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Dear Reader,

We're very lucky. As editors, we get to evaluate much of the research that immediately shapes patient
care and help bring it to our readers. It's a mixture of high- and low-tech and ranges from enormous
multinational studies to single patients. This year’s Notable Articles represent a range of topics and
approaches to give you an idea of the diversity of what we publish.

Bacterial vaginosis is associated with many consequences for women, including increased susceptibility
to recurrent bacterial vaginosis, other infections, and problems with birth outcomes. And it’s notoriously
difficult to eradicate with high rates of recurrence even with monogamous male partners. The solution?
Prevent recolonization by treating male sexual partners. Such treatment drops recurrence rates
significantly and could substantially decrease the need for retreatment.

Can we extend the benefits of thrombolysis and thrombectomy in treating stroke to a larger group of
patients? We published several stroke trials this year with decidedly mixed results. For example, a pair of
studies showed that thrombectomy in medium-sized and smaller, more distal vessels failed to improve
outcomes compared with medical therapy. Other studies suggested that thrombolysis in combination
with thrombectomy was better than thrombectomy alone for large vessel strokes, indicating that these
therapies might be extended to a larger group of patients. For physicians like me, who trained at the
beginning of the era of thrombolysis for stroke, it’s incredibly gratifying to have more options for these
patients.

New ways to lower blood pressure and serum lipids hold great promise for reducing cardiovascular
disease and stroke risk. Newer treatment targets and drugs hold promise for enlarging the therapeutic
arsenal for hypertension and hyperlipidemia. These include inhibitors of aldosterone synthase (such as
baxdrostat) and compounds that act on proteins important in lipoprotein synthesis and maintenance,
such as lipoprotein(a), PCSK9, and ANGPTL3, all of which we published this year. It will be interesting
to see how these newer agents get used together with existing drugs. Altogether, however, they show
promise for treating hypertension and hyperlipidemia and further dropping rates of cardiovascular
diseases.

Oncology has made great strides recently with the addition of a broad array of new agents. Not all
advances are new drugs, however, and some are decidedly low-tech. For example, exercise can have
a profound impact on disease-free survival among patients with colon cancer. But in other areas,
sometimes less is more. In women who have breast cancer with positive nodes but respond well to
neoadjuvant chemotherapy, nodal irradiation does not reduce recurrence rates or death from breast
cancer but is associated with more adverse events. Of course, high-tech approaches also continue

to be valuable. We now have further evidence that tumors that are mismatch repair deficient respond
well to an immune checkpoint inhibitor that blocks the PD-1 protein, often to the extent that patients
can avoid surgery.

The treatment of type 2 diabetes and obesity has been revolutionized by the development of drugs that
bind to the GLP-1 receptor and related proteins. These drugs are all large lipopeptides that are expensive
to produce and that generally need to be delivered parenterally. However, this year we've seen a phase 3
trial of an orally bioavailable small molecule GLP-1 receptor agonist. As small molecules should be easier
to produce, store, and deliver, agents such as this hold promise for increasing the availability of these
treatments.

(continued on next page)
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Progress comes gradually in many diseases. Pulmonary fibrosis has been a particularly difficult area. But
in two companion trials, the drug nerandomilast, a phosphodiesterase 4B inhibitor, showed promise in
reducing the rate of decrease in forced vital capacity. While neither curing nor halting the disease, more
tools to help in this difficult field are welcome. Gene editing is coming into its own in a large variety of
ways. This year we published on an engineered pig model with 69 genomic edits, which allowed a transplant
of the engineered kidney into a human recipient without evidence of hyper rejection; CRISPR-Cas9 gene
editing of patient cells to treat carbamoyl-phosphate synthetase 1 deficiency, a genetic disease with a high
mortality rate in infancy; and CRISPR-Cas12b gene editing and lentiviral transduction of allogeneic donor
islet cells to allow transplantation without immune suppression. We are still at the beginning of the uses
of this methodology. Stay tuned!

Let me conclude with my own field, infectious disease. lvermectin has many uses but one of the most
common is to kill ectoparasites. Mosquitos are basically large ectoparasites, and they, too, can be killed
by ivermectin. In a large cluster-randomized study, mass administration of ivermectin decreased the rate
of malaria acquisition in children and adolescents in Kenya as compared with another antiparasitic drug,
albendazole. lvermectin could become a viable approach to malaria prevention.

One of the benefits of being an editor at NEJM is the chance to be among the first to review impactful
studies. Already, we have exciting work coming up for 2026. | hope that you will enjoy it together with us.

Sincerely,
EricJ. Rubin, M.D., Ph.D.
Editor-in-Chief, New England Journal of Medicine
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T. Dobrocky, P. Papanagiotou,*** A. Alonso,* M. Holtmannspoetter,” A. Zini,*
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M. Wiesmann,*? S. Amaro,”® N. Rommers,* L. Balmer,* |. Fragata,** M. Katan,*®
R.R. Leker,*” J.L. Saver,?®J. Staals,*® and U. Fischer,***® for the DISTAL Investigators*

ABSTRACT

BACKGROUND
Endovascular treatment (EVT) of stroke with large-vessel occlusion is known to be safe
and effective. The effect of EVT for occlusion of medium or distal vessels is unclear.
METHODS

We randomly assigned participants with an isolated occlusion of medium or distal
vessels (occlusion of the nondominant or codominant M2 segment of the middle ce-
rebral artery [MCA]; the M3 or M4 segment of the MCA; the A1, A2, or A3 segment
of the anterior cerebral artery; or the P1, P2, or P3 segment of the posterior cerebral
artery) to receive EVT plus best medical treatment or best medical treatment alone
within 24 hours after the participant was last seen to be well. The primary outcome
was the level of disability at 90 days, as assessed with the modified Rankin scale score.
RESULTS

A total of 543 participants (women, 44%; median age, 77 years) were included in the
analysis: 271 were assigned to receive EVT plus best medical treatment and 272 to
receive best medical treatment alone. The median score on the National Institutes
of Health Stroke Scale (range, 0 to 42, with higher scores indicating more severe
symptoms) at admission was 6 (interquartile range, 5 to 9). Intravenous thromboly-
sis was given to 65.4% of the participants. The predominant occlusion locations were
the M2 segment (in 44.0% of the participants), M3 segment (in 26.9%), P2 segment
(in 13.4%), and P1 segment (in 5.5%). In the comparison between EVT plus best
medical treatment and best medical treatment alone, no significant difference in the
distribution of modified Rankin scale scores was observed at 90 days (common odds
ratio for improvement in the score, 0.90; 95% confidence interval, 0.67 to 1.22;
P=0.50). All-cause mortality was similar in the two groups (15.5% with EVT plus
best medical treatment and 14.0% with best medical treatment alone), as was the
incidence of symptomatic intracranial hemorrhage (5.9% and 2.6%, respectively).
CONCLUSIONS

In persons with stroke with occlusion of medium or distal vessels, EVT did not result
in a lower level of disability or a lower incidence of death than best medical treat-
ment alone. (Funded by the Swiss National Science Foundation and others; DISTAL
ClinicalTrials.gov number, NCT05029414.)
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A Research Summary based on Psychogios M et al. | 10.1056/NEJM0a2408954 | Published on February 5, 2025

WHY WAS THE TRIAL DONE?

Endovascular treatment (EVT) is beneficial in persons with
an acute ischemic stroke caused by a large-vessel occlusion,
but its effect for treatment of stroke caused by occlusion of
medium or distal vessels is unclear. Data from randomized,
controlled trials are needed to fill this knowledge gap.

HOW WAS THE TRIAL CONDUCTED?

Adults with an acute ischemic stroke caused by a confirmed
isolated occlusion of medium or distal vessels who had a Na-
tional Institutes of Health Stroke Scale score of 4 or higher
(range, 0 to 42, with higher scores indicating more severe
symptoms) were assigned to receive EVT plus best medical
treatment or best medical treatment alone within 24 hours
after the participant was last seen to be well. The primary
outcome was the level of disability at 90 days, as assessed
with the modified Rankin scale score (range, 0 to 6, with
higher scores indicating more severe disability).

TRIAL DESIGN

- Pragmatic « Location: 55 hospitals
in 11 countries (mostly

European)

« Assessor-blinded

» Randomized

RESULTS

The distribution of the modified Rankin scale scores at

90 days did not differ significantly between the trial groups.
There were no substantial between-group differences in pre-
specified safety outcomes, including symptomatic intracranial
hemorrhage within 24 hours, death from any cause within
90 days, and serious adverse events within 90 days.

LIMITATIONS AND REMAINING QUESTIONS

« The pragmatic trial design is a potential limitation with
its broad inclusion and exclusion criteria and allowance
for interventionalists to use their own judgment when se-
lecting techniques and materials.

+ Some discrepancies were found between the site and core-
laboratory ratings of the location of the vessel occlusion.

CONCLUSIONS

In persons with stroke due to occlusion of medium or
distal vessels, EVT plus best medical treatment did not
result in a lower level of disability or a lower incidence
of death than best medical treatment alone.

NEJM QUICK TAKE | EDITORIAL
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P. Burns,*].D. Schaafsma,* R. Marigold,* A. Reich,* A. Amole,* T.S. Field,*
R.H. Swartz,* F. Settecase,” G. Lenzsér,*® S. Ortega-Gutierrez,’** N. Asdaghi,*
K. Lobotesis,* A.H. Siddiqui,*® J. Berrouschot,*” M. Mokin,***° K. Ebersole,®
H. Schneider,®* AJ. Y00,%? J. Mandzia,®® J. Klostranec,% C. Jadun,® T. Patankar,®
E. Sauvageau,® R. Lenthall,%® L. Peeling,* T. Huynh,” R. Budzik,”* S.-K. Lee,”
L. Makalanda,” M.R. Levitt,”*7® RJ. Perry,”” T. Hlaing,*® B.S. Jahromi,®! P. Singh,®
A.M. Demchuk,*?®* and M.D. Hill,**#3# for the ESCAPE-MeVO Investigators*

ABSTRACT

BACKGROUND
Whether the large effect size of endovascular thrombectomy (EVT) for stroke due to
large-vessel occlusion applies to stroke due to medium-vessel occlusion is unclear.

METHODS

In a multicenter, prospective, randomized, open-label trial with blinded outcome
evaluation, we assigned patients with acute ischemic stroke due to medium-vessel
occlusion who presented within 12 hours from the time that they were last known
to be well and who had favorable baseline noninvasive brain imaging to receive
EVT plus usual care or usual care alone. The primary outcome was the modified
Rankin scale score (range, 0 [no symptoms] to 6 [death]) at 90 days, reported as the
percentage of patients with a score of 0 or 1.

RESULTS

A total of 530 patients from five countries were enrolled between April 2022 and June
2024, with 255 patients assigned to the EVT group and 275 to the usual-care group.
Most patients (84.7%) had primary occlusions in a middle-cerebral-artery branch. A
modified Rankin scale score of 0 or 1 at 90 days occurred in 106 of 255 patien
(41.6%) in the EVT group and in 118 of 274 (43.1%) in the usual-care group (adjust
rate ratio, 0.95; 95% confidence interval [CI], 0.79 to 1.15; P=0.61). Mortality at 90 da
was 13.3% in the EVT group and 8.4% in the usual-care group (adjusted hazard rati
1.82; 95% CI, 1.06 to 3.12). Symptomatic intracranial hemorrhage occurred in 14
257 patients (5.4%) in the EVT group and in 6 of 272 (2.2%) in the usual-care grou,.

CONCLUSIONS
Endovascular treatment for acute ischemic stroke due to medium-vessel occlusion
within 12 hours did not lead to better outcomes at 90 days than usual care. (Funded
by the Canadian Institutes for Health Research and Medtronic; ESCAPE-MeVO
ClinicalTrials.gov number, NCT05151172.)

NEJM.ORG

The authors’ full names, academic de-
grees, and affiliations are listed at the
end of the article. Dr. Hill can be contact-
ed at michael.hill@ucalgary.ca or at the
Calgary Stroke Program, Department of
Clinical Neurosciences, Hotchkiss Brain
Institute, University of Calgary, Health
Science Centre, 3330 Hospital Dr. NW,
Rm. 2959, Calgary, AB T2N 2T9, Canada.

*A full list of the ESCAPE-MeVO inves-
tigators is provided in the Supplemen-
tary Appendix, available at NEJM.org.

This article was published on February 5,
2025, at NEJM.org.

N Engl ) Med 2025;392:1385-95.
DOI: 10.1056/NEJM0a2411668
Copyright © 2025 Massachusetts Medical Society.
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Endovascular Treatment of Stroke Due to Medium-Vessel Occlusion
A Research Summary based on Goyal M et al. | 10.1056/NEJM0a2411668 | Published on February 5, 2025

WHY WAS THE TRIAL DONE?

In patients with acute ischemic stroke due to medium-vessel
occlusion, nonrandomized studies suggest improvement in
outcomes after endovascular thrombectomy (EVT). However,
more-definitive data from prospective clinical trials specifi-
cally focused on the efficacy and safety of EVT for stroke
due to medium-vessel occlusion are limited.

HOW WAS THE TRIAL CONDUCTED?

Adults with acute ischemic stroke due to medium-vessel
occlusion who presented at an emergency department within
12 hours after the time they were last known to be well
were assigned to receive EVT plus usual care or usual care
alone. The primary outcome was the modified Rankin
scale score (range, 0 [no symptoms] to 6 [death]) at

90 days, reported as the percentage of patients with a
score of 0 or 1 (excellent functional outcome).

TRIAL DESIGN
* Phase 3

« Prospective

« Blinded outcome evaluation

« Location: 58 sites across
5 countries in North

» Open-label
America and Europe

+ Randomized
« Controlled

RESULTS

Functional outcomes at 90 days were similar in the two
groups. Mortality at 90 days (a secondary outcome) appeared
to be higher in the EVT group than in the usual-care group.
Serious adverse events, including symptomatic intracranial
hemorrhage, occurred more frequently in the EVT group
than in the usual-care group.

LIMITATIONS AND REMAINING QUESTIONS

- No information is available on how many patients were
treated with EVT outside the trial. It is possible that treat-
ment of patients with EVT outside the trial biased the re-
sult toward the null.

« Individual neurointerventionalists were not credentialed
for the trial, which may have influenced technical and
safety outcomes.

CONCLUSIONS

In adults with acute ischemic stroke caused by medium-
vessel occlusion, endovascular thrombectomy within
12 hours did not lead to better outcomes at 90 days than
usual care.

Patients

« 530 adults

« Median age, 75 years

« Men: 54%; Women: 46%
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EDITORIAL

Medium- and Distal-Vessel Occlusion —
The Limit of Thrombectomy?

J Mocco, M.D.!

Few procedures have gone through a decade of
practice-changing clinical trials as impressive as
thrombectomy for stroke. Beginning in 2015 with
multiple trials showing a benefit with thrombec-
tomy in early large-vessel occlusion, followed by
the extended-window trials in 2018 and then the
large core trials in 2023, it seemed that no cor-
ner of the cerebrovasculature would not have a
substantial benefit from a proper clot removal
— until now.

The ESCAPE-MeVO (Endovascular Treatment
to Improve Outcomes for Medium Vessel Occlu-
sions) trial' and DISTAL (Endovascular Therapy
plus Best Medical Treatment [BMT] versus BMT
Alone for Medium Vessel Occlusion Stroke — A
Pragmatic, International, Multicenter, Random-
ized Trial),> the results of which are now pub-
lished in the Journal, provide data showing limits
to the effectiveness of thrombectomy for ischemic
stroke. Despite findings from post hoc analyses
of previous trials® and observational cohorts* that
have suggested a benefit with thrombectomy in
stroke due to medium-vessel occlusion and pos-
sibly also to distal-vessel occlusion (defined, in
combination, as occlusions beyond locations in
the M1 segment [main trunk] of the middle ce-
rebral artery or in the basilar artery), these two
trials showed that thrombectomy added no clini-
cal benefit as compared with best medical man-
agement alone. Furthermore, the ESCAPE-MeVO
trial appeared to show higher mortality in the
thrombectomy group than in the usual-care group
(13.3% vs. 8.4%; adjusted hazard ratio, 1.82;
95% confidence interval [CI], 1.06 to 3.12), where-
as mortality in DISTAL was 15.5% and 14.0%, re-
spectively (odds ratio, 1.17; 95% CI, 0.71 to 1.90).

These findings are fundamental to any future
consideration of thrombectomy for stroke unre-
lated to large-vessel occlusion.

Thrombectomy for stroke unrelated to large-
vessel occlusion (defined as thrombectomy be-
yond the M1 or basilar-artery locations) has be-
come an increasingly accepted practice. The
number of new publications listed in MEDLINE
discussing the role of “medium vessel occlusion
stroke thrombectomy” increased from 8 in 2020,
to 38 in 2022, and to 99 in 2024°; with regard to
“distal vessel occlusion stroke thrombectomy,”
the number increased from 83 in 2020, to 94 in
2022, and to 138 in 2024.° These increasingly
common publications almost exclusively suggest
a benefit with thrombectomy. With high-quality
data from randomized, controlled trials in hand,
we must critically and cautiously reexamine cur-
rent practice.

The inclusion criteria of these two trials var-
ied from those of previous randomized, con-
trolled trials of thrombectomy, beyond criteria
related to vessel location. Enrollment included
patients with a baseline modified Rankin scale
score of 2 or higher (on a scale from 0 [no symp-
toms] to 6 [death]), which was observed in 20%
of the patients in DISTAL and in an unknown
percentage in the ESCAPE-MeVO trial, which did
not use the modified Rankin scale but excluded
patients “requiring daily nursing care or assis-
tance with activities of daily living.” These broad-
ened criteria may have reduced the potential ben-
efit because of the difficulty in ameliorating
baseline disability.

In addition, both trials enrolled patients with
a National Institutes of Health Stroke Scale
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(NIHSS) score of 5 or lower (on a scale from 0 to
42, with higher scores indicating more severe
neurologic deficit) if a disabling deficit was pres-
ent. The median NIHSS score in DISTAL was 6,
with 41% of the patients presenting with an
NIHSS score of 5 or lower. Given the increasing
uptake of thrombectomy for ischemic stroke due
to medium- or distal-vessel occlusion, it is pos-
sible that physicians chose intervention over ran-
domization for potentially eligible patients with
substantial deficits. Such potential bias may also
explain the decade-older median ages in both tri-
als (75 years in the ESCAPE-MeVO trial and 77
years in DISTAL) than in HERMES (Highly Ef-
fective Reperfusion Evaluated in Multiple Endo-
vascular Stroke Trials)’ and the SWIFT PRIME
(Solitaire with the Intention for Thrombectomy
as Primary Endovascular Treatment) trial® — a
result that implies a possibility that physicians
chose treatment rather than randomization for
younger patients. The authors of DISTAL hypoth-
esize that “physicians’ beliefs regarding the ef-
ficacy of [endovascular thrombectomy] for occlu-
sion of medium or distal vessels may have led to
selective inclusion of participants,” and the au-
thors of the ESCAPE-MeVO trial consider that “it
is possible that treatment of patients outside the
trial biased the result toward the null.”

Ultimately, these data provide important in-
formation on the current state of the field and
where future efforts should focus. For instance,
the percentage of patients with symptomatic in-
tracranial hemorrhage was numerically higher in
the thrombectomy group than in the usual-care
group in each trial, and its occurrence was associ-
ated with death at 90 days in the ESCAPE-MeVO
trial. The authors of that trial hypothesize that
it is possible that “other technical approaches
may be more effective.” That trial required stent
retrievers as a first-line approach, and although
DISTAL did not mandate an approach, stent re-
trievers were used in 80% of the patients. Similarly,
both trials showed lower percentages of patients
with reperfusion (75.1% in the ESCAPE-MeVO trial
and 71.7% in DISTAL) than has been seen in
most previous trials. Whether this result is due
to technical limitations of the chosen approaches
or whether physician decision making for older
patients, or for those with less-severe deficits,
played a role is unclear.

In addition, these data confirm the importance
of timing. The ESCAPE-MeVO authors hypothe-
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size that “it is possible that decision making in
stroke due to middle-vessel occlusion is more
nuanced than that in stroke due to large-vessel
occlusion” and that “additional time may have
been needed...to arrange for general anesthe-
sia.” General anesthesia was used in 41.3% of
the patients in the ESCAPE-MeVO trial, as com-
pared with 9.1% in the original ESCAPE (Endo-
vascular Treatment for Small Core and Anterior
Circulation Proximal Occlusion with Emphasis
on Minimizing [Computed Tomography] to Re-
canalization Times) trial.” The authors go so far
as to consider whether pneumonia (a leading seri-
ous adverse event) and other infections “could be
related to adjunct interventions such as the type
of procedural sedation.”

No matter how one considers these data,
there is no question that they represent the cur-
rent ground zero of evidence to inform decision
making regarding the use of thrombectomy for
stroke due to medium- and distal-vessel occlu-
sion. The data clearly show that thrombectomy
for distal-vessel occlusions should not be an as-
sumed default care pathway.

Where do we go from here? The authors of
the ESCAPE-MeVO trial correctly emphasize the
importance of rigorously conducted randomized,
controlled trials. The stroke community should
not be complacent. Rather, we must thoroughly
test appropriate questions, evaluate alternative
approaches, and not allow bias to interfere with
identifying the best treatment strategies for pa-
tients with stroke. Let us not forget that almost
half of all the enrolled patients in these trials
had substantial disability at 90 days. There re-
mains a continuing mandate, with more work
required, to study how we can improve out-
comes in patients. These two trials prove that
their patient populations did not have a benefit
with thrombectomy, and as such, performance
of thrombectomy for medium- or distal-vessel
occlusion in a manner consistent with these
trials is not evidence-based. Further effort,
grounded in high-quality data science, is need-
ed to evaluate alternative approaches for medi-
um- or distal-vessel occlusion, be they medical
or procedural.

Disclosure forms provided by the author are available with the
full text of this editorial at NEJM.org.

!Department of Neurosurgery, lcahn School of Medicine,
Mount Sinai Health System, New York.

This editorial was published on February 5, 2025, at NEJM.org.
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BRIEF REPORT

Xenotransplantation of a Porcine Kidney
for End-Stage Kidney Disease

Tatsuo Kawai, M.D., Ph.D.,** Winfred W. Williams, M.D.,** Nahel Elias, M.D.,**
Jay A. Fishman, M.D.,** Kerry Crisalli, R.N.,** Alban Longchamp, M.D.,**
Ivy A. Rosales, M.D.,>* Michael Duggan, D.M.D.,** Shoko Kimura, M.D., Ph.D.,**
Leela Morena, M.D.,** Thiago J. Borges, Ph.D.,*
Toshihide Tomosugi, M.D., Ph.D.,** Ahmad Karadagi, M.D., Ph.D.,**
Tsukasa Nakamura, M.D., Ph.D.,** Kassem Safa, M.D.,}*
Alessia Giarraputo, Ph.D.,>* Claire T. Avillach, M.D.,** Eva D. Patalas, M.D.,**
R. Neal Smith, M.D., Ph.D.,>* David H. Sachs, M.D.,}*
A. Benedict Cosimi, M.D.,** Joren C. Madsen, M.D., D.Phil.,**

David K.C. Cooper, M.D.,'* Richard Pierson, M.D.,** Steve Perrin, Ph.D.,°
Ranjith P. Anand, Ph.D.,* Sagar Chhangawala, Ph.D.,* Matthew Coscarella, M.S..°
Alexandre Daigneault, B.S.,® Feng Li, Ph.D.,°* Owen Pearce, B.S..°
Wenning Qin, Ph.D.,* William T. Serkin, B.S.,® Vincent Yeung, Ph.D.,*
Kristen Getchell, M.A.,® Susan C. Low, Ph.D.,® Michael Curtis, Ph.D.,°
Robert B. Colvin, M.D.,%>* and Leonardo V. Riella, M.D., Ph.D.*

SUMMARY

Xenotransplantation offers a potential solution to the organ shortage crisis. A
62-year-old hemodialysis-dependent man with long-standing diabetes, advanced
vasculopathy, and marked dialysis-access challenges received a gene-edited porcine
kidney with 69 genomic edits, including deletion of three glycan antigens, inacti-
vation of porcine endogenous retroviruses, and insertion of seven human trans-
genes. The xenograft functioned immediately. The patient’s creatinine levels de-
creased promptly and progressively, and dialysis was no longer needed. After a
T-cell-mediated rejection episode on day 8, intensified immunosuppression re-
versed rejection. Despite sustained kidney function, the patient died from unex-
pected, sudden cardiac causes on day 52; autopsy revealed severe coronary artery
disease and ventricular scarring without evident xenograft rejection. (Funded by
Massachusetts General Hospital and eGenesis.)
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Author affiliations are listed at the end
of the article. Dr. Kawai can be contact-
ed at tkawai@mgh.harvard.edu or at the
Department of Surgery, Massachusetts
General Hospital, 55 Fruit St., Boston,
MA 02114. Dr. Riella can be contacted at
Iriella@mgh.harvard.edu at the Depart-
ment of Medicine, Massachusetts Gen-
eral Hospital, 165 Cambridge St., 3rd Fl.,
Boston, MA 02114.

This article was published on February 7,
2025, at NEJM.org.
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EDITORIALS

Xenotransplantation — Long Awaited, Much
Learned, Much More to Be Learned

Sandy Feng,

Despite vigorous efforts to expand the transplanta-
tion of organs from deceased and living donors,
the gap between supply and demand persists. This
lack of available organs has become a major factor
in limiting the lifesaving potential of organ trans-
plantation. Xenotransplantation, which has been
hailed as the ultimate solution, seemed mirage-like
until recently.

The dramatic breakthroughs that have been
made in this field reflect the convergence of three
major advances: successful genetic engineering of
pigs with multiple gene knockouts (deletion of pig
genes) and knock-ins (insertion of human genes);
consistent survival of xenografts in nonhuman
primate models for more than 1 year; and the
emergence of the decedent model, in which xeno-
transplantation is performed and studied in hu-
mans who have been declared dead according to
neurologic criteria.!

The survival and functioning of porcine kidneys
that have been transplanted into decedent recipi-
ents without hyperacute rejection, as evidenced by
the production of urine and decreased levels of se-
rum creatinine,>* paved the way for the Food and
Drug Administration (FDA) to approve xenotrans-
plantation into living recipients under its expanded-
access protocol. To date, six approvals have been
issued for such procedures (involving the transplan-
tation of two hearts and four kidneys) performed
between January 2022 and February 2025.

In this issue of the Journal, Kawai and colleagues
report on kidney xenotransplantation performed in
a living patient in March 2024.* The recipient was
a 62-year-old man with end-stage kidney failure
caused bv diabetic nephronathv. The patient’s rel-

M.D., Ph.D.!

evant medical history included failed transplanta-
tion from a deceased donor, cardiovascular disease,
and severe vasculopathy that limited dialysis-access
options. The transplanted kidney had 10 genetic
alterations (3 porcine gene deletions to eliminate
expression of three glycan xenoantigens and 7 hu-
man gene additions to regulate complement, co-
agulation, and inflammation) and inactivation of
porcine endogenous retroviruses.’

The patient received an immunosuppression
regimen developed in the nonhuman primate
model that consisted of three induction agents (an-
tithymocyte globulin and anti-CD20 and anti-CD5
antibodies) and four maintenance agents (gluco-
corticoids, tacrolimus, mycophenolic acid, and anti-
CD154 antibody). The kidney functioned immedi-
ately after transplantation. The serum creatinine
level at first decreased but then rose, prompting
biopsy that revealed T-cell-mediated rejection and
complement protein C3 deposition. The patient
was treated with standard antirejection therapy
and a C3 inhibitor.

Over the ensuing 6 weeks, the patient had stable
blood pressure, electrolyte profile, and kidney func-
tion, despite fluctuations in volume status. How-
ever, on postoperative day 52, the patient died from
sudden cardiac arrest. The autopsy showed severe
coronary artery disease with chronic sequelae, in-
cluding cardiomegaly and diffuse myocardial fibro-
sis. The porcine kidney showed no apparent signs
of rejection mediated by either T cells or antibod-
ies or thrombotic microangiopathy.

This single case teaches much and raises many
questions, with three key issues. First, the xeno-
graft functioned well for 52 davs. without sero-
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logic or histologic evidence of antibody-mediated
rejection. In contrast, biopsies of kidneys with a
single rather than three gene knockouts that were
performed 54 hours after transplantation into de-
cedent recipients showed subtle signs of antibody-
mediated responses, with microvascular inflamma-
tion and leukocytes within glomerular capillaries.?
More sophisticated histoimmunologic phenotyping
and bulk and spatial transcriptomic profiling con-
firmed antibody-mediated attack.® The patient in
the current report had C3 deposition indicative of
complement dysregulation, even with two human
complement regulatory transgenes and early ad-
ministration of a complement inhibitor. These ob-
servations open discussion as to the appropriate
engineering of donor pigs — how many and which
genes must be deleted or added. A corollary is the
effect of these genetic alterations on the breeding
potential of these pigs, a trait essential to achieving
the primary goal of solving the organ shortage.

A second key lesson is that successful xeno-
transplantation clearly requires expanded immu-
nosuppression regimens targeting T cells, B cells,
and complement. Seven planned and two un-
planned drugs were given to this xenograft re-
cipient, as compared with the four drugs that are
typically given to allograft recipients. Despite this
intensified regimen, T-cell-mediated rejection oc-
curred, necessitating further escalation. The 52-day
time frame is simply insufficient to gauge the po-
tentially deleterious effect of the profound immu-
nosuppression that appears to be essential to sus-
taining a xenograft.

Finally, the patient’s death, attributed to a fatal
arrhythmia, raises diverse but related questions.
The expanded-access, compassionate-use pathway
has led to the selection of heart and kidney recipi-
ents who have extensive coexisting conditions and
little physiologic reserve.”® Although this patient’s
extensive history of cardiovascular disease and
limited dialysis options facilitated a pathway to
xenotransplantation, these issues undoubtedly in-

NEJM.ORG

creased the likelihood of life-threatening cardio-
vascular events. It is prudent to consider whether
this vulnerability was exacerbated by abnormalities
related to the metabolic control or hormonal re-
sponses of a porcine kidney.

In the wake of this and subsequent xenotrans-
plantations, in February 2025, the FDA authorized
two companies to initiate clinical trials in kid-
ney xenotransplantation, including the approval
of nine initial patients. Each xenotransplantation
thus far has yielded a trove of invaluable insights.
The next cases, together with ongoing investi-
gations in nonhuman primate and decedent mod-
els, should provide crucial data about the safety,
effectiveness, and viability of xenotransplantation
as a solution to the current organ shortage.

Disclosure forms provided by the author are available with the
full text of this editorial at NEJM.org.

! University of California, San Francisco, San Francisco.
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