunat O, Dubois
V, et al. Non-Complement-Binding De Novo Donor-Specific Anti-HLA
Antibodies and Kidney Allograft Survival. J Am Soc Nephrol (2016) 27
(2):615–25. doi: 10.1681/ASN.2014040326

125. Nimmerjahn F, Ravetch J. Antibody-Mediated Modulation of Immune
Responses. Immunol Rev (2010) 236:265–75. doi: 10.1111/j.1600-
065X.2010.00910.x

126. Bruhns P. Properties of Mouse and Human IgG Receptors and Their
Contribution to Disease Models. Blood (2012) 119(24):5640–9. doi:
10.1182/blood-2012-01-380121

127. Bruhns P, Iannascoli B, England P, Mancardi DA, Fernandez N, Jorieux S,
et al. Specificity and Affinity of Human Fcg Receptors and Their
Polymorphic Variants for Human IgG Subclasses. Blood (2009) 113
(16):3716–25. doi: 10.1182/blood-2008-09-179754

128. Koene H, Kleijer M, Roos D, De Haas M, Von Dem Borne AGK. Fcgriiib
Gene Duplication: Evidence for Presence and Expression of Three Distinct
Fcgriiib Genes in NA(1+,2+)SH(+) Individuals. Blood (1998) 91(2):673–9.
doi: 10.1182/blood.V91.2.673.673_673_679

129. Gessner J, Heiken H, Tamm A, Schmidt R. The IgG Fc Receptor Family. Ann
Hematol (1998) 76(6):231–48. doi: 10.1007/s002770050396

130. Salmon J, Edberg J, Brogle N, Kimberly R. Allelic Polymorphisms of Human
Fcg Receptor IIA and Fcg Receptor IIIB: Independent Mechanisms for
Differences in Human Phagocyte Function. J Clin Invest (1992) 89
(4):1274–81. doi: 10.1172/JCI115712

131. Valenzuela N, Trinh K, Mulder A, Morrison S, Reed E. Monocyte
Recruitment by HLA IgG-Activated Endothelium: The Relationship
Between IgG Subclass and Fcgriia Polymorphisms. Am J Transpl (2015) 15
(6):1502–18. doi: 10.1111/ajt.13174

132. Arnold M, Kainz A, Hidalgo L, Eskandary F, Kozakowski N, Wahrmann M,
et al. Functional Fc Gamma Receptor Gene Polymorphisms and Donor-
Specific Antibody-Triggered Microcirculation Inflammation. Am J
Transplant (2018) 18(9):2261–73. doi: 10.1111/ajt.14710
March 2022 | Volume 13 | Article 864730

https://doi.org/10.1111/ajt.12592
https://doi.org/10.1097/01.ASN.0000077345.81206.00
https://doi.org/10.1111/j.1365-2249.2011.04486.x
https://doi.org/10.3389/fimmu.2018.03002
https://doi.org/10.1097/TP.0000000000003005
https://doi.org/10.1681/ASN.2021050689
https://doi.org/10.1681/ASN.2021050689
https://doi.org/10.1371/journal.pcbi.1005088
https://doi.org/10.3389/fimmu.2017.01687
https://doi.org/10.1016/S0140-6736(18)32473-5
https://doi.org/10.1016/S0140-6736(18)32473-5
https://doi.org/10.1016/j.kint.2020.04.039
https://doi.org/10.1073/pnas.1434429100
https://doi.org/10.1073/pnas.1434429100
https://doi.org/10.1681/ASN.2019080832
https://doi.org/10.1073/pnas.0900563106
https://doi.org/10.1038/nrneph.2013.221
https://doi.org/10.1111/tri.12282
https://doi.org/10.1038/nrneph.2012.212
https://doi.org/10.1016/j.humimm.2012.07.330
https://doi.org/10.1681/ASN.2013101144
https://doi.org/10.1681/ASN.2014111120
https://doi.org/10.1097/MNH.0000000000000398
https://doi.org/10.3389/fimmu.2015.00257
https://doi.org/10.3389/fimmu.2019.02380
https://doi.org/10.1097/TP.0000000000003754
https://doi.org/10.1097/TP.0000000000003754
https://doi.org/10.1038/s41467-021-25745-7
https://doi.org/10.1111/j.1365-2249.1991.tb02954.x
https://doi.org/10.1038/ki.1993.187
https://doi.org/10.1038/ki.1993.187
https://doi.org/10.1111/ctr.12258
https://doi.org/10.1681/ASN.2014040326
https://doi.org/10.1111/j.1600-065X.2010.00910.x
https://doi.org/10.1111/j.1600-065X.2010.00910.x
https://doi.org/10.1182/blood-2012-01-380121
https://doi.org/10.1182/blood-2008-09-179754
https://doi.org/10.1182/blood.V91.2.673.673_673_679
https://doi.org/10.1007/s002770050396
https://doi.org/10.1172/JCI115712
https://doi.org/10.1111/ajt.13174
https://doi.org/10.1111/ajt.14710
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lebraud et al. MVI of the Renal Allograft
133. Pawlik A, Florczak M, Bak L, Dabrowska-Zamojcin E, Rozanski J, Domanski
L, et al. The Fcgriia Polymorphism in Patients With Chronic Kidney Graft
Rejection. Transplant Proc (2004) 36(5):1311–3. doi: 10.1016/
j.transproceed.2004.05.076

134. Yuan F, Watson N, Sullivan J, Biffin S, Moses J, Geczy AF, et al. Association
of Fc Gamma Receptor IIA Polymorphisms With Acute Renal-Allograft
Rejection. Transplantation (2004) 78(5):766–9. doi: 10.1097/
01.TP.0000132560.77496.CB
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144. Clémenceau B, Vivien R, Berthomé M, Robillard N, Garand R, Gallot G, et al.
Effector Mmmory ab T Lymphocytes can Express Fcgriiia and Mediate
Antibody-Dependent Cellular Cytotoxicity. J Immunol (2008) 180(8):5327–
34. doi: 10.4049/jimmunol.180.8.5327

145. Lafont V, Liautard J, Liautard J, Favero J. Production of TNF-a by Human
Vg9vd2 T Cells via Engagement of Fcgriiia, the Low Affinity Type 3 Receptor
for the Fc Portion of IgG, Expressed Upon TCR Activation by Nonpeptidic
Antigen. J Immunol (2001) 166(12):7190–9. doi: 10.4049/jimmunol.
166.12.7190

146. Meknache N, Jönsson F, Laurent J, Guinnepain M, Daëron M. Human
Basophils Express the Glycosylphosphatidylinositol-Anchored Low-Affinity
IgG Receptor Fcgriiib (CD16B). J Immunol (2009) 182(4):2542–50. doi:
10.4049/jimmunol.0801665

147. Dall’Ozzo S, Tartas S, Paintaud G, Cartron G, Colombat P, Bardos P, et al.
Rituximab-Dependent Cytotoxicity by Natural Killer Cells: Influence of
FCGR3A Polymorphism on the Concentration-Effect Relationship. Cancer
Res (2004) 64(13):4664–9. doi: 10.1158/0008-5472.CAN-03-2862

148. Gatault P, Lajoie L, Stojanova J, Halimi JM, Caillard S, Moyrand S, et al. The
Fcgriiia-158 VV Genotype Increased the Risk of Post-Transplant
Lymphoproliferative Disorder in T-Cell-Depleted Kidney Transplant
Recipients – A Retrospective Study. Transpl Int (2020) 33(8):936–47. doi:
10.1111/tri.13624
Frontiers in Immunology | www.frontiersin.org 17
149. de Haas M, Koene H, Kleijer M, de Vries E, Simsek S, van Tol MJ, et al. A
Triallelic Fc Gamma Receptor Type IIIA Polymorphism Influences the
Binding of Human IgG by NK Cell Fc Gamma RIIIa. J Immunol (1996)
156(8):2948–55.

150. Malone A, Wu H, Fronick C, Fulton R, Gaut J, Humphreys B.
Harnessing Expressed Single Nucleotide Variation and Single Cell
RNA Sequencing to Define Immune Cell Chimerism in the Rejecting
Kidney Transplant. J Am Soc Nephrol (2020) 31(9):1977–86. doi:
10.1681/ASN.2020030326

151. Calvani J, Terada M, Lesaffre C, Eloudzeri M, Lamarthée B, Burger C, et al.
In Situ Multiplex Immunofluorescence Analysis of the Inflammatory
Burden in Kidney Allograft Rejection: A New Tool to Characterize the
Alloimmune Response. Am J Transplant (2020) 20(4):942–53. doi:
10.1111/ajt.15699

152. Bergler T, Jung B, Bourier F, Kühne L, Banas MC, Rümmele P, et al.
Infiltration of Macrophages Correlates With Severity of Allograft Rejection
and Outcome in Human Kidney Transplantation. PloS One (2016) 11(6):1–
14. doi: 10.1371/journal.pone.0156900

153. Callemeyn J, Lamarthée B, Koenig A, Koshy P, Thaunat O, Naesens M.
Allorecognition and the Spectrum of Kidney Transplant Rejection. Kidney
Int (2021) S0085-2538(21):01143–1. doi: 10.1016/j.kint.2021.11.029

154. Grudzien M, Rapak A. Effect of Natural Compounds on NK Cell Activation.
J Immunol Res (2018) 2018:4868417. doi: 10.1155/2018/4868417

155. Sablik K, Litjens NHR, Klepper M, Betjes MGH. Increased CD16 Expression
on NK Cells is Indicative of Antibody-Dependent Cell-Mediated
Cytotoxicity in Chronic-Active Antibody-Mediated Rejection. Transpl
Immunol (2019) 54:52–8. doi: 10.1016/j.trim.2019.02.005

156. Yazdani S, Callemeyn J, Gazut S, Lerut E, de Loor H, Wevers M, et al. Natural
Killer Cell Infiltration is Discriminative for Antibody-Mediated Rejection
and Predicts Outcome After Kidney Transplantation. Kidney Int (2019) 95
(1):188–98. doi: 10.1016/j.kint.2018.08.027

157. O’Neill M, Hidalgo L. NK Cells in Antibody-Mediated Rejection – Key
Effector Cells in Microvascular Graft Damage. Int J Immunogenet (2021) 48
(2):110–9. doi: 10.1111/iji.12532

158. Hidalgo LG, Sis B, Sellares J, Campbell PM, Mengel M, Einecke G, et al. NK
Cell Transcripts and NK Cells in Kidney Biopsies From Patients With
Donor-Specific Antibodies: Evidence for NK Cell Involvement in Antibody-
Mediated Rejection. Am J Transplant (2010) 10(8):1812–22. doi: 10.1111/
j.1600-6143.2010.03201.x

159. Koenig A, Mezaache S, Callemeyn J, Barba T, Mathias V, Sicard A, et al.
Missing Self-Induced Activation of NK Cells Combines With non-
Complement-Fixing Donor-Specific Antibodies to Accelerate Kidney
Transplant Loss in Chronic Antibody-Mediated Rejection. J Am Soc
Nephrol (2021) 32(2):479–94. doi: 10.1681/ASN.2020040433

160. Green D, Young H, Valencia J. Current Prospects of Type II Interferon g
Signaling & Autoimmunity. J Biol Chem (2017) 292(34):13925–33. doi:
10.1074/jbc.R116.774745

161. Grandaliano G, Gesualdo L, Ranieri E, Monno R, Stallone G, Schena F.
Monocyte Chemotactic Peptide-1 Expression and Monocyte Infiltration in
Acute Renal Transplant Rejection. Transplantation (1997) 63(3):414–20. doi:
10.1097/00007890-199702150-00015

162. Isenberg J, Roberts D. The Role of CD47 in Pathogenesis and Treatment of
Renal Ischemia Reperfusion Injury. Pediatr Nephrol (2019) 34(12):2479–94.
doi: 10.1007/s00467-018-4123-z

163. Grimm P, McKenna R, Nickerson P, Russell ME, Gough J, Gospodarek E,
et al. Clinical Rejection is Distinguished From Subclinical Rejection by
Increased Infiltration by a Population of Activated Macrophages. J Am Soc
Nephrol (1999) 10(7):1582–9. doi: 10.1681/ASN.V1071582

164. Geissmann F, Manz M, Jung S, Sieweke M, Merad M, Ley K. Development of
Monocytes, Macrophages, and Dendritic Cells. Sci (80-) (2010) 327
(5966):656–61. doi: 10.1126/science.1178331

165. Zimmerer J, Liu X, Blaszczak A, Avila CL, Pham TA, Warren RT, et al.
Critical Role of Macrophage Fcgr Signaling and ROS in Alloantibody-
Mediated Hepatocyte Rejection. J Immunol (2018) 201(12):3731–40. doi:
10.4049/jimmunol.1800333

166. Sablik K, Jordanova E, Pocorni N, Clahsen-van Groningen M, Betjes MGH.
Immune Cell Infiltrate in Chronic-Active Antibody-Mediated Rejection.
Front Immunol (2020) 10:1–8. doi: 10.3389/fimmu.2019.03106
March 2022 | Volume 13 | Article 864730

https://doi.org/10.1016/j.transproceed.2004.05.076
https://doi.org/10.1016/j.transproceed.2004.05.076
https://doi.org/10.1097/01.TP.0000132560.77496.CB
https://doi.org/10.1097/01.TP.0000132560.77496.CB
https://doi.org/10.1189/jlb.0608343
https://doi.org/10.1111/j.1365-2567.2007.02588.x
https://doi.org/10.1038/nm1288
https://doi.org/10.1111/cei.12553
https://doi.org/10.1182/blood.V85.8.2202.bloodjournal8582202
https://doi.org/10.1182/blood.V85.8.2202.bloodjournal8582202
https://doi.org/10.1093/intimm/5.3.239
https://doi.org/10.1002/(SICI)1521-4141(199909)29:09%3C2842::AID-IMMU2842%3E3.0.CO;2-5
https://doi.org/10.1002/(SICI)1521-4141(199909)29:09%3C2842::AID-IMMU2842%3E3.0.CO;2-5
https://doi.org/10.4049/jimmunol.1003945
https://doi.org/10.4049/jimmunol.1003945
https://doi.org/10.1084/jem.170.2.481
https://doi.org/10.4049/jimmunol.180.8.5327
https://doi.org/10.4049/jimmunol.166.12.7190
https://doi.org/10.4049/jimmunol.166.12.7190
https://doi.org/10.4049/jimmunol.0801665
https://doi.org/10.1158/0008-5472.CAN-03-2862
https://doi.org/10.1111/tri.13624
https://doi.org/10.1681/ASN.2020030326
https://doi.org/10.1111/ajt.15699
https://doi.org/10.1371/journal.pone.0156900
https://doi.org/10.1016/j.kint.2021.11.029
https://doi.org/10.1155/2018/4868417
https://doi.org/10.1016/j.trim.2019.02.005
https://doi.org/10.1016/j.kint.2018.08.027
https://doi.org/10.1111/iji.12532
https://doi.org/10.1111/j.1600-6143.2010.03201.x
https://doi.org/10.1111/j.1600-6143.2010.03201.x
https://doi.org/10.1681/ASN.2020040433
https://doi.org/10.1074/jbc.R116.774745
https://doi.org/10.1097/00007890-199702150-00015
https://doi.org/10.1007/s00467-018-4123-z
https://doi.org/10.1681/ASN.V1071582
https://doi.org/10.1126/science.1178331
https://doi.org/10.4049/jimmunol.1800333
https://doi.org/10.3389/fimmu.2019.03106
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lebraud et al. MVI of the Renal Allograft
167. Bräsen J, Khalifa A, Schmitz J, Dai W, Einecke G, Schwarz A, et al.
Macrophage Density in Early Surveillance Biopsies Predicts Future Renal
Transplant Function. Kidney Int (2017) 92(2):479–89. doi: 10.1016/
j.kint.2017.01.029

168. Sicard A, Meas-Yedid V, Rabeyrin M, Koenig A, Ducreux S, Dijoud F, et al.
Computer-Assisted Topological Analysis of Renal Allograft Inflammation
Adds to Risk Evaluation at Diagnosis of Humoral Rejection. Kidney Int
(2017) 92(1):214–26. doi: 10.1016/j.kint.2017.01.011

169. Fox A, Mountford J, Braakhuis A, Harrison L. Innate and Adaptive Immune
Responses to Nonvascular Xenografts: Evidence That Macrophages are
Directe Effectors of Xenograft Rejection. J Immunol (2001) 166(3):2133–
40. doi: 10.4049/jimmunol.166.3.2133

170. Qi F, Adair A, Ferenbach D, Vass DG, Mylonas KJ, Kipari T, et al. Depletion
of Cells of Monocyte Lineage Prevents Loss of Renal Microvasculature in
Murine Kidney Transplantation. Transplantation (2008) 86(9):1267–74.
doi: 10.1097/TP.0B013E318188D433

171. Kitchens WH, Chase CM, Uehara S, Cornell LD, Colvin RB, Russell PS, et al.
Macrophage Depletion Suppresses Cardiac Allograft Vasculopathy in Mice.
Am J Transplant (2007) 7(12):2675–82. doi: 10.1111/j.1600-6143.2007.
01997.x

172. Zecher D, van Rooijen N, Rothstein D, Shlomchik W, Lakkis F. An Innate
Response to Allogeneic Nonself Mediated by Monocytes. J Immunol (2009)
183(12):7810–6. doi: 10.4049/jimmunol.0902194

173. Oberbarnscheidt M, Zeng Q, Li Q, Dai H, Williams AL, Shlomchik WD,
et al. Non-Self Recognition by Monocytes Initiates Allograft Rejection. J Clin
Invest (2014) 124(8):3579–89. doi: 10.1172/JCI74370
Frontiers in Immunology | www.frontiersin.org 18
174. Dai H, Friday A, Abou-Daya K, Williams AL, Mortin-Toth S, Nicotra ML,
et al. Donor Sirpa Polymorphism Modulates the Innate Immune Response
to Allogeneic Grafts. Sci Immunol (2017) 2(12):eaam6202. doi: 10.1126/
sciimmunol.aam6202

175. Dai H, Lan P, Zhao D, Abou-Daya K, Liu W, Chen W, et al. PIRs Mediate
Innate Myeloid Cell Memory to Nonself MHC Molecules. Science (80-)
(2020) 368(6495):1122–7. doi: 10.1126/science.aax4040
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Lebraud, Eloudzeri, Rabant, Lamartheé and Anglicheau. This is an
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