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To the Editor: Although studies of porcine kidney xenotransplantation in nonhuman primates (NHPs) and brain-dead
humans have improved our understanding of anti-xenograft immune responses (1-3), the optimal immunosuppression
regimen for living human recipients is unknown (3). Prior NHP studies suggest that complement plays an important role in
immune-mediated injury of xenografts (4), but the benefits of pharmacologic complement inhibition in human xenograft
recipients have yet to be established. Here, we report the histologic outcomes of a series of brain-dead human recipients
of a porcine kidney xenotransplant using exclusively FDA-approved medications, with and without anti-C5 monoclonal
antibody. Three male decedents, aged 57, 65, and 53 years, respectively, underwent bilateral native nephrectomies,
followed by crossmatch-compatible xenotransplantation (Supplemental Figure 1; supplemental material available online
with this article; https://doi.org/10.1172/JCI1175996DS1) with 10 gene-edited (10GE) pig kidneys that expressed 2 human
transgenes responsible for classical complement cascade inhibition (CD46 and DAF) (2) with standard
immunosuppression (Supplemental Methods). There was no evidence of hyperacute rejection in any decedent.
Decedents 2 and 3 received anti-C5 monoclonal antibody therapy (eculizumab) 24 hours prior to (1,200 mg) and 24 hours
after (900 mg) xenotransplantation. Decedent 1 native kidney and 10GE porcine donor kidney biopsies were histologically
normal without membrane attack complex (MAC; c5b-9) deposition on IHC at the time of transplant (Figure 1 and
Supplemental Table 1). On postoperative day [...]
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To the Editor: Although studies of porcine kidney xenotrans-
plantation in nonhuman primates (NHPs) and brain-dead
humans have improved our understanding of anti-xenograft
immune responses (1-3), the optimal immunosuppression reg-
imen for living human recipients is unknown (3). Prior NHP
studies suggest that complement plays an important role in
immune-mediated injury of xenografts (4), but the benefits
of pharmacologic complement inhibition in human xenograft
recipients have yet to be established. Here, we report the histo-
logic outcomes of a series of brain-dead human recipients of a
porcine kidney xenotransplant using exclusively FDA-approved
medications, with and without anti-C5 monoclonal antibody.

Three male decedents, aged 57, 65, and 53 years, respec-
tively, underwent bilateral native nephrectomies, followed
by crossmatch-compatible xenotransplantation (Supplemen-
tal Figure 1; supplemental material available online with this
article; https://doi.org/10.1172/JCI175996DS1) with 10 gene-
edited (10GE) pig kidneys that expressed 2 human transgenes
responsible for classical complement cascade inhibition (CD46
and DAF) (2) with standard immunosuppression (Supplemen-
tal Methods). There was no evidence of hyperacute rejection in
any decedent. Decedents 2 and 3 received anti-C5 monoclonal
antibody therapy (eculizumab) 24 hours prior to (1,200 mg)
and 24 hours after (900 mg) xenotransplantation.

Decedent 1 native kidney and 10GE porcine donor kidney
biopsies were histologically normal without membrane attack
complex (MAC; ¢5b-9) deposition on IHC at the time of trans-
plant (Figure 1 and Supplemental Table 1). On postoperative day
1 (POD1), the xenografts demonstrated evidence of early throm-
botic microangiopathy (TMA) along with rare MAC reactivity
along capillary loops. By POD3, TMA and MAC deposition were
diffuse (Figure 1 and Supplemental Table 1). The observed TMA
was seen in the absence of therapeutic tacrolimus levels (POD1&2
<2.0 ng/mL and POD3 3.2 ng/mL; Supplemental Figure 2).

Decedent 2 native kidney biopsies (Figure 1 and Supple-
mental Table 1) demonstrated no histologic evidence of TMA;
however, MAC staining was seen along capillary loops, indic-
ative of complement activation before xenotransplant. Xeno-
graft biopsies prior to implantation and on POD1 and POD3
demonstrated no histologic evidence of TMA or MAC reactivity
(Figure 1 and Supplemental Table 1). Tacrolimus remained sub-
therapeutic (POD1 <2.0 ng/mL; POD2 4.5 ng/mL).

Decedent 3 native kidney showed tubular atrophy and severe
arteriosclerosis, consistent with the decedent’s known chronic
kidney disease, without evidence of TMA, though MAC deposi-
tion was present (Figure 1 and Supplemental Table 1). Xenograft
biopsies on PODO, POD1, and POD3 had no MAC deposition,
though MAC deposition was observed on POD5 and POD7 (Fig-
ure 1 and Supplemental Table 1) in the setting of subtherapeutic
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eculizumab (Supplemental Figure 3 and Supplemental Table 1).
TMA was not observed during the 7-day study period. Tacrolim-
us was 12 ng/mL on POD1, then ranged from 8.5 to 11.3 ng/mL,
before peaking at 19.7 ng/mL on POD7 (Supplemental Figure 2).

We note that tacrolimus levels remained subtherapeutic in
Decedents 1 and 2, but Decedent 3 had tacrolimus levels with-
in therapeutic range for much of the study without evidence of
TMA and in the presence of normal organ function (5). Alto-
gether, these results suggested that the observed TMA was
not the result of exposure to the calcineurin inhibitor, further
reinforcing the use of tacrolimus as a maintenance immuno-
suppressant in the short-term. Importantly, the immunosup-
pression regimen utilized in Decedents 2 and 3 followed an
FDA-approved, standard-of-care regimen that involves com-
plement inhibition at C5 for kidney allotransplant recipients
with atypical hemolytic uremic syndrome (aHUS). Similar to
human allograft recipients with aHUS, eculizumab levels will
likely require surveillance, as indicated in Decedent 3 where
subtherapeutic levels of eculizumab correlated with resurgence
of MAC deposition (Figure 1 and Supplemental Figure 3).

While complement activation in the setting of both brain
death and xenotransplantation is difficult to decipher (3, 6), C5
inhibition may be beneficial in preventing TMA in pig-to-human
xenotransplantation. Complement activation in the setting of
brain death is common (6) and was observed in Decedents 2 and
3, with the native kidneys staining positively for MAC. However,
native kidneys from Decedent 1 had no evidence of complement
activation, yet, after xenotransplantation, MAC deposition and
TMA progressed rapidly, suggesting an immune response to the
xenograft rather than brain death physiology. Prior work by our
group has demonstrated development of TMA in the absence
of IgM and IgG or C1, C3c, or C4d deposition (2), suggesting
activation of the alternative complement cascade via the innate
immune system. Given that both the classical and alternative
complement cascades converge at C3, downstream complement
inhibition at C5 may be necessary to control the innate human
immune response to porcine xenografts. Optimal inhibition of
the complement cascade in crossmatch-compatible xenotrans-
plant recipients may require inhibition of the alternative com-
plement cascade, especially given the observation of TMA in the
absence of therapeutic levels of eculizumab, despite expression
of transgenes that inhibit the classical complement cascade
(CD46 and DAF) in 10GE xenografts.

In summary, our case series supports utilization of com-
plement inhibition at C5 to control the innate human immune
response to porcine kidney xenografts. Because our study
reports 3 cases with short-term follow-up, generalizability is lim-
ited; however, our findings suggest a beneficial role of anti-C5
monoclonal antibody in pig-to-human kidney xenotransplanta-
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Figure 1. Renal histology and MAC IHC after xenotransplantation of 10GE porcine kidneys using the Parsons model of human decedents. (A) Dece-
dent 1; no eculizumab was given. Fibrin thrombi (arrowheads), indicative of TMA. The inset images are roughly original magnification, 60x. (B and C)
Decedents 2 and 3; induction eculizumab was given. Both decedents’ native kidneys were MAC*, as well as Decedent 3 xenografts on POD5 and POD7.
(D) MAC controls (glomerulus specific). All original images: original magnification, x40.
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