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C3 complement inhibition prevents antibody-
mediated rejection and prolongs renal allograft
survival in sensitized non-human primates
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Alton B. Farris 4, Edimara S. Reis5, John D. Lambris5, Jean Kwun 1,6✉ & Stuart J. Knechtle 1,6✉

Sensitized kidney transplant recipients experience high rates of antibody-mediated rejection

due to the presence of donor-specific antibodies and immunologic memory. Here we show

that transient peri-transplant treatment with the central complement component C3 inhibitor

Cp40 significantly prolongs median allograft survival in a sensitized nonhuman primate

model. Despite donor-specific antibody levels remaining high, fifty percent of Cp40-treated

primates maintain normal kidney function beyond the last day of treatment. Interestingly,

presence of antibodies of the IgM class associates with reduced median graft survival (8 vs.

40 days; p= 0.02). Cp40 does not alter lymphocyte depletion by rhesus-specific anti-thy-

mocyte globulin, but inhibits lymphocyte activation and proliferation, resulting in reduced

antibody-mediated injury and complement deposition. In summary, Cp40 prevents acute

antibody-mediated rejection and prolongs graft survival in primates, and inhibits T and B cell

activation and proliferation, suggesting an immunomodulatory effect beyond its direct impact

on antibody-mediated injury.
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Kidney transplantation is the treatment of choice for
patients with end-stage renal disease. Compared to dia-
lysis, it improves quality of life and reduces long-term

mortality and cost of care1–4. However, kidney transplant can-
didates who are sensitized to a wide variety of HLA antigens from
prior blood transfusions, pregnancies, or allograft failure have
greatly reduced chances of finding an HLA-compatible donor.
While the proportion of waitlisted candidates with calculated
panel-reactive antibody (cPRA) of 98–100% is declining since the
introduction of the new kidney allocation system in 2014, they
still represent a disproportionate 7.2% of the wait list in the most
recent OPTN/SRTR report5. Additionally, ~25% of candidates
have a cPRA between 20 and 98%5, and when transplanted these
recipients have higher rates of acute antibody-mediated rejection
(AMR) and shorter graft survival due to the presence of pre-
formed anti-HLA antibodies and immunologic memory6–9.

In order to overcome this immunologic barrier to transplan-
tation, strategies targeting donor-specific antibodies (DSA) of
sensitized recipients prior to transplantation have evolved to
enable HLA-incompatible transplantation10. Desensitization
regimens aim to decrease DSA through plasmapheresis or
immunoadsorption in combination with intravenous immu-
noglobulin (IVIg) infusions and depletion of B cells with
rituximab11. However, due to the inability to deplete bone
marrow–resident, terminally differentiated plasma cells as well as
memory B cells, these regimens are associated with AMR in up to
40% of patients, caused by a rebound of DSA after kidney
transplantation12. Therefore, effective desensitization remains
elusive for sensitized patients.

AMR is a clinical and histopathologic diagnosis based on
clinical allograft dysfunction reflected by a decline in eGFR,
histologic evidence of endothelial inflammation and associated
features, and the presence of DSA in blood13. The primary
mechanism by which DSAs cause AMR is through activation of
the complement cascade by complement-fixing antibodies14. The
complement-dependent cytotoxicity (CDC) crossmatch was for
decades the gold standard to assess donor/recipient compatibility
prior to transplantation15. In the 1990s Feucht et al. described the
association of rejection and the complement split product
C4d16,17, which was subsequently confirmed to be a biomarker of
AMR and added to the Banff criteria in the early 2000s18. Fur-
thermore, complement contributes directly to activation of both
the innate and adaptive immune systems as well as causing direct
damage to the allograft14,19.

Complement inhibition has been used in the field of trans-
plantation over the last decade to prevent acute AMR in patients
with high levels of complement-fixing DSA7. C1 inhibition has
been tested in multiple pilot studies in combination with
antibody-reducing regimens. C1 inhibition reduces ischemia-
reperfusion injury, may prevent early AMR by abrogating the
classical pathway activation mechanism20, and improves the
outcome of acute renal transplant AMR when combined with
plasmapheresis and/or IVIg21,22. Eculizumab, a monoclonal
antibody to C5, is directed at terminal complement pathways and
prevents the formation of the membrane attack complex (MAC),
and it has been used for the treatment of AMR in several solid
organ transplants, including kidney23, lung24, and intestine25. In
a trial that included 26 sensitized kidney transplant recipients,
eculizumab was given in combination with standard-of-care
antibody-reducing treatment prior to kidney transplantation.
Eculizumab prophylaxis was shown to reduce the rate of acute
rejection from 42.2 to 7.7% in the first 3 months after kidney
transplantation26.

The Cp40 family includes peptidic C3 inhibitors that act on
native C3 and prevent its activation. Cp40, originally discovered
in 1996, is a cyclic peptide that blocks convertase-mediated

activation of C3 by all pathways27–29. Cp40 has been tested
extensively in pre-clinical nonhuman primate (NHP) models to
investigate toxicology and pharmacokinetics and shows good
safety and a favorable pharmacokinetic profile. In vitro, Cp40 has
shown its ability to abrogate the detrimental thrombo-
inflammatory consequences of complement activation, as in
ex vivo porcine-to-human models of xenotransplantation and
xenoantibody-mediated complement cytotoxicity30–32. AMY-101,
a derivative of the compstatin family, was evaluated in the first-
in-human (FIH) clinical trial in healthy male volunteers, in which
AMY-101 was shown to be safe and well tolerated
(NCT03316521). Currently, AMY-101 is being evaluated to assess
its safety and efficacy in adults with gingivitis (NCT03694444)
and in acute respiratory distress syndrome (ARDS) due to
COVID-19 (NCT04395456).

Here we show that the complement inhibitor compstatin
(Cp40 or Cp40-KK, both referred to as Cp40), which targets the
central complement component C3, prevents acute AMR and
prolongs graft survival without the addition of antibody-reducing
desensitization treatment in a highly sensitized NHP model.

Results
Cp40 prevents early antibody-mediated rejection and sig-
nificantly prolongs graft survival in the presence of high levels
of donor-specific antibodies. Maximally MHC-mismatched
NHP pairs were sensitized to each other with two sequential
skin transplants. Five primates were assigned to the control group
and 6 primates enrolled in the treatment group. MHC genotyping
for all pairs is summarized in Supplementary Table 1. Data
related to control animals were partially reported previously33.
Successful sensitization was quantified by weekly flow cross-
match, shown in Supplementary Fig. 1A. Both groups were
equally sensitized with no significant difference in peak DSA
levels prior to kidney transplantation (Supplementary Fig. 1B).
All primates received induction therapy with rhesus-specific anti-
thymocyte globulin (rhATG). Maintenance immunosuppression
consisted of tacrolimus, mycophenolate mofetil (MMF), and
methylprednisolone. The treatment group was additionally trea-
ted with a 16-day course (Day-2 to Day-14) of Cp40, as shown in
Fig. 1A. We observed significant prolongation in graft survival
with the addition of Cp40, leading to a median graft survival of
15.5 days vs. 4 days (p= 0.0284, Fig. 1B).

All primates showed excellent kidney function on the first day
after transplant with a minimal rise in serum creatinine (sCr) and
blood urea nitrogen (BUN). There was no significant difference
between the groups on day 1. However, animals in the control
group showed significantly elevated sCr and BUN on day 4 after
kidney transplantation and met endpoint criteria, while Cp40-
treated animals maintained good graft function (Fig. 1C). We
observed no difference in the DSA levels between the two groups
postkidney transplantation at these early time points (Fig. 1C and
Supplementary Fig. 2A). sCr and BUN for all individual primates
throughout the study period are summarized in Supplementary
Fig. 3. Additionally, treatment with Cp40 was well tolerated
without any treatment-specific side effects. The primates
experienced no significant weight loss and were able to maintain
their nutritional needs, evident in serum albumin and total
protein levels (Supplementary Fig. 4A, B). The addition of Cp40
did not lead to clinically relevant cytomegalovirus (CMV)
reactivation, defined as >10,000 viral copy numbers, on daily
CMV prophylaxis (Supplementary Fig. 4C). Due to crosstalk
between complement and coagulation pathways, we evaluated
whether Cp40 treatment promoted coagulopathy. We did not
observe any significant impact on blood coagulation measurements,
including platelet count, clotting time, D-dimer, etc. (Fig. 1E).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25745-7

2 NATURE COMMUNICATIONS |         (2021) 12:5456 | https://doi.org/10.1038/s41467-021-25745-7 | www.nature.com/naturecommunications

Content courtesy of Springer Nature, terms of use apply. Rights reserved



All animals in the treatment group showed a significant
increase of DSA after kidney transplantation. Surprisingly,
elevated levels of DSA did not lead to immediate graft
dysfunction in a subset of animals. Instead, we observed a
prolonged period of normal graft function or accommodation
after the last administration of Cp40 despite high levels of
circulating DSA (Fig. 1D and Supplementary Fig. 2B). These data
demonstrate that peri-transplant Cp40 treatment promoted
prolonged graft survival without completely mitigating the post-
transplant humoral response.

Cp40 does not alter rhATG-dependent lymphocyte depletion
but inhibits lymphocyte activation and proliferation. We clo-
sely monitored the depletion and repopulation of immune cells
after kidney transplantation to evaluate possible interference
between rhATG and Cp40 since rhATG-mediated lymphocytic
depletion could depend on CDC. RhATG caused profound
lymphocyte depletion with mean absolute lymphocyte counts
(ALC) < 1 × 103 cells/µl after the first dose. No significant dif-
ference in ALC was observed between the control and treatment
groups. Post-transplant T and B cell populations were also

evaluated based on our gating strategy shown in Supplementary
Fig. 5. T cell populations, including CD4+ CD25+ FoxP3+ T
regulatory cells (Tregs) did not change significantly. We did,
however, observe a higher absolute number of CD20+ B cells in
the Cp40-treated group postkidney transplantation that reached
statistical significance 4 days after transplant (p < 0.05, Fig. 2A).
After completion of rhATG induction therapy, T cells immedi-
ately started repopulating with faster repopulation of CD8+

T cells compared to CD4+ T cells leading to a CD4/CD8 inver-
sion with prolonged and modest CD4 lymphopenia (Supple-
mentary Fig. 6A). We further analyzed the repopulation of T cell
subsets by memory and naive phenotype defined by CD28 and
CD95. Naive CD8+ T cells showed the most rapid repopulation
above baseline within 1 month. In contrast, CD4+ T cells fol-
lowed repopulation kinetics similar to naive and central memory
cells (Supplementary Fig. 6B). RhATG did not lead to significant
depletion of innate immune cells, but instead we observed
increased circulating level of neutrophils, monocytes, eosinophils,
and basophils in Cp40-treated animals (Supplementary Fig. 7).
Since complement fragments can impact T and B cell activation
and proliferation via complement receptors (e.g., C3aR and
C5aR), we further evaluated the lymphocyte profile. Primates
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Fig. 1 Cp40 prevents antibody-mediated rejection despite high levels of donor-specific antibodies. a A schematic representation of the experimental
design and immunosuppression regimen. b Kaplan–Meier curve of the graft survival of the control group (red, n= 5) and Cp40-treated group (blue, n= 6)
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treated with Cp40 showed less T and B cell proliferation, quan-
tified by Ki-67 staining on flow cytometry (Fig. 2B), as well as
lower frequency of activated CD69+ CD8+ T cells (Fig. 2C).
Furthermore, we measured inflammatory cytokines in the serum
after kidney transplantation and observed an early elevation of
interferon gamma (IFN-gamma), tumor necrosis factor alpha
(TNF-alpha), interleukin 6 (IL-6), and interleukin 18 (IL-18) that
were higher in the control group compared to Cp40-treated
primates (Fig. 2D). We did not observe any large changes in other
cytokines including IL-4 or IL-10 (Supplementary Fig. 8).

Cp40 prevents early antibody-mediated rejection and inhibits
complement deposition in the kidney allograft. Allografts from
control and Cp40-treated animals were evaluated at rejection or
at protocol biopsy by an experienced transplant pathologist
(A.B.F.) using hematoxylin and eosin (H&E), Periodic acid-Schiff
(PAS), and complement deposit staining (Fig. 3A). At the time of
graft failure, most animals in the control group had evidence of
AMR with a low score of acute cellular rejection (ACR). The
subset of primates in the treatment group that experienced early
graft failure while on Cp40 treatment (before post-transplant day
14) also showed characteristics of ACR and AMR (Fig. 3B, C).
However, in the subgroup of primates that had longer
graft survival and a period of accommodation, we did not see
any evidence of rejection on POD14 or POD28 protocol biop-
sies (Fig. 3 and Supplementary Fig. 9). C4d deposition was
not indicative of failure of complement inhibition or AMR
since C4 is upstream of C3 within the complement cascade.
Therefore, we evaluated C3 split product in the graft with

immunohistochemical staining for C3d. In the control group, we
were able to show C3d deposition within the kidney graft with
predominance in the glomeruli at rejection. One primate in the
control group had graft survival of 13 days. Staining of its kidney
allograft showed significantly more C3d deposition consistent
with a correlation between time and complement deposition
(Fig. 3B). Interestingly, the subgroup of animals that experienced
early graft failure in the Cp40 group had no significant intragraft
C3d deposition despite graft dysfunction and high levels of DSA
in the serum. However, after Cp40 was discontinued (POD14), all
primates ultimately experienced graft failure and at that time had
significant intragraft C3d deposition (Fig. 3B). This suggested that
Cp40 blocked the C3 down-stream activation in some animals as
reflected by prolonged graft survival.

Long-term functioning grafts showed downregulation of
complement-related genes. To evaluate the differential outcomes
within Cp40-treated animals (n= 6), we further divided the
treated group based on their rejection timing. Three animals
experienced graft failure under Cp40 treatment (early rejecters/
ER) while three animals had stable graft function beyond Day 14
(late rejecters/LR). We compared AMR injuries with g+ ptc score
in these groups. AMR scores were not significantly different
between control vs. treated animals, possibly due to the bimodal
nature of the treated group (Fig. 4). However, LR kidney histology
showed significantly lower AMR scores (Fig. 4A) with less
microcirculation inflammation compared to ER (Supplementary
Fig. 9A and Supplementary table 3). Interestingly, the level of
circulating post-transplant DSA levels/kinetics were not
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animals with prolonged graft survival in LR compared to ER. (The calculated p-values are adjusted using the Benjamini–Yekutieli method after the
regression analysis using a simplified negative binominal model or a log-linear model). d Top 25 genes significantly changed in LR compared to ER. e
Changes in complement system related genes in LR compared to ER. N number indicates biologically independent animals; NS indicates no statistical
significance.
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significantly different between ER and LR groups (Supplementary
Fig. 9B). Furthermore, circulating DSA levels significantly
increased over time without graft rejection (Fig. 4B). Therefore,
the alleviation of AMR is not due to a lowered level of DSA in LR
group. Even though we observed reduced C3a and C5a plasma
levels in CP40-treated animals, the plasma C3a/C5a levels were
not different between ER vs. LR. However, graft infiltrating
CD68+ macrophages were markedly reduced in LR (Supple-
mental Fig. 10). To investigate the difference at the molecular
level between the ER and LR groups that could conserve the
allograft with high DSA levels, we employed gene analysis using a
NanoString Platform. RNA samples were prepared from formalin
fixed paraffin embedded (FFPE) kidney allograft used for histo-
logical evaluation. Interestingly, the pathological difference
between the groups was also reflected in the hierarchical clus-
tering analysis. As shown in Supplementary Fig. 11, ER and LR
clustered separately and in LR showed that 25 out of 37 pathways
were down-modulated, including complement system genes.
Similarly, downregulated genes were observed in LR compared to
ER (Fig. 4C, D), and 9 out of 12 significantly changed genes
related to the complement system were downregulated (Fig. 4E).
These data suggest that Cp40 biological activity was clearly dif-
ferent between these two subgroups.

IgM donor-specific antibodies are associated with early graft
and treatment failure. To investigate reasons for the differential
outcome, we further analyzed ER and LR groups. As expected,
these two subgroups had a statistically significant difference in
graft survival with a median survival of 8 days vs. 40 days
(p= 0.0224, Fig. 5A). Both subgroups had excellent graft function
immediately after kidney transplantation with normal serum
creatinine levels. However, the ER group showed an early eleva-
tion in serum BUN that was significantly higher than the LR
group, suggesting early graft injury (Fig. 5B). Due to the increased
morbidity, we did not obtain protocol biopsies within the first
week after kidney transplantation to confirm this injury histolo-
gically. Both subgroups had good lymphocyte depletion after
administration of rhATG, and there was no significant difference
in the absolute number of T or B cells throughout the study
period (Fig. 5C). In contrast, we observed a higher number of
CD4+ CD25+ FoxP3+ Tregs in the LR group 7 days after
transplantation (p < 0.05, Fig. 5D), which may have contributed
to longer graft survival. Additionally, the LR group showed a
strong trend towards less T cell proliferation (p= 0.06) and sig-
nificantly less proliferation of B cells (p < 0.01, Fig. 5E). These
results are consistent with our observation in the control group
and suggest that the ER group had incomplete complement

Early Rejecter (n=3)
Late Rejecter (n=3)

b

Ki-67+ B Cells

%
 o

f C
D

20
+ 

C
el

ls

0 2 4 6 8
0

5

10

15
Serum Creatinine

Days Post-Transplant

m
g/

dL

0 2 4 6 8
0

50

100

150

Days Post-Transplant

m
g/

dL

Serum BUN

Early Rejecter
Late Rejecter

Absolute Lymphocyte Count

NS NS NS NS

c CD3+ T Cells

10
3 /µ

L

10
3 /µ

L

NS NS NS NS

CD20+ B Cells

NS NS NS NS

10
3 /µ

L

Graft Survival

0 10 20 30 40 50
0

20

40

60

80

100

Days Post-Transplant

Pe
rc

en
t S

ur
vi

va
l

p=0.0224

a

CD25+FoxP3+ Tregs

10
3 /µ

L

NS * NS p=0.07

d

0

2

4

6

8

10

0 1 4 7
Days Post-Transplant

0

2

4

6

0 1 4 7
Days Post-Transplant

0.0

0.5

1.0

1.5

2.0

2.5

0 1 4 7
Days Post-Transplant

0.00

0.02

0.04

0.06

0.08

0 1 4 7
Days Post-Transplant

0

10

20

30

40

50

60

%
 o

f C
D

3+
 C

el
ls

0 1 4 7
Days Post-Transplant

Ki-67+ T Cells

* p=0.07p=0.06

e

0

5

10

15

20

25

0 1 4 7
Days Post-Transplant

NS NS **p=0.05

**

*

Early Rejecter
Late Rejecter
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inhibition leading to stimulation of T and B cells through cir-
culating complement fragments. Since the differential level of
preformed antibody at the time of transplantation could impact
susceptibility to complement inhibition, we compared DSA levels
between the two subgroups. As shown in Fig. 6A, the level of IgG
DSA was similar between the two groups throughout the study
period and therefore did not explain the incomplete complement
inhibition. Since IgM has the highest potential to activate the
classical pathway of the complement cascade, we subsequently
measured the IgM DSA levels throughout the study period. The
ER group showed significantly higher levels of IgM DSA at the
time of transplant as well as postkidney transplantation with an
early rebound (Fig. 6A). This observation was specific for the level
of donor-specific IgM, as there was no difference in the total
serum IgM levels between the groups (Fig. 6B). The presence of
IgM DSA was associated with early AMR since we observed no
signs of AMR in the group of primates with low levels of IgM
DSA. To confirm the IgM-mediated treatment resistance in vitro,
10 additional primates were screened for serum IgM levels. IgM-
high and -low primates were tested for complement activation
using a well-established PF4/Heparin complex assay. As shown in
Fig. 6C, IgM levels were heterogeneous with a wide range of IgM
levels (from 392 to 1007 µg/ml) between individual primates.
Complement activation was quantified by measuring the C3c
concentration. We observed significantly more complement
activation in the IgM-high primate, which required higher
amounts of Cp40 for complete inhibition (p < 0.001, Fig. 6D)
consistent with our in vivo results and supporting the hypothesis
that the observed treatment failure is due to the presence of IgM
DSA, and that the amount of Cp40 used for this study was
inadequate to completely inhibit IgM-mediated activation.

Discussion
In this study, we modeled maximally HLA-incompatible, flow-
crossmatch positive kidney allotransplantation in a highly sensi-
tized NHP model. With this model we built an exceptionally high

immunologic barrier, leading to accelerated graft rejection in all
cases without desensitization. Despite this challenge, we were able
to show the ability of C3 complement inhibition to prevent acute
AMR. While complement inhibition had no effect on the rebound
of DSA after kidney transplantation, we observed less antibody-
mediated graft injury and a period of prolonged graft survival in a
subset of primates after discontinuation of the C3 inhibitor (Fig. 1).
Without interfering with coagulation, Cp40 also inhibited T and B
cells activation and proliferation in the lymphopenic environment,
highlighting the broad influence of complement inhibition on the
immune system beyond alleviating the detrimental effect of DSAs
(Figs. 1 and 2). C3 blockade promoted transient stable graft func-
tion in the presence of high levels of DSA (accommodation) in
some of animals. These responders (LR) showed more down-
regulation of immunological pathway-related genes, including
complement pathway, compared to the non-responders (ER)
(Fig. 4). This was also reflected in longer graft survival, better graft
function, and less T and B cell proliferation in animals who
responded to C3 blockade (Fig. 5). Surprisingly, retrospective ana-
lysis showed that elevated levels of preformed and rebound IgM
DSA highly correlated with resistance to C3 blockade in the AMR
model (Fig. 6). Finally, we showed that IgM-antigen interaction
could promote breakthrough activation of the complement cascade
under anti-C3 inhibition.

It is notable that animals treated with Cp40 showed a rapid B
cell anamnestic response; however, few animals maintained stable
graft function without AMR. No humoral injury in the presence
of DSA has been referred to as accommodation34,35. This phe-
nomenon has been shown more in ABO-incompatible kidney
transplants or in porcine xenografts in NHPs, with incompatible
carbohydrate antigens rather than transplantation with HLA-
incompatible transplantation36,37. Previously, a short course of
Yunnan-cobra venom factor, a potent anti-complement protein
which showed great efficacy to deplete circulating C3, promoted
accommodation, with graft survival of more than 1000 days in
conjunction with conventional immunosuppression (CsA, MMF,
and steroid) in a skin-sensitized NHP kidney transplant model38.
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These results are truly remarkable but have not been reproduced
since. Targeting C3, as the central component of all three com-
plement pathways, is a highly attractive strategy for therapeutic
complement inhibition with a conceptual benefit over C1 and C5
inhibition39. C1 esterase inhibition only blocks the classical
pathway of the complement cascade, and C5 inhibition, as a
terminal complement component, allows formation of upstream
complement fragments and their participation in activation of the
innate and adaptive immune system. The suppression of micro-
circulatory inflammation in the presence of preformed and
rebounding DSA suggests that the anti-C3 approach alleviates
pathogenesis of injury via antibody-dependent cellular cytotoxi-
city as well. However, even though these animals showed pro-
longed graft survival, they eventually developed AMR. It is
uncertain whether more prolonged targeting of C3 could prevent
such gradual development of AMR. Nevertheless, the current
study provides a proof of concept that targeting C3 can promote
tentative protection of the graft in the sensitized setting without
additional desensitization.

Our data also show that Cp40 impacts T cell and B cell acti-
vation and proliferation. This could be due to a lower serum
concentration of the anaphylatoxins C3a and C5a in the treat-
ment group. The influence of complement fragments on the
adaptive immune response and the evidence of C3a and C5a
receptors on lymphocytes has been described40,41. C3a and C5a
have direct effects on T cells through binding of their cognate
receptors (C3aR and C5aR) that include effector T cell expansion
as well as T cell longevity42,43. Anaphylatoxins can further pro-
vide costimulation for naive CD4+ T cells42. In the absence of
C3aR and/or C5aR signaling, T cell-dependent alloimmune
responses are dampened and deviated toward Th2 cells and
Tregs, instead of Th144–46. Additionally, we observed a dampened
pro-inflammatory response with lower levels of IFN-gamma,
TNF-alpha, and IL-18 in the Cp40-treated group. Since com-
plement split products, C3a and C5a, are potent chemo-attrac-
tants, they may recruit other cellular mediators of inflammation
and mediate tissue injury41,47. In accordance with this, the graft
infiltrating macrophages were greatly reduced in LR kidneys
compared to control and ER (Supplementary Fig. 9). However,
even though the systemic levels of C3a/C5a were reduced in
Cp40-treated animal, we did not observe any differences in
plasma C3a/C5a levels between ER and LR. It is possible that the
systemic plasma levels do not fully reflect the local concentration
of C3a/C5a in a graft. Therefore, we could not directly prove that
reduced levels of C3a and C5a are responsible for prolonged graft
survival in Cp40-treated animals with inhibited immune
responses. Most recently, the C3 inhibitor AMY-101 has been
successfully used as treatment for a case of severe COVID-
19–associated ARDS, perhaps by a similar mechanism48.

Even though Cp40 treatment showed biological activity, only
some animals fully responded to C3 blockade. We found that
preformed IgM confers resistance to Cp40 treatment. The clas-
sical pathway (CP) is initiated by plasma C1q binding to the Fc
segments of DSA that are bound to HLA antigens49. The relative
ability of human immunoglobulin to activate the CP is: IgM >
IgG3 > IgG1 > IgG2≫ IgG450. Secreted IgM complexes in human
serum form pentamer or hexamer structures and, when bound to
antigens, have the ability to present multiple binding sites for the
C1 complex51. Therefore, increased IgM against donor antigens
could initiate CP very efficiently. Consistent with this explana-
tion, growing clinical observations implicate IgM DSA in trans-
plant rejection. Everly et al. described the association of IgM DSA
and graft survival in a cohort of 179 primary renal allograft
recipients. The authors were able to show that not the presence of
IgM alone but the persistence of IgM with the concomitant
presence of IgG3 DSA was associated with significantly shorter

graft survival52. The presence of IgM alone, however, was asso-
ciated with higher grades of rejection. A smaller, single institution
analysis from the UK that included 92 HLA-incompatible
transplant recipients also showed an association between post-
transplant IgM levels and graft failure53. Importantly, in the
setting of sensitized patients undergoing positive crossmatch
transplantation, evidence of complement therapy resistance was
similarly observed in eculizumab-treated patients with elevated
IgM DSA. Three out of 26 patients experienced AMR within the
first month after kidney transplantation while on eculizumab
treatment, one of them being subclinical rejection. These 3
patients were all found to have elevated levels of IgM DSA while
only 1 out of 23 patients in the rejection-free group had detectable
levels of IgM DSA54. It is also notable that IgM-mediated AMR
was shown in highly sensitized patients treated with Imlifidase
(IdeS, IgG degrading enzyme) in the absence of circulating IgG
DSA55. Therefore, IgM DSA may be an independent mediator for
initiating AMR. We also show that not the total IgM level but the
level of IgM DSA correlates with the incidence of AMR and
failure of complement blockade. Furthermore, we were able to
show that treatment resistance in primates with high IgM levels
can be overcome with an increased dose of complement inhibitor.
This suggests that in our in vivo model, an increase in the Cp40
dose may have prolonged graft survival in the high IgM
DSA group.

The fact that high-IgM DSA primates experienced graft failure
while on Cp40 treatment highlights some of the limitations of this
study. All primates received 2 mg/kg Cp40 TID, which in retro-
spect might be insufficient for controlling the complement cas-
cade in a subset of primates with higher levels of IgM DSA. To
translate this regimen into the clinic, more research is required
with IgM flow-crossmatch–positive patients to better define the
balance between complement activation and inhibition. The goal
of this study was to demonstrate efficacy of Cp40 in a very
challenging immunologic scenario using serial fully MHC-
mismatched skin transplantation and kidney transplantation
from the same donor for sensitization. In our experiment, Cp40
treatment alone only achieved short-term protection against
AMR. However, similar to previous clinical observations with
terminal or proximal complement inhibitors, Cp40 does not
completely prevent AMR56,57. Since DSAs may continue to injure
the allograft despite complete inhibition of the complement sys-
tem, combined approaches with an Ab-reducing regimen and
complement inhibition may promote more stable long-term graft
survival in sensitized patients. However, it is also important to
note that such a combined approach could increase the risk of
infection since C3 has a central role in both opsonization and
lysis of infectious microorganisms (i.e. bacteria, virus, and
parasite)58–60. Therefore, in a human trial we envision comple-
ment inhibition being used as an adjunct to (pharmacological)
desensitization, and for such a protocol the optimal duration of
treatment and risk of infection needs to be defined more clearly.
Furthermore, the transient protection/accommodation after
complement inhibition could create a unique therapeutic window
for both desensitization and AMR treatment. This may facilitate
deceased donor kidney transplantation in sensitized recipients by
rapidly alleviating the impact of complement-associated AMR
injury while the benefit of Ab-reducing regimens takes more time.
While Cp40 has not been used in transplantation, a phase I
clinical trial has been successfully completed (NCT03316521) and
phase II trials are planned.

We have demonstrated the ability of isolated C3 complement
inhibition without an antibody-reducing regimen to increase graft
survival. The efficacy of Cp40 in mitigating early robust AMR is
especially attractive in the following two clinical scenarios: active
acute AMR and desensitization prior to deceased donor
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transplantation. While further investigations are warranted, we
believe that we have demonstrated the considerable potential of
C3 complement inhibition that justifies pursuing its translation
into clinical transplant applications.

Methods
Sensitized nonhuman primate kidney allotransplantation model. The study
animals, male rhesus macaques, were obtained from breeding colonies at Alpha
Genesis, Inc. (Yemassee, SC, USA). Maximally MHC class I and II mismatched
pairs of NHPs were sensitized to each other with two sequential full-thickness skin
transplants61. The two skin transplants were performed 8 weeks apart. Sixteen
weeks after the second skin transplant, allo-sensitized primate pairs underwent
swapping kidney transplantation with contralateral native nephrectomy as pre-
viously described62. Lymph node biopsies from the axillary and inguinal regions as
well as bone marrow biopsies from the iliac crest were performed prior to and
30 days post kidney transplantation. After kidney transplantation, primates were
sedated twice per week for physical examination and blood collections. The study
endpoint was defined as clinical evidence of acute AMR with worsening kidney
function (e.g. rising creatinine, reduced urine output, edema) refractory to
methylprednisolone rescue therapy. All animal care and procedures were con-
ducted in accordance with the National Institutes of Health (NIH) guidelines and
were approved by the Institutional Animal Care and Use Committee (IACUC) at
Duke University (Protocol# A153-18-06).

Immunosuppressive drug regimens. All transplanted primates received deple-
tional induction therapy with the rhATG (NIH NHP Reagent Resource, Worcester,
MA, USA) at a total dose of 20 mg/kg, administered in 5 evenly divided daily doses
between the day of transplant and post-transplant day 4. Maintenance immuno-
suppression consisted of tacrolimus (Astellas Pharma, Northbrook, IL, USA) IM
twice daily (BID), dose adjusted to maintain trough levels at 8–12 ng/mL, MMF
(Genentech, San Francisco, CA, USA) 30 mg/kg PO BID, and methylprednisolone
(Pfizer, New York, NY, USA) 0.5 mg/kg IM daily starting at day 5 after kidney
transplantation after initial taper from 15 mg/kg on the day of transplant. The
intervention group was additionally treated with either the compstatin C3 com-
plement inhibitors Cp4063 or Cp40-KK64 but not both (the activities of these two
molecules are the same), which was given at a dose of 2 mg/kg TID between day −2
prior to kidney transplantation and day 14 after kidney transplantation. A sche-
matic treatment schedule is shown in Fig. 1A. All primates received CMV pro-
phylaxis with 6 mg/kg ganciclovir daily SC throughout the study period. RhCMV
viral titers were monitored weekly by polymerase chain reaction as described
previously65. Clinically suspected ACR episodes (e.g., rise in creatinine,
reduced urine output, edema) were treated with methylprednisolone 125 mg/kg IM
daily for 3 days, followed by 75 mg/kg IM daily for 3 days, and 25 mg/kg IM daily
for 3 days.

Kidney allograft monitoring and histology. We assessed the kidney allograft
function daily by monitoring urine output and at least twice per week by serum
chemistry tests. Protocol percutaneous ultrasound-guided renal biopsies were
performed on post-transplant days 14 and 30 as well as at time of suspected AMR.
Biopsies were performed with a 20 G CareFusion Coaxial AchieveTM Automatic
Biopsy System (BD Biosciences, Franklin Lakes, NJ, USA). We performed standard
H&E and PAS staining of all allograft tissue samples. Additionally, C4d, C3d, and
CD68 immunohistochemistry was performed for selected biopsy samples and all
necropsy specimens. An experienced transplant pathologist (ABF) evaluated and
scored the histology specimens according to the Banff criteria13 in a blinded
fashion.

Blood coagulation studies and thromboelastography. Citrated blood was col-
lected at 0 h, 1 h, 6 h, 24 h, 4d, and 7d after kidney transplantation. Measurement of
the platelet count, D-Dimer, fibrinogen, prothrombin time, and partial pro-
thrombin time was outsourced and measured by (Antech Diagnostics, Fountain
Valley, CA, USA) as part of a blood coagulation panel. The activated clotting time
was measured by thromboelastography (TEG) as described previously66. TEG was
performed with 330 µl whole blood and supplementation of 20 µl CaCl as well as
10 µl of Kaolin. All samples were run in duplicate.

Monitoring of the allogeneic immune response with polychromatic flow
cytometry. Our method for detection of DSA levels in the transplant recipient’s
serum has been described in detail previously65. Briefly, serum samples for analysis
were collected throughout the study period. Recipient serum was incubated with
donor peripheral blood mononuclear cells (PBMCs). IgG (1:50 dilution) and IgM
DSA levels were measured by flow cytometric crossmatch on a BD LSRFortessaTM

(BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo software version
10 (Tree Star, Ashland, OR, USA).

Single cell suspension of lymph nodes, bone marrow, and PBMCs were stained
for various lymphocyte population markers at the indicated time points. A
summary of all fluorochrome-conjugated antibodies is listed in Supplementary
table 2. Single cell suspensions were stained with following monoclonal antibodies:

CD4 (L200, dilution 1/100, Catalogue#552838), CD27 (O323, dilution 1/100,
Catalogue#46-0279-42), Ki67 (B56, dilution 1/50, Catalogue#561284 and 556027),
CD45RA (L48, dilution 1/50, Catalogue#347723), FoxP3 (259D, dilution 1/50,
Catalogue#320212), IgD (polyclonal, dilution 1/200, Catalogue#2030-02), CCR7
(150503, dilution 1/20, Catalogue#561143), IgG (G18-145, dilution 1/20,
Catalogue#561296), CD20 (2H7, 1/20, Catalogue#560631 and 302314), CD25
(CD25-3G10, dilution 1/20, Catalogue#MHCD2505 and 170-081-029), CD8 (RPA-
T8, dilution 1/100, Catalogue#557760 and 558207), CD127 (eBioRDR5, 1/100,
Catalogue#17-1278-42), CD19 (CB19, dilution 1/5, Catalogue#ab197060), PD-1
(eBioJ105, dilution1/50, Catalogue#17-2799-42), CD3 (SP34-2, dilution 1/100,
Catalogue#560770). The flow cytometry was performed on a BD LSRFortessaTM

(BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo software version
10 (Tree Star, Ashland, OR, USA). Our flow cytometry gating strategies are
summarized in Supplementary Fig. 5.

Cytokine multiplex immunoassay. Serum samples were collected from all pri-
mates through the study period. Serum levels of inflammatory cytokines (GM-CSF;
IFN gamma; IL-1 beta; IL-10; IL-12p70; IL-13; IL-17A; IL-18; IL-2; IL-23; IL-4; IL-
5; IL-6; TNF alpha) were measured in the early post-transplant phase (POD0-7)
using the Th 14-Plex NHP ProcartaPlex Panel (Invitrogen, Waltham, MA, USA).

Plasma C3a and C5a ELISA. The concentration of plasma C3a and C5a was
quantitated by enzyme-linked immunosorbent assay (ELISA) using Monkey C3a
ELISA Kit (AssayGenie, Dublin, Ireland) and Monkey C5a ELISA Kit (MyBio-
Source, Sandiego, CA) according to the manufacturers’ instructions. The ELISA
plates provided had been pre-coated with capture antibodies specific to Comple-
ment Component 3a or Complement Component 5a. 100 µL of standard or plasma
samples (dilution of 1:3) were added and incubated for 90 min at 37 °C. Samples
were diluted with sample diluent to a total volume of 100 µL in each well. The
standard curves were generated with the recombinant C3a or C5a starting at a
concentration of 10 ng/mL (serial dilation as 10, 5, 2.5, 1.25, 0.625, 0.3125, 0.15625,
0 ng/mL as suggested). ELISA plates were washed three times with PBST and
100 µL of biotinylated detection antibody were added and incubated for 1 h at
37 °C. After washing the plate three times with PBST, 100 µL of HRP conjugated
working solution was added to each well and incubated for 30 min at 37 °C. ELISA
plates were then washed five times with PBST and developed by adding 90 µL of
substrate reagent to each well at room temperature approximately for 15 min,
stopped with 50uL of stop solution. The plates were read at 450 nm.

Gene expression analysis using the NanoString Platform. We isolated total
RNA from FFPE kidney allograft blocks using a recently published technique by
Adams et al.67. Samples were included in the final analysis if they passed a priori
quality control criteria (260:280 ratio > 1.7). We measured gene expression by
using the NanoString nCounter MAX platform (NanoString Technologies, Seattle,
WA). We used the nCounter Human Organ Transplantation Panel (No. LBL-
10743-01) to measure 758 genes covering the core pathways and process sur-
rounding host response and rejection of transplanted tissues (including 12 internal
reference genes for data normalization). Gene expression data were log2-trans-
formed, background subtracted, and normalized to the geometric mean expression
of 12 housekeeping genes by using the nSolver software platform 4.0 (Nanostring
Technologies).

Assessment of NHP serum antibody levels and in vitro PF4/heparin assay.
We measured total IgM (Behtyl Human IgM ELISA Quantitation Set, Mon-
tgomery, TX, USA) serum levels in all primates at various time points as indicated
in the results with ELISA. To measure complement activation and inhibition
in vitro, plasma was first incubated with PF4/heparin complexes (25 μg/ml and
0.25 U/mL respectively; formed at a PF4 to heparin molar ratio (PHR) of 6.6). After
1 h of incubation, complement-fixed antigen was captured by KKO, a PF4/heparin
specific monoclonal antibody, and complement fragments containing C3 were
detected using a biotinylated anti-C3c antibody as previously described68.

Statistical analysis. Statistical analyses were performed using GraphPad Prism
software version 5.0 (GraphPad Software, San Diego, CA, USA). Survival data were
plotted using the Kaplan–Meier method and log-rank test was performed to
determine statistical significance. Statistical comparisons between different groups
were performed using the student t test and values of p < 0.05 were considered
statistically significant.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The primary data that support the findings of this study are available from the
corresponding author upon reasonable request. Supplementary information accompanies
this paper and the nanostring data have been deposited in NCBI’s Gene Expression
Omnibus (GEO) and are accessible through GEO Series accession number
GSE178843. Source data are provided with this paper.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25745-7 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:5456 | https://doi.org/10.1038/s41467-021-25745-7 | www.nature.com/naturecommunications 9

Content courtesy of Springer Nature, terms of use apply. Rights reserved



Received: 19 October 2020; Accepted: 24 August 2021;

References
1. Wolfe, R. A. et al. Comparison of mortality in all patients on dialysis, patients

on dialysis awaiting transplantation, and recipients of a first cadaveric
transplant. N. Engl. J. Med. 341, 1725–1730 (1999).

2. Tonelli, M. et al. Systematic review: kidney transplantation compared with
dialysis in clinically relevant outcomes. Am. J. Transpl. 11, 2093–2109 (2011).

3. Russell, J. D., Beecroft, M. L., Ludwin, D. & Churchill, D. N. The quality of life
in renal transplantation-a prospective study. Transplantation 54, 656–660
(1992).

4. Hellemans, R., Stel, V. S., Jager, K. J., Bosmans, J. L. & Abramowicz, D. Do
elderly recipients really benefit from kidney transplantation? Transpl. Rev. 29,
197–201 (2015).

5. Hart, A. et al. OPTN/SRTR 2017 Annual Data Report: Kidney. Am. J. Transpl.
19, 19–123 (2019).

6. Lefaucheur, C. et al. Preexisting donor-specific HLA antibodies predict
outcome in kidney transplantation. J. Am. Soc. Nephrol. 21, 1398–1406 (2010).

7. Loupy, A. et al. Complement-binding anti-HLA antibodies and kidney-
allograft survival. N. Engl. J. Med. 369, 1215–1226 (2013).

8. Bentall, A. et al. Five-year outcomes in living donor kidney transplants with a
positive crossmatch. Am. J. Transpl. 13, 76–85 (2013).

9. Patel, R. & Terasaki, P. I. Significance of the positive crossmatch test in kidney
transplantation. N. Engl. J. Med. 280, 735–739 (1969).

10. Montgomery, R. A. et al. Desensitization in HLA-incompatible kidney
recipients and survival. N. Engl. J. Med. 365, 318–326 (2011).

11. Vo, A. A. et al. Rituximab and intravenous immune globulin for
desensitization during renal transplantation. N. Engl. J. Med. 359, 242–251
(2008).

12. Burns, J. M. et al. Alloantibody levels and acute humoral rejection early after
positive crossmatch kidney transplantation. Am. J. Transpl. 8, 2684–2694
(2008).

13. Haas, M. et al. The Banff 2017 Kidney Meeting Report: Revised diagnostic
criteria for chronic active T cell-mediated rejection, antibody-mediated
rejection, and prospects for integrative endpoints for next-generation clinical
trials. Am. J. Transplant. 18, 293–307 (2018).

14. Stegall, M. D., Chedid, M. F. & Cornell, L. D. The role of complement in
antibody-mediated rejection in kidney transplantation. Nat. Rev. Nephrol. 8,
670–678 (2012).

15. Terasaki, P. I. Humoral theory of transplantation. Am. J. Transpl. 3, 665–673
(2003).

16. Feucht, H. E. et al. Vascular deposition of complement-split products in
kidney allografts with cell-mediated rejection. Clin. Exp. Immunol. 86,
464–470 (1991).

17. Feucht, H. E. et al. Capillary deposition of C4d complement fragment and
early renal graft loss. Kidney Int. 43, 1333–1338 (1993).

18. Racusen, L. C. et al. Antibody-mediated rejection criteria—an addition to the
Banff 97 classification of renal allograft rejection. Am. J. Transpl. 3, 708–714
(2003).

19. Stites, E., Le Quintrec, M. & Thurman, J. M. The complement system and
antibody-mediated transplant rejection. J. Immunol. 195, 5525–5531 (2015).

20. Vo, A. A. et al. A phase I/II placebo-controlled trial of C1-inhibitor for
prevention of antibody-mediated rejection in HLA sensitized patients.
Transplantation 99, 299–308 (2015).

21. Viglietti, D. et al. C1 inhibitor in acute antibody-mediated rejection
nonresponsive to conventional therapy in kidney transplant recipients: a pilot
study. Am. J. Transpl. 16, 1596–1603 (2016).

22. Montgomery, R. A. et al. Plasma-derived C1 esterase inhibitor for acute
antibody-mediated rejection following kidney transplantation: results of a
randomized double-blind placebo-controlled pilot study. Am. J. Transpl. 16,
3468–3478 (2016).

23. Kocak, B. et al. Eculizumab for salvage treatment of refractory antibody-
mediated rejection in kidney transplant patients: case reports. Transpl. Proc.
45, 1022–1025 (2013).

24. Dawson, K. L., Parulekar, A. & Seethamraju, H. Treatment of hyperacute
antibody-mediated lung allograft rejection with eculizumab. J. Heart Lung
Transpl. 31, 1325–1326 (2012).

25. Fan, J. et al. Eculizumab salvage therapy for antibody-mediated rejection in a
desensitization-resistant intestinal re-transplant patient. Am. J. Transpl. 15,
1995–2000 (2015).

26. Stegall, M. D. et al. Terminal complement inhibition decreases antibody-
mediated rejection in sensitized renal transplant recipients. Am. J. Transpl. 11,
2405–2413 (2011).

27. Sahu, A., Kay, B. K. & Lambris, J. D. Inhibition of human complement by a
C3-binding peptide isolated from a phage-displayed random peptide library. J.
Immunol. 157, 884–891 (1996).

28. Mastellos, D. C. et al. Compstatin: a C3-targeted complement inhibitor
reaching its prime for bedside intervention. Eur. J. Clin. Investig. 45, 423–440
(2015).

29. Ricklin, D. & Lambris, J. D. Compstatin: a complement inhibitor on its way to
clinical application. Adv. Exp. Med. Biol. 632, 273–292 (2008).

30. Abicht J. M., et al. Complement C3 inhibitor Cp40 attenuates xenoreactions in
pig hearts perfused with human blood. Xenotransplantation. 24 https://
doi.org/10.1111/xen.12262 (2017).

31. Kourtzelis, I. et al. Complement inhibition in a xenogeneic model of
interactions between human whole blood and porcine endothelium. Horm.
Metab. Res. 47, 36–42 (2015).

32. Wang, J. et al. Using an in vitro xenoantibody-mediated complement-
dependent cytotoxicity model to evaluate the complement inhibitory activity
of the peptidic C3 inhibitor Cp40. Clin. Immunol. 162, 37–Cp44 (2016).

33. Schroder P. M., et al. Preoperative Carfilzomib and Lulizumab based
desensitization prolongs graft survival in a sensitized non-human primate
model. Kidney Int. 99, 161–172 (2020).

34. Lynch, R. J. & Platt, J. L. Accommodation in organ transplantation. Curr.
Opin. Organ Transpl. 13, 165–170 (2008).

35. Schmitz, R. et al. B cells in transplant tolerance and rejection: friends or foes?
Transpl. Int. 33, 30–40 (2020).

36. Park, W. D. et al. Accommodation in ABO-incompatible kidney allografts, a
novel mechanism of self-protection against antibody-mediated injury. Am. J.
Transpl. 3, 952–960 (2003).

37. Williams, J. M. et al. Acute vascular rejection and accommodation: divergent
outcomes of the humoral response to organ transplantation. Transplantation
78, 1471–1478 (2004).

38. Chen Song, S. et al. Complement inhibition enables renal allograft
accommodation and long-term engraftment in presensitized nonhuman
primates. Am. J. Transpl. 11, 2057–2066 (2011).

39. Ricklin, D. & Lambris, J. D. Therapeutic control of complement activation at
the level of the central component C3. Immunobiology 221, 740–C6 (2016).

40. Pepys, M. B. Role of complement in induction of antibody production in vivo.
Effect of cobra factor and other C3-reactive agents on thymus-dependent and
thymus-independent antibody responses. J. Exp. Med. 140, 126–145 (1974).

41. Sacks, S. H. Complement fragments C3a and C5a: the salt and pepper of the
immune response. Eur. J. Immunol. 40, 668–670 (2010).

42. Strainic, M. G. et al. Locally produced complement fragments C5a and C3a
provide both costimulatory and survival signals to naive CD4+ T cells.
Immunity 28, 425–435 (2008).

43. Lalli, P. N. et al. Locally produced C5a binds to T cell-expressed C5aR to
enhance effector T-cell expansion by limiting antigen-induced apoptosis.
Blood 112, 1759–1766 (2008).

44. Peng, Q. et al. Local production and activation of complement up-regulates
the allostimulatory function of dendritic cells through C3a-C3aR interaction.
Blood 111, 2452–2461 (2008).

45. Weaver, D. J. Jr. et al. C5a receptor-deficient dendritic cells promote induction
of Treg and Th17 cells. Eur. J. Immunol. 40, 710–721 (2010).

46. Strainic, M. G., Shevach, E. M., An, F., Lin, F. & Medof, M. E. Absence of
signaling into CD4(+) cells via C3aR and C5aR enables autoinductive TGF-
beta1 signaling and induction of Foxp3(+) regulatory T cells. Nat. Immunol.
14, 162–171 (2013).

47. Guo, R. F. & Ward, P. A. Role of C5a in inflammatory responses. Annu Rev.
Immunol. 23, 821–852 (2005).

48. Mastaglio, S. et al. The first case of COVID-19 treated with the complement
C3 inhibitor AMY-101. Clin. Immunol. 215, 108450 (2020).

49. Duncan, A. R. & Winter, G. The binding site for C1q on IgG. Nature 332,
738–740 (1988).

50. Bindon, C. I., Hale, G., Bruggemann, M. & Waldmann, H. Human
monoclonal IgG isotypes differ in complement activating function at the level
of C4 as well as C1q. J. Exp. Med. 168, 127–142 (1988).

51. Sharp, T. H. et al. Insights into IgM-mediated complement activation based on
in situ structures of IgM-C1-C4b. Proc. Natl Acad. Sci. USA 116, 11900–11905
(2019).

52. Everly, M. J. et al. Impact of IgM and IgG3 anti-HLA alloantibodies in
primary renal allograft recipients. Transplantation 97, 494–501 (2014).

53. Babu, A. et al. Clinical relevance of donor-specific IgM antibodies in HLA
incompatible renal transplantation: a retrospective single-center study. Clin.
Transpl. 32, 173–179 (2016).

54. Bentall, A. et al. Antibody-mediated rejection despite inhibition of terminal
complement. Transpl. Int.: Off. J. Eur. Soc. Organ Transplant. 27, 1235–1243
(2014).

55. Jordan, S. C. et al. IgG endopeptidase in highly sensitized patients undergoing
transplantation. N. Engl. J. Med. 377, 442–453 (2017).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25745-7

10 NATURE COMMUNICATIONS |         (2021) 12:5456 | https://doi.org/10.1038/s41467-021-25745-7 | www.nature.com/naturecommunications

Content courtesy of Springer Nature, terms of use apply. Rights reserved



56. Schinstock, C. A. et al. Long-term outcomes of eculizumab-treated positive
crossmatch recipients: Allograft survival, histologic findings, and natural
history of the donor-specific antibodies. Am. J. Transpl. 19, 1671–1683 (2019).

57. Eskandary, F. et al. Anti-C1s monoclonal antibody BIVV009 in late antibody-
mediated kidney allograft rejection-results from a first-in-patient phase 1 trial.
Am. J. Transpl. 18, 916–926 (2018).

58. Walport, M. J. Complement. First of two parts. N. Engl. J. Med. 344,
1058–1066 (2001).

59. Walport, M. J. Complement. Second of two parts. N. Engl. J. Med. 344,
1140–1144 (2001).

60. Mold, C. Role of complement in host defense against bacterial infection.
Microbes Infect. 1, 633–638 (1999).

61. Burghuber, C. K. et al. Antibody-mediated rejection in sensitized nonhuman
primates: modeling human biology. Am. J. Transpl. 16, 1726–1738 (2016).

62. Burghuber, C. K. et al. Dual targeting: Combining costimulation blockade and
bortezomib to permit kidney transplantation in sensitized recipients. Am. J.
Transpl. 19, 724–736 (2019).

63. Qu, H. et al. New analogs of the clinical complement inhibitor compstatin
with subnanomolar affinity and enhanced pharmacokinetic properties.
Immunobiology 218, 496–505 (2013).

64. Berger, N. et al. New analogs of the complement C3 inhibitor compstatin with
increased solubility and improved pharmacokinetic profile. J. Med. Chem. 61,
6153–6162 (2018).

65. Ezekian, B. et al. Pretransplant desensitization with costimulation blockade
and proteasome inhibitor reduces DSA and delays antibody-mediated
rejection in highly sensitized nonhuman primate kidney transplant recipients.
J. Am. Soc. Nephrol. 30, 2399–2411 (2019).

66. Manook, M. et al. Thrombalexin: use of a cytotopic anticoagulant to reduce
thrombotic microangiopathy in a highly sensitized model of kidney
transplantation. Am. J. Transpl. 17, 2055–2064 (2017).

67. Adam, B. et al. Multiplexed color-coded probe-based gene expression
assessment for clinical molecular diagnostics in formalin-fixed paraffin-
embedded human renal allograft tissue. Clin. Transpl. 30, 295–305 (2016).

68. Khandelwal, S. et al. Novel immunoassay for complement activation by PF4/
Heparin complexes. Thrombosis Haemost. 118, 1484–1487 (2018).

Acknowledgements
This work was supported by the National Institute of Allergy and Infectious Diseases of
the National Institutes of Health as part of the NHP Transplantation Tolerance Coop-
erative Study Group under the U19AI131471 (awarded to S.J.K.) and P01-AI068730
(awarded to J.D.L.). The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health. Rhesus-
specific anti-thymocyte globulin (rhATG) used in this study was provided by the NIH
Nonhuman Primate Reagent Resource (R24 OD010976, U24 AI126683).

Author contributions
R.S. performed experiments, analyzed data, and wrote the manuscript. P.M.S., Z.W.F.,
A.Y.C., and M.M. participated in N.H.P. procedures and contributed to data inter-

pretation as well as review of the manuscript. J.Y., M.S., J.S.Y., S.K., and G.M.A. per-
formed in vitro experiments. A.B.F. reviewed and graded renal allograft histology. E.S.R.
and J.D.L. helped design the N.H.P. experiment, performed in vitro assays, and con-
tributed to data interpretation. J.K. and S.J.K. designed the experiments, performed
the transplants, interpreted the data, and contributed significantly to writing the
manuscript.

Competing interests
J.D.L. is the founder of Amyndas Pharmaceuticals, which is developing complement
inhibitors for therapeutic purposes and inventor of patents or patent applications that
describe the use of complement inhibitors for therapeutic purposes, some of which are
developed by Amyndas Pharmaceuticals. J.D.L. is also the inventor of the compstatin
technology licensed to Apellis Pharmaceuticals (i.e., 4(1MeW)7W/POT-4/APL-1 and
PEGylated derivatives such as APL-2/Pegcetacoplan). The other authors declare no
competing interest.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-25745-7.

Correspondence and requests for materials should be addressed to Jean Kwun or Stuart
J. Knechtle.

Peer review information Nature Communications thanks Arjang Djamali and Stanley
Jordan for their contribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25745-7 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:5456 | https://doi.org/10.1038/s41467-021-25745-7 | www.nature.com/naturecommunications 11

Content courtesy of Springer Nature, terms of use apply. Rights reserved



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

