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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.
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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. Ivermectin 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. Ivermectin 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. I hope that you will enjoy it together with us.

Sincerely,
Eric J. Rubin, M.D., Ph.D.
Editor-in-Chief, New England Journal of Medicine

(continued from previous page)

mailto:nejmgroup%40mms.org%20?subject=
https://www.nejmgroup.org/
https://www.nejm.org/


The New England Journal of Medicine is a publication of NEJM Group, a division of the Massachusetts Medical Society.
©2025 Massachusetts Medical Society, All rights reserved.

ORIGINAL ARTICLE 

Endovascular Treatment for Stroke Due to Occlusion of Medium or Distal Vessels	 1
RESEARCH SUMMARY: Endovascular Treatment for Stroke Due to Occlusion of Medium or Distal Vessels	 2

ORIGINAL ARTICLE 

Endovascular Treatment of Stroke Due to Medium-Vessel Occlusion	 3
RESEARCH SUMMARY: Endovascular Treatment of Stroke Due to Medium-Vessel Occlusion	 4

EDITORIAL: Medium- and Distal-Vessel Occlusion — The Limit of Thrombectomy?	 5

ORIGINAL ARTICLE 

Brief Report: Xenotransplantation of a Porcine Kidney for End-Stage Kidney Disease	 8
EDITORIAL: Xenotransplantation — Long Awaited, Much Learned, Much More to Be Learned	 9
 
ORIGINAL ARTICLE 

Male-Partner Treatment to Prevent Recurrence of Bacterial Vaginosis	 11
RESEARCH SUMMARY: Male-Partner Treatment to Prevent Recurrence of Bacterial Vaginosis	 12

EDITORIAL: Bacterial Vaginosis — Time to Treat Male Partners	 13
 
ORIGINAL ARTICLE 

Lepodisiran — A Long-Duration Small Interfering RNA Targeting Lipoprotein(a)	 15
RESEARCH SUMMARY: Lepodisiran — A Long-Duration Small Interfering RNA Targeting Lipoprotein(a)	 16

EDITORIAL: Targeting Lipoprotein(a) — the Next Frontier in Cardiovascular Disease	 17
  
ORIGINAL ARTICLE 

Nonoperative Management of Mismatch Repair–Deficient Tumors	 20
EDITORIAL: Nonoperative Management of dMMR Tumors — A Patient-Centered Approach	 21
 
ORIGINAL ARTICLE 

Brief Report: Patient-Specific In Vivo Gene Editing to Treat a Rare Genetic Disease	 24
EDITORIAL: Progress in the Development of N-of-1 Therapy	 25
EDITORIAL: Personalized Gene Editing to Treat an Inborn Error of Metabolism	 27

(continued on next page)

Table of Contents
Notable Articles of 2025



ORIGINAL ARTICLE 

Nerandomilast in Patients with Idiopathic Pulmonary Fibrosis	 31
RESEARCH SUMMARY: Nerandomilast in Patients with Idiopathic Pulmonary Fibrosis	 32

ORIGINAL ARTICLE 

Nerandomilast in Patients with Progressive Pulmonary Fibrosis	 33
RESEARCH SUMMARY: Nerandomilast in Patients with Progressive Pulmonary Fibrosis	 34

EDITORIAL: Progress through Persistence — Turning the Page in Pulmonary Fibrosis Clinical Trials	 35

ORIGINAL ARTICLE 

Structured Exercise after Adjuvant Chemotherapy for Colon Cancer	 38
RESEARCH SUMMARY: Structured Exercise after Adjuvant Chemotherapy for Colon Cancer	 39

EDITORIAL: Extending Cancer Survival with Exercise — Time for Oncology to Act	 40

ORIGINAL ARTICLE 

Omitting Regional Nodal Irradiation after Response to Neoadjuvant Chemotherapy	 42
RESEARCH SUMMARY: Omitting Regional Nodal Irradiation after Response to Neoadjuvant Chemotherapy	 43

ORIGINAL ARTICLE 

Orforglipron, an Oral Small-Molecule GLP-1 Receptor Agonist, in Early Type 2 Diabetes 	 44
RESEARCH SUMMARY: Orforglipron, an Oral Small-Molecule GLP-1 Receptor Agonist, in Early Type 2 Diabetes 	 45

EDITORIAL: Mimicking Complex Receptor Actions with Small(ish) Molecules	 46

ORIGINAL ARTICLE 

Ivermectin to Control Malaria — A Cluster-Randomized Trial 	 48
RESEARCH SUMMARY: Ivermectin to Control Malaria — A Cluster-Randomized Trial	 49

EDITORIAL: Ivermectin against Malaria — Good News in Bad Times	 50

ORIGINAL ARTICLE

Brief Report: Survival of Transplanted Allogeneic Beta Cells with No Immunosuppression 	 52
EDITORIAL: Replacement of Beta Cells for Type 1 Diabetes	 53

ORIGINAL ARTICLE 

Efficacy and Safety of Baxdrostat in Uncontrolled and Resistant Hypertension 	 58
RESEARCH SUMMARY: Efficacy and Safety of Baxdrostat in Uncontrolled and Resistant Hypertension 	 59

EDITORIAL: Aldosterone Synthase Inhibition for Hypertension	 60

Notable Articles of 2025
Table of Contents

(continued from previous page)

(continued on next page)



(continued from previous page)

Notable Articles of 2025
Table of Contents

BONUS CONTENT

Explore these bonus notable articles from NEJM Evidence, NEJM AI, and NEJM Catalyst Innovations in Care Delivery.

NEJM EVIDENCE ORIGINAL ARTICLE  

Zalunfiban at First Medical Contact for ST-Elevation Myocardial Infarction	 65
EDITORIAL: Subcutaneous Glycoprotein IIb/IIIa Inhibitor for ST-Elevation Myocardial Infarction — 	 66 
   Teaching an Old Drug New Tricks	

NEJM AI ORIGINAL ARTICLE   

Randomized Trial of a Generative AI Chatbot for Mental Health Treatment	 69

NEJM CATALYST IN-DEPTH ARTICLE  

Using Mortality and Years-of-Life-Lost Metrics to Evaluate Health System Performance 	 70 
   and Inform Health Care Policy	



Back to Table of Contents

1	 Notable Articles of 2025 	 nejm.org 

n engl j med 392;14 nejm.org April 10, 20251374

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

The authors’ full names, academic de‑
grees, and affiliations are listed at the 
end of the article. Dr. Psychogios can be 
contacted at  marios . psychogios@  usb . ch 
or at the Department of Diagnostic and 
Interventional Neuroradiology, Universi‑
ty Hospital Basel, Petersgraben 4, 4031 
Basel, Switzerland. Dr. Fischer can be 
contacted at  urs . fischer@  insel . ch or at 
the Department of Neurology, University 
Hospital Bern, Rosenbühlgasse 25, 3010 
Bern, Switzerland.

*A list of the DISTAL investigators is pro‑
vided in the Supplementary Appendix, 
available at NEJM.org.

Drs. Psychogios and Brehm contributed 
equally to this article.

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

N Engl J Med 2025;392:1374-84.
DOI: 10.1056/NEJMoa2408954
Copyright © 2025 Massachusetts Medical Society.

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.)

A BS TR AC T

Endovascular Treatment for Stroke Due to 
Occlusion of Medium or Distal Vessels
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J.F. Arenillas,6,7 M. Martínez‑Galdámez,8 S.D. Hajdu,9 P. Michel,10 J. Gralla,11 
E.I. Piechowiak,11 D.P.O. Kaiser,12,13 V. Puetz,13,14 F. Van den Bergh,15 S. De Raedt,16 
F. Bellante,17 A. Dusart,17 V. Hellstern,18 A. Khanafer,18 G. Parrilla,19 A. Morales,19 

J.S. Kirschke,20 S. Wunderlich,21 J. Fiehler,22 G. Thomalla,23 R. Lemmens,24 
J.P. Peluso,25 M. Bolognese,26 A. von Hessling,27 A. van Es,28 N.D. Kruyt,29 

J.M. Coutinho,30 C. Castaño,31 J. Minnerup,32,33 W. van Zwam,34 E. Dhondt,35 
C.H. Nolte,36 P. Machi,37 C. Loehr,38 H.P. Mattle,39 J.‑H. Buhk,40 J. Kaesmacher,11,41 
T. Dobrocky,11 P. Papanagiotou,42,43 A. Alonso,44 M. Holtmannspoetter,45 A. Zini,46 

L. Renieri,47 F. Keil,48 I. van den Wijngaard,29,49 G. Kägi,39,50 M. Terceño,51 
M. Wiesmann,52 S. Amaro,53 N. Rommers,54 L. Balmer,1 I. Fragata,55 M. Katan,56 

R.R. Leker,57 J.L. Saver,58 J. Staals,59 and U. Fischer,39,56 for the DISTAL Investigators*  

Original Article

CME

Read Full Article at NEJM.org

  �
A Quick Take is available at 
NEJM.org

https://www.nejm.org
https://nej.md/3MeBpby
https://nej.md/4aqD9IK


Back to Table of Contents

2	 Notable Articles of 2025 	 nejm.org 

Copyright © 2025 Massachusetts Medical Society.

Safety Outcomes 

16 7

42 38

114

88

150

120

60

0

N
o.

 o
f P

ar
tic

ip
an

ts

90

30

EVT + Best Medical Treatment Best Medical Treatment Alone

Symptomatic
Intracranial

Hemorrhage

Death from 
Any Cause

Serious
Adverse
Events

N
o.

 o
f E

ve
nt

s

4321 5 6

6543210

Median Modified Rankin Scale Score at 90 Days

0

EVT + Best Medical Treatment Best Medical Treatment Alone

Unadjusted common odds ratio for improved score, 0.90 
(95% CI, 0.67–1.22; P=0.50)

N = 271 N = 272

EVT +
Best Medical Treatment

Best Medical
Treatment Alone

+

Participants
• 543 adults
• Median age, 77 years
• Men: 56%; Women: 44%

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
• Assessor-blinded
• Randomized

• Location: 55 hospitals  
in 11 countries (mostly  
European)

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

Endovascular Treatment for Stroke Due to Occlusion  
of Medium or Distal Vessels
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N Engl J Med 2025;392:1385-95.
DOI: 10.1056/NEJMoa2411668
Copyright © 2025 Massachusetts Medical Society.

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 patients 
(41.6%) in the EVT group and in 118 of 274 (43.1%) in the usual-care group (adjusted 
rate ratio, 0.95; 95% confidence interval [CI], 0.79 to 1.15; P = 0.61). Mortality at 90 days 
was 13.3% in the EVT group and 8.4% in the usual-care group (adjusted hazard ratio, 
1.82; 95% CI, 1.06 to 3.12). Symptomatic intracranial hemorrhage occurred in 14 of 
257 patients (5.4%) in the EVT group and in 6 of 272 (2.2%) in the usual-care group.

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.)
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Endovascular Treatment of Stroke Due  
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Patients
• 530 adults
• Median age, 75 years
• Men: 54%; Women: 46%

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
• Open-label
• Randomized
• Controlled

• Blinded outcome evaluation
• Location: 58 sites across  

5 countries in North  
America and Europe

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.

NEJM Quick Take | Editorial
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E d i t o r i a l

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

J Mocco, M.D.1

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) trial1 and DISTAL (Endovascular Therapy 
plus Best Medical Treatment [BMT] versus BMT 
Alone for Medium Vessel Occlusion Stroke — A 
Pragmatic, International, Multicenter, Random-
ized Trial),2 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 trials3 and observational cohorts4 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 20245; with regard to 
“distal vessel occlusion stroke thrombectomy,” 
the number increased from 83 in 2020, to 94 in 
2022, and to 138 in 2024.6 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 

https://www.nejm.org


Back to Table of Contents

6	 Notable Articles of 2025 	 nejm.org 

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med   nejm.org 2

(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)7 and the SWIFT PRIME (Solitaire with the Intention for Thrombectomy as Primary Endovascular Treatment) trial8 — 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-

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.9 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.1 Department of Neurosurgery, Icahn School of Medicine, Mount Sinai Health System, New York.This editorial was published on February 5, 2025, at NEJM.org.
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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)7 and the SWIFT PRIME 
(Solitaire with the Intention for Thrombectomy 
as Primary Endovascular Treatment) trial8 — 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-

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.9 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.
1 Department of Neurosurgery, Icahn School of Medicine, 
Mount Sinai Health System, New York.
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Summ a r y

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.)

Kidney transplantation has become the ideal standard of care 
for end-stage kidney disease, but organ shortage remains critical.1 One prom-
ising approach to address this critical shortage is xenotransplantation of 

porcine organs. Advances in CRISPR–Cas9 gene editing have enabled porcine kidney 
xenografts to survive for more than 2 years in nonhuman primates.2 We treated a 
62-year-old man with long-standing diabetes and advanced vasculopathy who had 
lost nearly all viable hemodialysis-access options. His chance of receiving a trans-
plant within 5 years was only 16%, with a 76% likelihood of dying or becoming 
too ill to receive a transplant, according to the decision-aid calculator for kidney 
transplantation of the Scientific Registry of Transplant Recipients.3

With no living donor available, we pursued a gene-edited pig kidney transplant 
under a single-patient, expanded-access authorization. The patient’s candidacy un-
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Xenotransplantation — Long Awaited, Much 
Learned, Much More to Be Learned

Sandy Feng, M.D., Ph.D.1

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.1

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,2,3 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 2024.4 The recipient was 
a 62-year-old man with end-stage kidney failure 
caused by diabetic nephropathy. The patient’s rel-

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.5

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 days, 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.2 
More sophisticated histoimmunologic phenotyping 
and bulk and spatial transcriptomic profiling con-
firmed antibody-mediated attack.6 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.7-9 Although this patient’s 
extensive history of cardiovascular disease and 
limited dialysis options facilitated a pathway to 
xenotransplantation, these issues undoubtedly in-

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.
1 University of California, San Francisco, San Francisco.
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BACKGROUND
Bacterial vaginosis affects one third of reproductive-aged women, and recurrence is com-
mon. Evidence of sexual exchange of bacterial vaginosis–associated organisms between 
partners suggests that male-partner treatment may increase the likelihood of cure.

METHODS
This open-label, randomized, controlled trial involved couples in which a woman had 
bacterial vaginosis and was in a monogamous relationship with a male partner. In 
the partner-treatment group, the woman received first-line recommended antimicro-
bial agents and the male partner received oral and topical antimicrobial treatment 
(metronidazole 400-mg tablets and 2% clindamycin cream applied to penile skin, 
both twice daily for 7 days). In the control group, the woman received first-line treat-
ment and the male partner received no treatment (standard care). The primary out-
come was recurrence of bacterial vaginosis within 12 weeks.

RESULTS
A total of 81 couples were assigned to the partner-treatment group, and 83 couples were 
assigned to the control group. The trial was stopped by the data and safety monitoring 
board after 150 couples had completed the 12-week follow-up period because treatment 
of the woman only was inferior to treatment of both the woman and her male partner. 
In the modified intention-to-treat population, recurrence occurred in 24 of 69 women 
(35%) in the partner-treatment group (recurrence rate, 1.6 per person-year; 95% confi-
dence interval [CI], 1.1 to 2.4) and in 43 of 68 women (63%) in the control group (recur-
rence rate, 4.2 per person-year; 95% CI, 3.2 to 5.7), which corresponded to an absolute 
risk difference of −2.6 recurrences per person-year (95% CI, −4.0 to −1.2; P<0.001). 
Adverse events in treated men included nausea, headache, and metallic taste.

CONCLUSIONS
The addition of combined oral and topical antimicrobial therapy for male partners to 
treatment of women for bacterial vaginosis resulted in a lower rate of recurrence of 
bacterial vaginosis within 12 weeks than standard care. (Funded by the National 
Health and Medical Research Council of Australia; StepUp Australian New Zealand 
Clinical Trials Registry number, ACTRN12619000196145.)
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Adverse Events in Treated Men
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Recurrence of Bacterial Vaginosis
Hazard ratio, 0.37 (95% CI, 0.22 to 0.61)

35

63

Recurrence rate, 
1.6 per person-yr

Recurrence rate, 
4.2 per person-yr

Partner Treatment No Partner Treatment

Between-group difference, −2.6 recurrences per person-yr 
(95% CI, −4.0 to −1.2); P<0.001

N = 81 N = 83

Metronidazole 
400 mg

Metronidazole 
400 mg

or

Partner Treatment No Partner Treatment

Participants

• 164 adult heterosexual couples 
• Women: premenopausal

Why Was the Trial Done?
Studies have shown that men may harbor bacterial species 
associated with bacterial vaginosis in the distal urethra and 
subpreputial space and that the penile microbiota is predic-
tive of a woman’s risk of bacterial vaginosis. Evidence of sexual 
exchange of bacterial vaginosis–associated organisms suggests 
that treating partners could increase the likelihood of cure.

How Was the Trial Conducted?
Women with bacterial vaginosis who were in a monogamous 
relationship with a male partner received first-line recom-
mended antimicrobial agents; their male partners were as-
signed to receive either partner treatment — oral metronida-
zole and 2% clindamycin cream applied to penile skin — or 
no partner treatment. The primary efficacy outcome was re-
currence of bacterial vaginosis within 12 weeks.

Trial Design
• Open-label
• Randomized
• Controlled

• Location: Five health cen-
ters in three Australian 
states

Results
The trial was stopped early after an interim analysis showed 
that treating only the female partner was inferior to treating 
both partners with respect to recurrence of bacterial vagino-
sis by week 12. Adverse events were reported by nearly half 
the treated male partners; the incidence of systemic adverse 
events in treated men was similar to that in the women. 
Common adverse events included nausea, headache, and me-
tallic taste.

Limitations and Remaining Questions
• Placebo cream was not given to any male partners, owing  

to concern that any topical cream might alter the penile  
microbiome.

• Participants and clinicians knew the trial-group assign-
ments, but the laboratory staff and microscopist assessing 
the primary outcome did not.

• Most of the trial participants attended a single sexual 
health center in urban Australia, which may affect the 
generalizability of the results.

CONCLUSIONS
Treating male partners with oral metronidazole and 
topical clindamycin, in addition to treating female 
patients, resulted in a lower incidence of recurrent 
bacterial vaginosis within 12 weeks than treating only 
women.

NEJM Quick Take | Editorial
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Bacterial Vaginosis — Time to Treat Male Partners

Christina A. Muzny, M.D., M.S.P.H.,1 and Jack D. Sobel, M.D.2

Bacterial vaginosis, the most common cause of 
vaginal discharge in reproductive-age women,1 is 
associated with multiple consequential adverse 
outcomes, including an increased risk of adverse 
birth outcomes, acquisition of human immunode-
ficiency virus and other sexually transmitted in-
fections (STIs), pelvic inflammatory disease, and a 
high incidence of symptomatic recurrence.2 Bacte-
rial vaginosis is characterized as a polymicrobial 
vaginal dysbiosis due to a decrease in protective 
lactobacillus species and an increase in facultative 
and strictly anaerobic bacteria.3 The incidence of 
symptomatic recurrence after treatment can be as 
high as 60% at 12 months.4

Despite substantial data supporting the role 
of sexual transmission of bacterial vaginosis–
associated bacteria,2,5 bacterial vaginosis is still 
unfortunately not accepted as an STI by practi-
tioners. This situation is primarily attributable 
to a lack of agreement regarding the inciting 
agent or agents (although hypothetical models 
have been proposed6), the absence of a disease 
counterpart in men, and the erroneous belief that 
a first episode of bacterial vaginosis can occur in 
women without a history of sexual activity.7 This 
prevailing perspective has been sustained by the 
failure of virtually all previous trials of male-
partner treatment to show that such treatment 
prevents recurrence of bacterial vaginosis in wom-
en.8,9 Critical gaps in knowledge of the pathogen-
esis of bacterial vaginosis have impeded advances 
in treatment and prevention, to the frustration of 
clinicians and patients.

In this context, Vodstrcil et al.10 report in this 

issue of the Journal the results of a multicenter, 
randomized trial of combination oral metroni-
dazole and topical clindamycin antimicrobial 
therapy for regular (monogamous) male partners 
at the time their female partner was treated for 
bacterial vaginosis, as compared with treatment 
of the woman alone, in an attempt to reduce 
recurrence of bacterial vaginosis. At 12 weeks, 
recurrence was documented in 24 of 69 women 
(35%) in the partner-treatment group (recurrence 
rate, 1.6 per person-year; 95% confidence inter-
val [CI], 1.1 to 2.4) and in 43 of 68 women (63%) 
in the control group (recurrence rate, 4.2 per 
person-year; 95% CI, 3.2 to 5.7). These findings 
corresponded to an absolute risk difference of 
−2.6 recurrences per person-year (95% CI, −4.0 
to −1.2). The trial design differed from that of 
previous failed trials of male-partner treatment8,9 
(which used oral antimicrobial therapies only) by 
using a combination of oral and topical antimi-
crobial therapy for male partners in an attempt 
to clear cutaneous penile and urethral carriage 
of bacterial vaginosis–associated bacteria.

The results of this trial are timely and impor-
tant. They provide substantial evidence support-
ing the role of sexual transmission of bacterial 
vaginosis–associated bacteria, particularly with-
in regular sexual partnerships. They also signify 
a need for a major change to the treatment ap-
proach of women with bacterial vaginosis with 
respect to how women should be counseled re-
garding the origin of their infection and to the 
need to engage their male partners in sharing 
responsibility for transmission and treatment. 
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To date, there have been no effective strategies to 
prevent sexual transmission of bacterial vaginosis–
associated bacteria, apart from consistent use of 
condoms.2

The major paradigm shift that this trial rep-
resents will require clinicians to educate their 
patients on the role of sexual transmission of 
bacterial vaginosis–associated bacteria when the 
pathogenesis of bacterial vaginosis is incompletely 
understood and the precise etiologic agent of this 
polymicrobial infection is not yet identified. It will 
also require a willingness of male partners to 
commit to taking both oral and topical medica-
tions, once notified by their female partner that 
she has bacterial vaginosis and that it is proba-
bly sexually transmitted. In the trial by Vodstrcil 
et al., 14% of the men in the intervention group 
reported taking less than 70% of their prescribed 
doses of medication, an early signal that male 
partner buy-in could be challenging in some situ-
ations. Nevertheless, adverse events related to 
topical clindamycin were uncommon among the 
men, and systemic side effects of oral metroni-
dazole were similar to those in women and were 
no more common.

Some limitations of the trial affecting gener-
alizability warrant mention. The trial, which was 
conducted in Australia, included a majority of 
persons of Western Pacific and European ethnic 
background. Substantial racial and ethnic dis-
parities in the prevalence of bacterial vaginosis 
have been documented, with prevalence among 
Black women in North America being particu-
larly high.1 In addition, a majority of the male 
partners in both groups (80%) were uncircumcised 
and more than a quarter of women were using 
an intrauterine device (28% in the intervention 
group and 33% in the control group); both fac-
tors confer a predisposition to carriage of bac-
terial vaginosis–associated bacteria and an in-
creased risk of relapse.2 Reassuringly, the results 
appeared to be similar in subgroup analyses with 
stratification according to these factors, although 
the trial was not powered for these subgroups or 
to explore the association between these factors 

and recurrence of bacterial vaginosis. The trial 
overall was relatively small, but it was stopped 
early for efficacy. Finally, results apply specifi-
cally to women with regular male partners. Simi-
lar trials are needed in diverse populations to 
confirm and extend these findings.

Despite these limitations, this trial provides 
data critical to educating clinicians and patients 
about the role of sexual transmission of bacte-
rial vaginosis–associated bacteria and the bene-
fit of male-partner treatment. It is time to start 
the conversation.

Disclosure forms provided by the authors are available with 
the full text of this editorial at NEJM.org.
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State University, Detroit.
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BACKGROUND
Elevated lipoprotein(a) concentrations are associated with atherosclerotic cardio-
vascular disease. The safety and efficacy of lepodisiran, an extended-duration, 
small interfering RNA targeting hepatic synthesis of lipoprotein(a), are unknown.

METHODS
We randomly assigned participants in a 1:2:2:2:2 ratio to receive lepodisiran at a dose 
of 16 mg, 96 mg, or 400 mg at baseline and again at day 180, lepodisiran at a dose 
of 400 mg at baseline and placebo at day 180, or placebo at baseline and at day 180, 
all administered by subcutaneous injection. Data from the two groups that received 
lepodisiran at a dose of 400 mg at baseline were pooled for the primary analysis. 
The primary end point was the time-averaged percent change from baseline in the 
serum lipoprotein(a) concentration (lepodisiran difference from placebo [i.e., placebo-
adjusted]) during the period from day 60 to day 180.

RESULTS
A total of 320 participants underwent randomization; the median baseline lipoprotein(a) 
concentration was 253.9 nmol per liter. The placebo-adjusted time-averaged percent 
change from baseline in the serum lipoprotein(a) concentration from day 60 to day 
180 was −40.8 percentage points (95% confidence interval [CI], −55.8 to −20.6) in 
the 16-mg lepodisiran group, −75.2 percentage points (95% CI, −80.4 to −68.5) in 
the 96-mg group, and −93.9 percentage points (95% CI, −95.1 to −92.5) in the pooled 
400-mg groups. The corresponding change from day 30 to day 360 was −41.2 per-
centage points (95% CI, −55.4 to −22.4), −77.2 percentage points (95% CI, −81.8 to 
−71.5), −88.5 percentage points (95% CI, −90.8 to −85.6), and −94.8 percentage points 
(95% CI, −95.9 to −93.4) in the 16-mg, 96-mg, 400-mg–placebo, and 400-mg–400-mg 
dose groups, respectively. Serious adverse events, none of which were deemed by in-
vestigators to be related to lepodisiran or placebo, occurred in 35 participants. Dose-
dependent, generally mild injection-site reactions occurred in up to 12% (8 of 69) of 
the participants in the highest lepodisiran dose group.

CONCLUSIONS
Lepodisiran reduced mean serum concentrations of lipoprotein(a) from 60 to 180 
days after administration. (Funded by Eli Lilly; ALPACA ClinicalTrials.gov number, 
NCT05565742.)

a bs tr ac t

Lepodisiran — A Long-Duration Small  
Interfering RNA Targeting Lipoprotein(a)
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Participants

• 320 adults
• Mean age, 63 years 
• Men: 57%; Women: 43%

Lipoprotein(a)

Why Was the Trial Done?
Elevated serum concentrations of lipoprotein(a) are associated 
with risk of atherosclerotic cardiovascular disease, aortic 
stenosis, and death from any cause. Traditional approaches 
to cardiovascular risk reduction have minimal effects on 
lipo protein(a). Lepodisiran — a long-duration small interfer-
ing RNA (siRNA) that inhibits hepatic production of apolipo-
protein(a) — showed promise for serum lipoprotein(a) reduc-
tion in a previous phase 1 study. Additional data are needed.

How Was the Trial Conducted?
Adults 40 years of age or older who had a serum lipoprotein(a) 
concentration of at least 175 nmol per liter were assigned to 
receive subcutaneous injections of lepodisiran at a dose of 
16 mg, 96 mg, or 400 mg at baseline and again at day 180; 
lepodisiran at a dose of 400 mg at baseline and placebo at 
day 180; or placebo at both time points. The primary end 
point was the time-averaged percent change from baseline 
in the serum lipoprotein(a) concentration (lepodisiran differ-
ence from placebo [i.e., placebo-adjusted]) during the period 
from day 60 to day 180 (i.e., before the second injection).

Trial Design
• Phase 2
• Randomized
• Placebo-controlled

• Location: 66 centers  
in 10 countries

Results
Lepodisiran at all doses was associated with reductions in the 
serum lipoprotein(a) concentration at 60 to 180 days after 
administration. During 540 days of follow-up, no serious  
adverse events related to lepodisiran were reported. Injection- 
site reactions, which were generally mild, occurred most often 
with the highest dose of lepodisiran.

Limitations and Remaining Questions
• Only 2% of participants were Black. Elevated lipoprotein(a) 

concentrations are more common in Black people than in 
White people, so further study in this population is nec-
essary.

• Only two doses of lepodisiran were administered in this 
trial. The effect of additional doses is not known.

CONCLUSIONS
In adults with elevated serum lipoprotein(a) concentra-
tions, a single injection of lepodisiran substantially 
reduced lipoprotein(a) from baseline to days 60 to 180 
after administration.
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Targeting Lipoprotein(a) — the Next Frontier 
in Cardiovascular Disease

Daniel J. Rader, M.D.1

Intervention to reduce the levels of circulating 
low-density lipoprotein (LDL) cholesterol and its 
major protein, apolipoprotein B, is one of the most 
effective ways to reduce the risk of cardiovascular 
events. However, even with aggressive lowering 
of the LDL cholesterol level, the risk of cardiovas-
cular disease is not eliminated. One of the im-
portant factors contributing to such residual risk 
is lipoprotein(a).1 Lipoprotein(a), which was first 
described in 1963, is a circulating lipoprotein 
similar to LDL but with a unique protein called 
apolipoprotein(a), which is bound to apolipo-
protein B. Numerous epidemiologic studies 
have shown a significant association between 
lipoprotein(a) levels and atherosclerotic cardio-
vascular disease or calcific aortic stenosis.1 Lev-
els of lipoprotein(a) are highly genetically deter-
mined, and the most important genetic variants 
affecting lipoprotein(a) levels are in the gene LPA, 
which encodes apolipoprotein(a). The finding that 
LPA variants that increase lipoprotein(a) levels 
are also strongly associated with cardiovascular 
outcomes was evidence of causality and provided 
the impetus for the development of therapies to 
lower lipoprotein(a) levels.1,2

The regulation of lipoprotein(a) metabolism 
is markedly different from that of LDL, and the 
LDL receptor plays only a minor role, if any, in 
its catabolism. Levels of lipoprotein(a) are regu-
lated primarily by the rate of apolipoprotein(a) 
synthesis by the liver.1 Lipoprotein(a) is a major 
carrier of oxidized phospholipids, which appear 
to be one of the key mediators of vascular disease.3 
Targeting the production of apolipoprotein(a) by 
the liver is a promising approach to reducing lipo-
protein(a) production, circulating levels of lipo-

pro tein(a) (as well as oxidized phospholipids), and 
the risk of cardiovascular disease.

The advent of antisense oligonucleotides and 
RNA interference ushered in an era of therapeutic 
gene silencing through the targeting of specific 
messenger RNAs, with the liver a prime target. 
The field quickly turned to these technologies to 
silence apolipoprotein(a) production in order to 
reduce lipoprotein(a) levels, and these approaches 
have shown remarkable success in lowering lipo-
protein(a) levels. Pelacarsen, an antisense oligo-
nucleotide, has been reported to reduce lipo pro-
tein(a) levels by more than 90%,4 and three 
different small interfering RNAs (siRNAs) — 
olpasiran, lepodisiran, and zerlasiran — have all 
been reported to reduce lipoprotein(a) by more 
than 90% as well.5-7 In this issue of the Journal,8 
Nissen et al. report findings from a phase 2 trial 
involving 320 persons with high lipoprotein(a) 
levels (≥175 nmol per liter) in whom lepodisiran 
was administered subcutaneously at doses of  
16 mg, 96 mg, or 400 mg. Treatment with lepo-
disiran led to a sustained time-averaged placebo-
adjusted reduction from baseline in lipoprotein(a) 
levels of up to 94 percentage points (at the 400-mg 
dose) during the period from day 60 to day 180. 
The magnitude of lipoprotein(a) reduction is 
similar to that observed with the other siRNAs, 
whereas the duration of the effect appears to 
exceed that of the other agents. The reductions 
in lipoprotein(a) levels seen with these agents in 
persons with a high risk of cardiovascular events 
and elevated lipoprotein(a) levels at baseline would 
be expected to result in a substantial reduction 
in cardiovascular events.2

Three of these lipoprotein(a)-lowering therapies 
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are currently being studied in large trials assess-
ing cardiovascular outcomes (Table 1). The trials 
involve patients with high lipoprotein(a) levels 
(≥70 mg per deciliter or 175 to 200 nmol per liter), 
most of whom have established atherosclerotic 
cardiovascular disease, though the ACCLAIM-
lipoprotein(a) trial of lepodisiran also includes 
some persons without atherosclerotic cardiovas-
cular disease but with a combination of other 
risk factors. The ACCLAIM-lipoprotein(a) trial is 
the largest of the three trials assessing cardio-
vascular outcomes, with a planned enrollment of 
12,500 participants, and will conclude in ap-
proximately 4 years, whereas the other two trials 
are slated to conclude in 2026. Whether interven-
tion to substantially reduce lipoprotein(a) levels 
will reduce the risk of cardiovascular events to a 
clinically relevant degree is one of the biggest 
questions in cardiovascular medicine — and the 
answer will determine whether a new class of 
drugs that addresses a major cardiovascular risk 
factor will eventually be approved and become 
part of the recommended treatment regimen. In 
addition, an oral small molecule lipoprotein(a) 
inhibitor is in clinical development, and two ef-
forts to target the LPA gene through gene editing 
are in preclinical development.9

It has been estimated that approximately one 
in five Americans has high lipoprotein(a) levels 
and an associated increased risk of cardiovascular 
disease. However, despite the ready availability 
of clinical tests for lipoprotein(a) levels, less than 

1% of these persons have had lipoprotein(a) lev-
els measured.9,10 A number of guidelines and so-
cieties have recommendations that incorporate 
clinical measurement of lipoprotein(a) levels, with 
some recommending that all adults have these 
levels measured once.9 Beyond atherosclerotic car-
diovascular disease, lipoprotein(a) is a major 
causal risk factor for calcific aortic stenosis, a 
condition for which there is no medical therapy. If 
lowering lipoprotein(a) levels is effective in reduc-
ing cardiovascular events, a future goal will be to 
test its effect on calcific aortic stenosis.

The story of lipoprotein(a) began more than 
60 years ago with epidemiology, biochemistry, 
and molecular physiology and has accelerated re-
markably in recent years with genetics and novel 
drug technology; its story may culminate in the 
identification of a major causal risk factor for 
atherosclerotic cardiovascular disease and the 
development of highly effective and targeted in-
terventions. The entire field of cardiovascular 
medicine awaits the next chapter — one that is 
likely to have reverberations for the practice of 
medicine for decades.

Disclosure forms provided by the author are available with the 
full text of this editorial at NEJM.org.
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Table 1. Large Trials Assessing the Effect of Lipoprotein(a) Reduction on Cardiovascular Outcomes.*

Drug 
(Mechanism)

Trial, Status, 
ClinicalTrials.gov number

No. of 
Patients

Baseline Lipoprotein(a) 
Level Main Inclusion Criteria

Primary 
End Point

Start Date, 
Estimated 

Completion 
Date

Pelacarsen 
(ASO)

Lipoprotein(a)-
HORIZON, phase 3, 
NCT04023552

8323  
(enrolled)

≥70 mg/dl or approx. 
≥175 nmol/liter

MI, ischemic stroke, or re-
vascularized PAD

MACE† 2019, early 
2026

Olpasiran 
(siRNA)

OCEAN(a), phase 3, 
NCT05581303

7297  
(enrolled)

≥200 nmol/liter MI or coronary revascular-
ization with percutane-
ous coronary interven-
tion and at least 1 
additional risk factor

MACE† 2022, late 
2026

Lepodisiran 
(siRNA)

ACCLAIM-lipoprotein(a), 
phase 3, 
NCT06292013

12,500 
(planned)

≥175 nmol/liter ASCVD or age >55 yr with 
high risk of first ASCVD 
event

MACE† 2024, 2029

*  ASCVD denotes atherosclerotic cardiovascular disease, ASO antisense oligonucleotide, MI myocardial infarction, PAD peripheral artery dis-
ease, and siRNA small interfering RNA.

†  MACE (major adverse cardiovascular event) is a composite of death from a cardiovascular cause, nonfatal myocardial infarction, nonfatal 
stroke, or urgent coronary revascularization. The primary end point of the olpasiran trial did not include nonfatal stroke.
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BACKGROUND
Among patients with mismatch repair–deficient (dMMR), locally advanced rectal can-
cer, neoadjuvant checkpoint blockade eliminated the need for surgery in a high propor-
tion of patients. Whether this approach can be extended to all early-stage dMMR 
solid tumors, regardless of tumor site, is unknown.

METHODS
We conducted a phase 2 study in which patients with stage I, II, or III dMMR solid 
tumors that were amenable to curative-intent surgery were treated with neoadjuvant 
dostarlimab, a programmed cell death 1 (PD-1) blocking agent, for 6 months. The 
response to treatment was assessed in two cohorts: patients in cohort 1 had dMMR, 
locally advanced rectal cancer, and patients in cohort 2 had dMMR nonrectal solid 
tumors. Patients with a clinical complete response could elect to proceed with non-
operative management; those with residual disease were to undergo resection. In 
this analysis, the primary end point, assessed in cohort 1, was a sustained clinical 
complete response at 12 months. Recurrence-free survival and safety were evaluated.

RESULTS
A total of 117 patients were included in the analysis. In cohort 1, all 49 patients who 
completed treatment had a clinical complete response and elected to proceed with 
nonoperative management. A total of 37 patients had a sustained clinical complete 
response at 12 months, a finding that met the criterion for efficacy. In cohort 2, a total 
of 35 of 54 patients who completed treatment had a clinical complete response, and 33 
elected to proceed with nonoperative management. Among the 103 patients who com-
pleted treatment across both cohorts, 84 had a clinical complete response, and 82 did 
not undergo surgery. Among the 117 total patients, recurrence-free survival at 2 years 
was 92% (95% confidence interval, 86 to 99); the median follow-up for recurrence was 
20.0 months (range, 0 to 60.8). The majority of patients (95%) had reversible, grade 1 
or 2 adverse events (60%) or had no adverse events (35%). The option for curative resec-
tion was not compromised during or after treatment in any of the patients.

CONCLUSIONS
Among patients with early-stage dMMR solid tumors that were amenable to curative-
intent surgery, neoadjuvant PD-1 blockade led to organ preservation in a high pro-
portion of patients. (Funded by Swim Across America and others; ClinicalTrials.gov 
number, NCT04165772.)
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Nonoperative Management of dMMR Tumors 
— A Patient-Centered Approach

Elena Elez, M.D., Ph.D.1

In the treatment of patients with mismatch repair–
deficient (dMMR), metastatic solid tumors, check-
point blockade has ushered in a revolutionary 
change, marked by profound and, more impor-
tantly, durable responses.1-3 As neoadjuvant thera-
py, programmed cell death 1 (PD-1) blockade alone 
or in combination with cytotoxic T-lymphocyte–
associated antigen 4 blockade has had unprece-
dented results in patients with colorectal cancer. 
The recent Neoadjuvant Immune Checkpoint In-
hibition and Novel Immuno-oncology Combi-
nations in Early-Stage Colon Cancer 2 (NICHE-2) 
study showed that a major pathological response 
occurred in a high proportion of patients with 
dMMR colon cancer who were treated with dual 
checkpoint inhibition for 1 month before surgery, 
with no recurrences observed in those followed for 
at least 36 months.4

In this issue of the Journal, Cercek and col-
leagues report the results from their study evalu-
ating the use of PD-1 blockade in patients with 
early-stage dMMR solid tumors, with the ulti-
mate goal of nonoperative management.5 This 
approach represents an advance in patient care, 
given that surgery may be mutilating in some 
patients, and associated long-term sequelae may 
adversely affect their quality of life. In this pro-
spective, single-group, phase 2 study, two cohorts 
of patients were treated with a PD-1 inhibitor 
(dostarlimab) for 6 months: cohort 1 included 
patients with dMMR, locally advanced rectal can-
cer, and cohort 2 included patients with dMMR 
nonrectal solid tumors. Patients who had a clini-
cal complete response could elect to proceed with 
nonoperative management.

The results of the study are remarkable and 
unexpected (at least to many of us). Deep and 
long-lasting responses were observed in both 
cohorts, enabling most of the patients to suc-
cessfully avoid surgical intervention. Five pa-
tients had a recurrence, and grade 3 adverse 
events were uncommon; only one patient had a 
grade 4 adverse event. The option for curative-
intent surgery was not compromised during the 
trial in any of the patients, and three patients 
with rectal cancer went on to conceive and de-
liver healthy infants. Moreover, the study com-
pared various methods for response assessment, 
including liquid biopsy (measurement of circu-
lating tumor DNA), tumor biopsy, and imaging, 
underscoring the potential for a monitoring 
strategy incorporating a range of techniques.

PD-1 blockade could represent a life-changing 
approach for patients with dMMR solid tumors. 
However, some important points should be noted. 
In considering whether mismatch-repair deficien-
cy is a tumor-agnostic biomarker, which would 
indicate that treatment may be effective across 
dMMR solid tumors regardless of histologic sub-
type, we cannot overlook response heterogene-
ity according to subtype. The new findings con-
firmed outstanding outcomes among patients 
with rectal cancer, which had been reported previ-
ously by the investigators.6 In cohort 1, all 49 pa-
tients who completed treatment had a clinical 
complete response and elected to proceed with 
nonoperative management. In cohort 2, a total of 
54 patients completed treatment, and a high pro-
portion of those with colon, urothelial, or hepato-
biliary cancer had a clinical complete response. 
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However, the benefit was more modest among 
patients with upper gastrointestinal, gynecologic, 
or prostate cancer.

These findings are consistent with a trend 
observed in a “basket” study conducted by Hy-
man et al.,7 which was one of the first studies 
to apply a histology-independent strategy. The 
study evaluated BRAF inhibition in patients with 
tumors harboring a BRAF V600E mutation, includ-
ing various histologic subtypes. Efficacy was ob-
served for all histologic subtypes except colorec-
tal cancer, for which dual BRAF–EGFR inhibition 
(the combination of a BRAF inhibitor and anti–
epithelial growth factor receptor antibodies) was 
provided. Such observations reaffirm that his-
tologic and tumor-intrinsic biologic features re-
main key determinants of clinical response, even 
in the context of a shared molecular feature. The 
immune context is even more complex. Emerging 
evidence suggests that each histologic subtype 
across dMMR solid tumors has a specific signa-
ture of microsatellite instability and that these 
tumors can be stratified according to specific 
neoantigen profiles.8 In addition, the response 
to immunotherapy may vary according to whether 
the tumor has epigenetic silencing of MLH1 
(a mismatch-repair protein) or the patient has 
genetic loss of MLH1.4

The multidisciplinary nature of this treatment 
strategy must be considered. A neoadjuvant ap-
proach for limited-stage tumors would require 
timely coordination across multiple disciplines 
and commitment from tumor boards in refining 
care pathways and adapting traditional working 
cultures involving sparing surgery or chemoradia-
tion therapy for locally advanced rectal cancer. A 
fundamental aspect of the strategy would be ap-
propriate imaging-based staging and follow-up 
procedures. Given the inflammation of tumors 
with microsatellite instability, some clinically 
node-positive cases might reflect an inflamma-
tory reaction rather than true tumor spread, and 
there is a risk of overtreatment among patients 
who could be cured with less-invasive, straight-
forward surgical resection similar to that per-
formed for T1 tumors. To further inform the 
overall approach, results from multicenter, ran-
domized, controlled trials are awaited.

Treatment duration is another relevant issue. 
Although the likelihood of a pathological com-
plete response increases with the number of cycles, 

so does the risk of immune-related adverse events 
and the financial burden.9 In this study, the me-
dian time to a negative biopsy was 1.5 months, 
whereas the median time to a complete response 
on imaging was 6.1 months. Additional strategies 
such as liquid biopsy could help in defining the 
appropriate treatment duration. However, some 
patients with a relapse had a 3-month decline in 
the level of circulating tumor DNA, which under-
scores the need for cautious interpretation. Rely-
ing solely on liquid biopsy could lead to false 
negative results. Integration of the information 
from various types of response assessment may 
be the answer but would require the implementa-
tion of new techniques and processes.

Finally, and perhaps most importantly, shared 
decision making remains fundamental to patient-
centered care. Although PD-1 blockade could 
become an important option for patients with 
early-stage dMMR tumors, averting surgical re-
section in some cases, patients and their physi-
cians should collaborate to reach an agreement 
on the most appropriate treatment option, with 
patient values and preferences incorporated into 
treatment decisions.10

Collectively, the results from the study by 
Cercek et al. appear to position anti–PD-1 therapy 
as a potentially curative, organ-preserving option 
for patients with dMMR, locally advanced rec-
tal cancer and also offer promise for those with 
other dMMR solid tumors. Longer follow-up data 
and additional evidence will determine whether its 
application can be extended more broadly across 
solid tumors.

Disclosure forms provided by the author are available with the 
full text of this editorial at NEJM.org.
1 Department of Medical Oncology, Vall d’Hebron University 
Hospital, Vall d’Hebron Institute of Oncology, Barcelona.
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Summ a r y

Base editors can correct disease-causing genetic variants. After a neonate had re-
ceived a diagnosis of severe carbamoyl-phosphate synthetase 1 deficiency, a dis-
ease with an estimated 50% mortality in early infancy, we immediately began to 
develop a customized lipid nanoparticle–delivered base-editing therapy. After 
regulatory approval had been obtained for the therapy, the patient received two 
infusions at approximately 7 and 8 months of age. In the 7 weeks after the initial 
infusion, the patient was able to receive an increased amount of dietary protein 
and a reduced dose of a nitrogen-scavenger medication to half the starting dose, 
without unacceptable adverse events and despite viral illnesses. No serious ad-
verse events occurred. Longer follow-up is warranted to assess safety and efficacy. 
(Funded by the National Institutes of Health and others.)

P rogrammable gene-editing technology based on clustered 
regularly interspaced short palindromic repeats (CRISPR)–CRISPR-associated 
protein 9 (Cas9)1 has matured into therapeutic approaches that are improving 

the lives of patients with various diseases, such as sickle cell disease, β-thalassemia, 
and hereditary angioedema.2-4 Precise, corrective CRISPR-Cas9 technology — name-
ly, base editing (which can effect cytosine-to-thymine changes [cytosine base edit-
ing5] or adenine-to-guanine changes [adenine base editing6]) and prime editing7 
(which can produce any single-nucleotide change or small insertion or deletion) — 
can potentially address more than 90% of pathogenic variants in genetic diseases 
that, although rare individually, collectively affect hundreds of millions of people 
worldwide.8 However, drug-development efforts have largely focused on recurrent 
variants in a few relatively common genetic diseases on account of the extensive 
resources needed to develop and bring to market any given therapy.9

We developed a workflow for the rapid development of customized, corrective 
gene-editing therapies for patients with ultrarare or unique “N-of-1” variants 
(Fig. 1). More specifically, we developed a base-editing therapy, delivered in vivo to 
hepatocytes through lipid nanoparticles, for a single patient who at birth received 
a diagnosis of neonatal-onset carbamoyl-phosphate synthetase 1 (CPS1) deficiency, 
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Progress in the Development of N-of-1 Therapy

Peter Marks, M.D., Ph.D.1

Musunuru and colleagues1 describe in the Journal 
an innovative approach in which gene editing is 
applied in the treatment of a very rare disease, the 
severe urea-cycle disorder carbamoyl-phosphate 
synthetase 1 (CPS1) deficiency, which is usually 
fatal in early infancy in approximately half the 
infants who receive the diagnosis. In an accom-
panying Science behind the Study editorial, Grop-
man and Komor2 describe the nature of CPS1 
deficiency, the gene-editing technology of base 
editing, and the methods Musunuru et al. used 
to develop and deliver a base editor to an infant 
with CPS1 deficiency. To summarize briefly, after 
quickly identifying a genetic abnormality (a com-
pound heterozygous defect) in a newborn, Mu-
sunuru et al., with diligent attention to scientific, 
regulatory, and ethical standards, rapidly devel-
oped a specific adenine base editor to be delivered 
intravenously in the form of a messenger RNA 
(mRNA) encapsulated in lipid nanoparticles. To 
address the issue of the presumed cross-reactive 
immunologic material–negative status of the in-
fant and possible antibody formation, a thought-
fully chosen immunosuppressive regimen was 
initiated a few days before the first dose of the 
therapy was administered; a second, higher dose 
of the therapy was ultimately delivered 3 weeks 
after the initial dose. Although very early results at 
7 weeks after the initial treatment are described in 
the study by Musunuru et al., they may indicate 
a solution to the vexing problem of personalized 
(N-of-1) therapy for rare diseases.

It is currently estimated that there are more 
than 7000 rare diseases affecting approximate-
ly 30 million people in the United States and 
300 million people worldwide.3 Although not all 

rare diseases may be eligible for a gene-editing 
approach with available technology, there could 
be hundreds to thousands of diseases that could 
be treated through an approach similar to the one 
described by Musunuru et al. That is, the combi-
nation of rapid diagnosis though genome sequenc-
ing and expedited individualized product develop-
ment, followed by administration of the therapy 
and careful monitoring of safety and efficacy 
outcomes, could remarkably improve the lives of 
persons affected by these rare disorders. Although 
additional work will need to be conducted to re-
producibly deliver gene-editing products to target 
tissues other than the liver, progress is being made 
in targeting bone marrow, T cells, and the brain.4 
Moreover, with the application of a forward-
leading, science-based regulatory approach, this 
clustered regularly interspaced short palindromic 
repeats (CRISPR)–based method could potentially 
provide a solution to the commercial challenges 
that currently limit the ability to apply such an 
approach broadly to N-of-1 disorders.

In the United States, the “platform technolo-
gies” provision was enacted in late 2022.5 The 
development of gene-editing products to address 
N-of-1 disorders with the use of mRNA encapsu-
lated in lipid nanoparticles represents one of the 
most obvious opportunities for the application 
of a platform-technology approach that could be 
transformational. The platform in this case would 
consist of the following elements: the backbone 
mRNA construct encoding the “editor” enzyme 
(so far, CRISPR-associated protein 9 [Cas9] or a 
variant of Cas9 has been used in most clinical 
studies); the procedure for the development of an 
appropriate guide RNA sequence that minimizes 
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the potential for off-target effects; the design of 
the lipid nanoparticle, including any organ-specific 
targeting modifications; the manufacturing infor-
mation for the overall product; the quality-control 
procedures to be used during the manufacture of 
the products; and the standardized method to be 
used for immune suppression in conjunction with 
the administration of the product.

A regulatory approach that leverages the infor-
mation that is used repeatedly from product to 
product, while allowing for the required custom-
ization (in the case of the CRISPR constructs, just 
a short stretch of guide RNA), could be transfor-
mational for N-of-1 disorders. Such an approach 
would greatly simplify the process and markedly 
reduce the complexity and cost of product develop-
ment. One could envision that it might be possible 
for companies to develop products targeting rare 
genetic abnormalities that lead to the absence of 
the expression of a protein in a specific tissue and 
then obtain regulatory approval for the overall ap-
proach (e.g., for a given backbone mRNA com-
bined with a delivery system), rather than having 
to obtain regulatory approval for many unique 
disease-specific products. Facilitating such a pro-
cess could transform N-of-1 therapy into N-of-
many therapies, thus leading to commercial vi-

ability of these products for rare diseases — a 
development that would ultimately benefit many 
persons with great unmet medical need. Although 
the results are very early, the approach taken by 
Musunuru et al. for the treatment of a genetic 
defect causing CPS1 deficiency shows the poten-
tial strength of the application of cutting-edge 
science and technology with a forward-leaning 
regulatory approach to safely expedite the develop-
ment and availability of life-saving medicines.

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

Personalized Gene Editing to Treat  
an Inborn Error of Metabolism

Andrea L. Gropman, M.D.,1 and Alexis C. Komor, Ph.D.2-4

Musunuru et al.1 report in the Journal the de-
velopment of a personalized gene-editing 

strategy to treat a single infant with carbamoyl-
phosphate synthetase 1 (CPS1) deficiency: they 
treated the infant when he was approximately  
7 months of age. As discussed by Marks in an ac-
companying editorial,2 this article is a milestone 
in the evolution of personalized therapies for rare 
and ultrarare inborn errors of metabolism. How-
ever, one must be sensitive to concerns about the 
evidentiary standards applied in such early inter-
ventions.

What Is CPS1?

CPS1 is a mitochondrial enzyme that catalyzes 
the first and rate-limiting step of the urea cycle: 
the conversion of ammonia and bicarbonate to 
carbamoyl phosphate (Fig. 1). This is a crucial 
detoxification step that occurs primarily in hepa-
tocytes. Without functional CPS1, ammonia ac-
cumulates rapidly in the bloodstream and causes 
hyperammonemia, which is toxic to the brain and 
can lead to coma or death if untreated.

CPS1 deficiency is an autosomal recessive in-
born error of metabolism and one of the most 
severe and rarest urea-cycle disorders: its esti-
mated incidence is approximately 1 in 800,000 
to 1 in 1,300,000 live births. It typically mani-
fests as profound hyperammonemia in the first 
24 to 48 hours after birth. Clinical interventions 
are limited and may include dialysis, ammonia 
scavengers, protein restriction, and, later in life, 
liver transplantation, but neurologic outcomes are 
often poor. Gene editing presents a compelling 
therapeutic opportunity for infants with CPS1 de-
ficiency and certain other urea-cycle disorders.

key concepts

 
Base-pair  
Two nitrogenous bases paired together in double-stranded DNA by 
weak bonds. Specific pairing of these bases (adenine with thymine and 
guanine with cytosine) facilitates accurate DNA replication.

CRISPR-Cas9 editing  
A process in which clustered regularly interspaced short palindromic 
repeats (CRISPR) — small remnants of viral DNA from previous viral 
infection that are embedded in bacterial DNA — generate guide RNAs, 
which are used together with a DNA-cutting enzyme (Cas9) by the bacte-
rium to defend against viral infection. With synthetic guide strands and 
an exogenous Cas enzyme, this technology can be used in eukaryotic 
cells to modify DNA or RNA for the purpose of gene editing.

Hepatocyte  
A primary cell of the liver. Hepatocytes make up 70 to 80% of the liver’s 
mass and are involved in many of the liver’s key functions, including 
detoxification and the metabolism of carbohydrates and lipids. In addi-
tion, they are involved in the production of proteins, such as albumin, 
clotting factors and various complement factors, and bile. They can be 
infected by hepatotropic viruses including hepatitis A, B, C, D, and E 
viruses. The liver has a remarkable ability to regenerate because hepa-
tocytes can reenter the cell cycle from a quiescent phase. Nevertheless, 
in the context of chronic liver disease, such as chronic hepatitis B virus 
infection, they are slowly displaced by fibrous tissue, eventually leading 
to cirrhosis, liver failure, and liver cancer.

Nonsense variant  
A single DNA nucleotide that has been altered such that an amino acid 
codon becomes a stop codon, leading to truncation of the encoded protein.
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How to Treat CPS1 Deficiency with a Genetic 
Medicine?

CPS1 is encoded by a particularly large gene, 
which complicates its delivery with common 
vectors such as adeno-associated virus. In addi-
tion, the risk of vector dilution due to hepatocyte 
turnover in neonates may further reduce the ef-
ficacy of conventional gene therapy.

Moreover, because only a handful of patients 
worldwide have the same ultrarare disease, it is 
challenging to assemble robust preclinical and 
clinical data. Natural-history registries are there-
fore valuable in this context. Among patients 
with the same variant, there may be variable 
expressivity, and clinical presentation may vary 
widely, which complicates outcome measures. 
And CPS1 deficiency is genetically heterogeneous: 
it is caused by a variety of different mutations. 

With respect to gene editing, each mutation 
would require its own unique editing strategy, 
the development of which is costly and can take 
years to identify and sufficiently customize.

What Is Base Editing?

Base editing is a method that can be used to 
install single variants into the genome of live 
cells in a targeted, precise, and efficient manner. 
Thus, one can revert a pathogenic stop codon to 
the “original,” nonmutant sequence, allowing 
the synthesis of a full-length, functional protein. 
Musunuru et al. used an adenine base editor 
(ABE), which comprises an enzyme (a clustered 
regularly interspaced short palindromic repeats–
associated protein 9 [Cas9] nickase [Cas9n]–
adenosine deaminase fusion) and a piece of RNA 
called a guide RNA (gRNA). The Cas9n enzyme 
is guided to a specific 20 base-pair (see Key 
Concepts) protospacer sequence (in this case, 
the region of the patient’s paternal CPS1 gene 
that harbors the mutation) with the gRNA. The 
protospacer must be next to a three-base motif, 
called the protospacer adjacent motif (PAM), 
which the Cas9n protein recognizes and binds 
tightly to. Once bound, the adenosine deami-
nase domain deaminates adenines within the 
protospacer, leading to the conversion of a spe-
cific A–T base pair into a G–C base pair. Base 
editing is therefore more precise than clustered 
regularly interspaced short palindromic repeats 
[CRISPR]–Cas9 editing, which disrupts genes by 
cutting the DNA rather than targeting a single 
base pair for mutation.

How Can It Treat CPS1 Deficiency?

Musunuru et al. developed a base-editing strategy 
to correct the CPS1 Q335X “stop” variant, a non-
sense G-to-A variant on the noncoding strand. 
They started out by testing several different 
gRNAs that target overlapping protospacers. With 
each gRNA, the pathogenic A variant is in a 
slightly different position and orientation with 
respect to the positioning of the adenosine de-
aminase domain, once the ABE has bound to the 
PAM and protospacer.

Increasing the potential for patient-specific 
customization, each gRNA can be combined with 
an ABE variant: ABE variants differ in their pref-
erences for specific DNA motifs. Numerous 

Figure 1 (facing page). A Strategy to Treat CPS1 Defi-
ciency through Base Editing.

Deficiency of carbamoyl-phosphate synthetase 1 
(CPS1) is a recessive urea-cycle disorder caused by 
damaging or null variants in the gene CPS1. The CPS1 
enzyme catalyzes the first step in the urea cycle, which 
takes place in the hepatocyte (Panel A). This step in-
volves the combination of ammonia and carbon diox-
ide to produce carbamoyl phosphate, thus converting 
a neurotoxin (ammonia) into a substrate of the urea 
cycle (carbamoyl phosphate). The product of this cycle, 
urea, is excreted from the body in the urine. In the  
absence of adequate levels of CPS1, ammonia levels  
increase. An infant described by Musunuru et al.1 pre-
sented with symptoms within 2 days after birth. Within 
7 months, Musunuru et al. generated and carried out 
preclinical studies of an adenine base editor (kayjayguran 
abengcemeran, or k-abe) (Panel B), designed to correct 
one of the infant’s pathogenic CPS1 variants. The edi-
tor is made up of a modified clustered regularly inter-
spaced short palindromic repeats–associated protein 9 
(Cas9) enzyme (which does the editing) and a guide 
RNA (gRNA, which guides the Cas9 enzyme to the mu-
tant CPS1 nucleotide). In preclinical experiments, k-abe 
changed (or “edited”) the mutant adenine into an ino-
sine (which resembles guanine) on the noncoding 
strand, which resulted in the correction of the thymine 
to cytosine on the coding strand and permitted synthe-
sis of full-length CPS1. Reduced levels of ammonia in 
the infant’s plasma after treatment with k-abe is con-
sistent with correction of the pathogenic CPS1 variant. 
The term crRNA denotes CRISPR (clustered regularly 
interspaced short palindromic repeats) RNA, PAM pro-
tospacer adjacent motif, and tracrRNA trans-activating 
CRISPR RNA.
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ABE:gRNA combinations were individually gen-
erated and tested to identify the combination 
with the greatest efficiency and precision. Fur-
ther complicating the testing process is that it 
must be carried out with the use of cells that 
harbor the pathogenic variant and that are the 
same or a similar cell type to the target tissue 
(in the case of CPS1 deficiency, a hepatocyte) 
and are easy to culture and grow in the labora-
tory. For some rare diseases, it can take months 
to a year to generate such a cell line.

How Was Gene-Editor Customization 
Accelerated?

To obtain a suitable cell line for testing ABE:gRNA 
combinations, Musunuru et al. inserted a 100 
base-pair segment representing the patient’s 
mutated CPS1 (generated through DNA-synthesis 
technology) into the genome of a human hepato-
cyte cell line. Overall, the generation of the cell 
line and ABE:gRNA screening took 2 months to 
complete. Preclinical studies of the adenine base 
editor (named kayjayguran abengcemeran, or k-abe) 
were then conducted in two different transgenic 
mouse models and in nonhuman primates.

What’s Next?

The ability to intervene at the genomic level and 
to directly correct the underlying genetic defect 
in a patient’s liver shows the promise of CRISPR-
based medicine. Limitations of the study include 
the fact that the mouse model, although carry-
ing the patient’s pathogenic CPS1 variants, does 
not have a CPS1 deficiency phenotype and so is 
unsuitable for testing therapeutic efficacy.

This study must be balanced against the cur-
rent limitations of an N-of-1 experience in a rare 
or ultrarare condition. Although the authors not-
ed clinical stabilization in the short term, the 

absence of direct molecular confirmation of gene 
editing by means of liver biopsy leaves questions 
unanswered, such as the durability of the thera-
peutic effect, the extent of mosaicism of editing, 
and the risks of off-target events or immune 
responses. Longer-term follow-up of this patient 
will be critical to obtaining answers.

The development of minimally invasive bio-
markers in lieu of liver biopsy to assess editing 
success and expansion to small, well-controlled 
cohorts should be considered. One could consider 
ureagenesis studies that use stable isotope trac-
ers, cell-free DNA assays, or quantitative metabo-
lomics. Further customization of delivery plat-
forms and enhancement of editing efficiency 
will be key to translating this singular success 
into reproducible and scalable therapy. More-
over, the path from proof of concept to standard 
of care will require careful ethical and regula-
tory stewardship. For patients with CPS1 defi-
ciency and similar ultrarare disorders, the find-
ings of Musunuru et al. offer hope and yet require 
validation through treatment of the second pa-
tient, the third, and beyond.

Disclosure forms provided by the authors are available with 
the full text of this editorial at NEJM.org.
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BACKGROUND
Nerandomilast (BI 1015550) is an orally administered preferential inhibitor of phos-
phodiesterase 4B with antifibrotic and immunomodulatory effects. In a phase 2 trial 
involving patients with idiopathic pulmonary fibrosis, treatment with nerandomi-
last stabilized lung function over a period of 12 weeks.

METHODS
In this phase 3, double-blind trial, we randomly assigned patients with idiopathic 
pulmonary fibrosis in a 1:1:1 ratio to receive nerandomilast at a dose of 18 mg 
twice daily, nerandomilast at a dose of 9 mg twice daily, or placebo, with stratifi-
cation according to background antifibrotic therapy (nintedanib or pirfenidone vs. 
none). The primary end point was the absolute change from baseline in forced vital 
capacity (FVC), measured in milliliters, at week 52.

RESULTS
A total of 1177 patients underwent randomization, of whom 77.7% were taking 
nintedanib or pirfenidone at enrollment. Adjusted mean changes in FVC at week 
52 were −114.7 ml (95% confidence interval [CI], −141.8 to −87.5) in the neran-
domilast 18-mg group, −138.6 ml (95% CI, −165.6 to −111.6) in the nerandomilast 
9-mg group, and −183.5 ml (95% CI, −210.9 to −156.1) in the placebo group. The 
adjusted difference between the nerandomilast 18-mg group and the placebo 
group was 68.8 ml (95% CI, 30.3 to 107.4; P<0.001), and the adjusted difference 
between the nerandomilast 9-mg group and the placebo group was 44.9 ml (95% 
CI, 6.4 to 83.3; P = 0.02). The most frequent adverse event in the nerandomilast 
groups was diarrhea, reported in 41.3% of the 18-mg group and 31.1% of the 9-mg 
group, as compared with 16.0% in the placebo group. Serious adverse events were 
balanced across trial groups.

CONCLUSIONS
In patients with idiopathic pulmonary fibrosis, treatment with nerandomilast re-
sulted in a smaller decline in the FVC than placebo over a period of 52 weeks. 
(Funded by Boehringer Ingelheim; FIBRONEER-IPF ClinicalTrials.gov number, 
NCT05321069.)
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Patients

• 1177 adults
• Mean age, 70 years
• Men: 83%; Women: 17%

Thickened 
alveolar walls

Why Was the Trial Done?
Current therapies for idiopathic pulmonary fibrosis do not 
halt disease progression, and their gastrointestinal side  
effects often interfere with treatment. In a phase 2 trial, 
nerandomilast — an orally administered preferential inhib-
itor of phosphodiesterase 4B — stabilized lung function 
over 12 weeks and had an acceptable safety profile in pa-
tients with idiopathic pulmonary fibrosis. Additional data 
are needed.

How Was the Trial Conducted?
Patients 40 years of age or older with idiopathic pulmonary 
fibrosis were assigned to receive nerandomilast at a dose of 
18 mg twice daily, nerandomilast at a dose of 9 mg twice daily, 
or placebo. The primary end point was the absolute change in 
forced vital capacity (FVC) from baseline to week 52.

Trial Design
• Phase 3
• Double-blind
• Randomized

• Placebo-controlled
• 332 sites in 36 countries

Results
Nerandomilast at either dose resulted in a significantly 
smaller decline in the FVC than placebo. The most common 
adverse event with nerandomilast was diarrhea. The inci-
dence of serious adverse events was similar across the 
groups.

Limitations and Remaining Questions

• The trial was not powered to evaluate nerandomilast in 
subgroups.

• The duration of follow-up did not allow for assessment of 
the effect of nerandomilast on long-term mortality.

• Approximately three fourths of the patients used back-
ground antifibrotic therapy. Discontinuations, initiations, 
and changes in dose administration of antifibrotic therapy 
may have affected the differences observed between the 
nerandomilast and placebo groups.

CONCLUSIONS
Among adults with idiopathic pulmonary fibrosis, 
twice-daily treatment with nerandomilast led to a 
smaller decline in the FVC than placebo over 52 weeks.
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BACKGROUND
Nerandomilast (BI 1015550) is an orally administered preferential inhibitor of phos-
phodiesterase 4B with antifibrotic and immunomodulatory properties. Nerandomilast 
has been shown to slow the progression of idiopathic pulmonary fibrosis, but an 
assessment of its effects in other types of progressive pulmonary fibrosis is needed.

METHODS
In a phase 3, double-blind trial, we randomly assigned patients with progressive 
pulmonary fibrosis in a 1:1:1 ratio to receive nerandomilast at a dose of 18 mg 
twice daily, nerandomilast at a dose of 9 mg twice daily, or placebo, with stratifi-
cation according to background therapy (nintedanib vs. none) and fibrotic pattern 
on high-resolution computed tomography (usual interstitial pneumonia-like pat-
tern vs. other patterns). The primary end point was the absolute change from 
baseline in the forced vital capacity (FVC), measured in milliliters, at week 52.

RESULTS
A total of 1176 patients received at least one dose of nerandomilast or placebo, of 
whom 43.5% were taking background nintedanib therapy at baseline. The adjusted 
mean change in the FVC at week 52 was −98.6 ml (95% confidence interval [CI], 
−123.7 to −73.4) in the nerandomilast 18-mg group, −84.6 ml (95% CI, −109.6 to 
−59.7) in the nerandomilast 9-mg group, and −165.8 ml (95% CI, −190.5 to −141.0) 
in the placebo group. The adjusted difference between the nerandomilast 18-mg 
group and the placebo group was 67.2 ml (95% CI, 31.9 to 102.5; P<0.001), and the 
adjusted difference between the nerandomilast 9-mg group and the placebo group 
was 81.1 ml (95% CI, 46.0 to 116.3; P<0.001). The most frequent adverse event was 
diarrhea, reported in 36.6% of the patients in the nerandomilast 18-mg group, 29.5% 
of those in the nerandomilast 9-mg group, and 24.7% of those in the placebo group. 
Serious adverse events occurred in similar percentages of patients in the trial groups.

CONCLUSIONS
In patients with progressive pulmonary fibrosis, treatment with nerandomilast led 
to a smaller decline in the FVC than placebo over a period of 52 weeks. (Funded by 
Boehringer Ingelheim; FIBRONEER-ILD ClinicalTrials.gov number, NCT05321082.)
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Why Was the Trial Done?
Nerandomilast is an orally administered preferential inhib-
itor of phosphodiesterase 4B with antifibrotic and immu-
nomodulatory properties. This agent slows the progression 
of idiopathic pulmonary fibrosis, but an assessment of its 
effects in other types of progressive pulmonary fibrosis is 
needed.

How Was the Trial Conducted?
Patients with progressive pulmonary fibrosis were randomly 
assigned in a 1:1:1 ratio to receive nerandomilast at a dose 
of 18 mg twice daily, nerandomilast at a dose of 9 mg twice 
daily, or placebo twice daily, with stratification according to 
background therapy (nintedanib vs. none) and fibrotic pat-
tern on high-resolution CT. The primary end point was the 
absolute change in the forced vital capacity (FVC) at week 52.

Trial Design
• Phase 3
• Randomized
• Double-blind

• Placebo-controlled
• Location: 403 sites in  

44 countries

Results
At week 52, the absolute decline in the FVC was signifi-
cantly smaller with either dose of nerandomilast than with 
placebo. The most common adverse event was diarrhea, 
which occurred more frequently in the nerandomilast 
groups.

Limitations and Remaining Questions

• The trial was not powered to evaluate nerandomilast in 
specific subgroups, including those based on interstitial 
lung disease diagnosis.

• Patients taking some medications, notably mycophenolate, 
that are commonly used for treatment of autoimmune dis-
eases were excluded.

CONCLUSIONS
In patients with progressive pulmonary fibrosis, 
nerandomilast at a dose of 18 mg twice daily or 9 mg 
twice daily resulted in a smaller decline in the FVC than 
placebo over a period of 52 weeks.
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Progress through Persistence — Turning the Page  
in Pulmonary Fibrosis Clinical Trials

Joyce S. Lee, M.D.1

The field of pulmonary fibrosis has come a long 
way in the past 25 years, with the approach to pa-
tient care evolving from a predominantly experi-
ence-based decision-making model to a more 
data-driven model. Along that journey, we have 
learned that certain practices that were consid-
ered to be standards of care were harmful to 
patients with idiopathic pulmonary fibrosis (IPF)1 
and that many promising therapeutics were inef-
fective.2,3 Progress was finally achieved when two 
medications, nintedanib and pirfenidone, were 
approved in 2014 for the treatment of IPF. Both 
agents were shown to reduce the decline from 
baseline to week 52 in the forced vital capacity 
(FVC) by approximately 50%, but many patients 
had challenging side effects.4,5

Since the approval of these two medications, 
there has been a series of disappointing clinical 
trials in our field, with no new therapies enter-
ing the clinic. Now in the Journal, Richeldi et al.6 
and Maher et al.7 turn the page and report the 
results of two phase 3 randomized clinical trials 
involving patients with pulmonary fibrosis. Both 
trials assessed the efficacy and safety of nerando-
milast (BI 1015550), a preferential inhibitor of 
phosphodiesterase 4B that showed antifibrotic and 
immunomodulatory effects in preclinical models 
of pulmonary fibrosis.

In the FIBRONEER-IPF trial, Richeldi et al. 
assigned 1177 patients with IPF to receive neran-
domilast at a dose of 18 mg twice daily, nerando-
milast at a dose of 9 mg twice daily, or placebo.6 
The majority of the patients (77.7%) were taking 
background nintedanib or pirfenidone therapy at 
enrollment. The nerandomilast groups differed 
significantly from the placebo group with regard 

to the primary end point of the absolute change 
from baseline to week 52 in the FVC (measured 
in milliliters) (Table 1). The reduction in the de-
cline in the FVC at week 52 with nerandomilast 
as compared with placebo appeared to be con-
sistent among all prespecified subgroups except 
the group that was taking 9 mg of nerandomi-
last and background pirfenidone therapy, a find-
ing that was probably due to an interaction 
between the two agents that reduced plasma 
concentrations of nerandomilast. The authors 
did not observe significant differences between 
the nerandomilast groups and the placebo group 
with regard to the key secondary end point of a 
first acute exacerbation, hospitalization for a 
respiratory cause, or death, assessed in a time-
to-event analysis over the duration of the trial.

In the FIBRONEER-ILD trial, Maher et al. as-
signed 1176 patients with non-IPF interstitial lung 
disease (ILD) and a progressive pulmonary fibro-
sis (PPF) phenotype to receive nerandomilast at 
a dose of 18 mg twice daily, nerandomilast at a 
dose of 9 mg twice daily, or placebo.7 The PPF 
criteria were the same as those in the phase 3 
INBUILD trial of nintedanib in patients with PPF.8 
A minority of the patients (43.5%) were taking 
background nintedanib therapy, and several of 
the more frequently used immunosuppressive 
medications were not permitted. A significant 
difference with regard to the primary end point 
of the absolute change from baseline to week 52 
in the FVC was observed between both neran-
domilast groups and the placebo group. The re-
sults of prespecified subgroup analyses of the 
differences between the nerandomilast groups and 
the placebo group with regard to the primary end 
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point, which included assessments according to 
ILD diagnosis and background use of nintedanib 
therapy, were generally consistent with those in the 
overall population. The differences between the 
nerandomilast groups and the placebo group with 
regard to the key secondary end point of a first 
acute exacerbation, hospitalization for a respira-
tory cause, or death, assessed in a time-to-event 
analysis over the duration of the trial, were not 
significant.

In both trials, there were no apparent differ-
ences in measures of health-related quality of 
life across the nerandomilast and placebo groups. 
Adverse events were generally similar in the two 
trials. Diarrhea was the most frequently reported 
adverse event and occurred in up to 41% of the 
patients who were receiving nerandomilast and 
in up to 62% of those who were receiving neran-
domilast and background nintedanib therapy.

These trials present a wealth of data to con-
sider. One key takeaway is that IPF and PPF con-
tinue to progress with ongoing loss of lung func-
tion despite our current standard of care. Second, 
data from the current trials suggest that although 
nerandomilast slowed the decline in the FVC in 
both IPF and PPF, the decline continued. Third, 
although no dose–response relationship was ob-
served in the nerandomilast groups and the be-
tween-group differences with respect to the key 
secondary end point were not significant in either 
trial, the mortality findings in the FIBRONEER-ILD 
trial deserve additional exploration. Fourth, as in 
previous trials of pharmacologic interventions 
for IPF or PPF,4,5 nerandomilast did not improve 
health-related quality of life as compared with 
placebo. Fifth, the frequency of diarrhea was 
higher in the nerandomilast groups than in the 
placebo group, and proactive management of this 
adverse event will be needed in patients receiving 
nerandomilast.

The current clinical trials represent a mean-
ingful advancement in the treatment landscape 

for persons living with IPF and progressive ILD 
other than IPF. Important issues that our com-
munity of clinicians will need to address moving 
forward nonetheless remain — decisions regard-
ing the choice of first-line therapy, indications 
for up-front combination therapy as compared 
with add-on therapy, and the role of immuno-
suppression in patients with non-IPF ILD and a 
PPF phenotype. Furthermore, a shift toward early 
identification and treatment of ILD should be a 
priority to prevent or slow the development of 
clinically significant disease. We must remain per-
sistent in our efforts to find better therapies for 
our patients — therapies that not only modify 
(and potentially improve) disease behavior but also 
improve the quality of life for our patients living 
with these devastating diseases.

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

1 University of Colorado Anschutz Medical Campus, Aurora.

This editorial was published on May 19, 2025, at NEJM.org.
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BACKGROUND
Preclinical and observational studies suggest that exercise may improve cancer out-
comes. However, definitive level 1 evidence is lacking.

METHODS
In this phase 3, randomized trial conducted at 55 centers, we assigned patients with 
resected colon cancer who had completed adjuvant chemotherapy to participate in a 
structured exercise program (exercise group) or to receive health-education materials 
alone (health-education group) over a 3-year period. The primary end point was 
disease-free survival.

RESULTS
From 2009 through 2024, a total of 889 patients underwent randomization to the 
exercise group (445 patients) or the health-education group (444 patients). At a 
median follow-up of 7.9 years, disease-free survival was significantly longer in the 
exercise group than in the health-education group (hazard ratio for disease recur-
rence, new primary cancer, or death, 0.72; 95% confidence interval [CI], 0.55 to 
0.94; P = 0.02). The 5-year disease-free survival was 80.3% in the exercise group and 
73.9% in the health-education group (difference, 6.4 percentage points; 95% CI, 
0.6 to 12.2). Results support longer overall survival in the exercise group than in 
the health-education group (hazard ratio for death, 0.63; 95% CI, 0.43 to 0.94). The 
8-year overall survival was 90.3% in the exercise group and 83.2% in the health-
education group (difference, 7.1 percentage points; 95% CI, 1.8 to 12.3). Musculo-
skeletal adverse events occurred more often in the exercise group than in the 
health-education group (in 18.5% vs. 11.5% of patients).

CONCLUSIONS
A 3-year structured exercise program initiated soon after adjuvant chemotherapy 
for colon cancer resulted in significantly longer disease-free survival and findings 
consistent with longer overall survival. (Funded by the Canadian Cancer Society 
and others; CHALLENGE ClinicalTrials.gov number, NCT00819208.)
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Why Was the Trial Done?
For patients with stage III or high-risk stage II colorectal 
cancer, standard management includes surgery and adjuvant 
chemotherapy. However, 20 to 40% of patients have recur-
rent disease, and side effects of treatment undermine their 
quality of life. New interventions that improve survival and 
quality of life are needed.

How Was the Trial Conducted?
Patients who had undergone complete resection of stage III 
or high-risk stage II colon cancer and had completed adju-
vant chemotherapy in the previous 2 to 6 months were ran-
domly assigned to participate in a structured exercise pro-
gram (behavioral-support sessions and supervised exercise 
sessions held every 2 weeks or monthly for 3 years) or to re-
ceive health-education materials only. The primary end point 
was disease-free survival.

Trial Design
• Phase 3
• Randomized
• Controlled

• Location: 55 sites (mostly in 
Canada and Australia)

Results
During a median follow-up of approximately 8 years, dis-
ease-free survival was significantly longer in the exercise 
group than in the health-education group. Musculoskeletal 
adverse events occurred more often in the exercise group 
than in the health-education group.

Limitations and Remaining Questions
• Recruitment of patients was slow and spanned 15 years.
• Disease-free survival at 3 years was higher than expected, 

probably in part because of a selection bias toward higher- 
functioning patients.

• Whether beginning an exercise intervention earlier in the 
treatment course would further improve outcomes re-
mains to be determined.

CONCLUSIONS
Among patients who had recently completed adjuvant 
chemotherapy for colon cancer, a 3-year structured 
exercise program led to significantly longer disease-free 
survival than health education alone.

NEJM Quick Take | Editorial
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Extending Cancer Survival with Exercise 
— Time for Oncology to Act

Melinda L. Irwin, Ph.D., M.P.H.1

In 2006, a prospective observational study first 
showed that physical activity after a colon cancer 
diagnosis was linked to a decreased risk of re-
currence and death.1 Since then, numerous ob-
servational studies across various cancers have 
shown similar survival benefits.2 However, some 
observers have argued that such studies could 
not prove causation and might reflect confound-
ing factors, such as a higher likelihood that 
healthier patients would exercise or had biologi-
cally less aggressive tumors. Other observational 
studies have shown that physically active people 
have a lower risk of cancer than more sedentary 
people.2 Preclinical research supports that exer-
cise can slow tumor growth,3 and small trials 
involving participants with and without cancer 
have shown that exercise improves metabolic, 
inflammatory, and immune markers4 and may 
improve adherence to cancer treatment.5 Despite 
these findings and national guidelines recom-
mending increased physical activity,6,7 exercise has 
yet to be widely integrated into cancer care, per-
haps because of a lack of definitive evidence 
from large randomized trials.

Oncology has reached a turning point. In this 
issue of the Journal, Courneya and colleagues pres-
ent the final results from the phase 3 Colon Health 
and Lifelong Exercise Change (CHALLENGE) tri-
al.8 In this trial, investigators randomly assigned 
patients who had undergone complete resection 
of stage III or high-risk stage II colon cancer to 
receive health-education materials alone or to par-
ticipate in a 3-year aerobic exercise intervention. 
All the patients had completed adjuvant chemo-

therapy within the previous 2 to 6 months. The 
primary end point was disease-free survival.

At a median follow-up of 7.9 years, the risk of 
disease recurrence, a new primary cancer, or 
death was 28% lower in the exercise group than 
in the health-education group, and overall mor-
tality was lower by 37%. At 8 years, overall sur-
vival was 90.3% in the exercise group and 83.2% 
in the health-education group — an absolute dif-
ference in benefit of 7.1 percentage points. These 
remarkable findings were due to fewer recur-
rences of colon cancer and fewer new primary 
cancers, mainly of the breast, prostate, and colon.

This trial of the effects of exercise on disease-
free survival in patients with colon cancer provides 
definitive evidence that exercise offers additional 
benefits to overall survival beyond surgery and 
chemotherapy, while also enhancing the patients’ 
quality of life. The magnitude of benefit is similar 
to that of many approved cancer therapies. On-
going trials are evaluating the effect of exercise, 
nutrition, and diet-induced weight loss on disease-
free survival in patients with breast or ovarian 
cancer, studies that may help to clarify the role of 
these approaches across different cancer types.9,10

The 3-year, partially supervised aerobic exer-
cise program in the trial was feasible for the pa-
tients, who had a median age of 61 years, with one 
third over the age of 65 years; 51% of the patients 
were women, and 90% had stage III colon cancer. 
Patients in the exercise group maintained sig-
nificantly greater increases in physical activity 
(ranging from 1.5 to 2.5 additional hours per 
week), cardiorespiratory fitness, and physical func-
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tion than did those in the health-education group. 
The primary effect of exercise was consistent 
across patient and treatment subgroups, which 
suggested that regardless of age or disease status, 
exercise can improve outcomes for patients with 
colon cancer.

Although the median body-mass index (BMI, 
the weight in kilograms divided by the square of 
the height in meters) at enrollment was 28 and 
one third of the patients had a BMI of more than 
30, no weight change was noted in either group 
over the 3-year period, which suggests that the 
disease-free survival benefit of exercise was inde-
pendent of weight loss. Future research and clini-
cal care for patients with cancer must include ex-
ercise interventions, given that obesity is linked 
to an increased risk of the development of (and 
death from) 13 types of cancer.11 Moreover, emerg-
ing antiobesity medications show promise in 
reducing the risk of chronic disease but arouse 
concern about muscle loss.12

Despite the importance of the CHALLENGE 
trial, it is striking that it took 15 years to recruit 
889 patients from 55 centers across six countries 
— averaging 59 patients per year, or about 1 pa-
tient per center annually. Although eligibility cri-
teria were broad and applicable to most patients 
with stage II or III colon cancer, slow accrual 
probably stemmed from a limited geographic base, 
with 94% of the patients recruited from Canada 
and Australia. Moreover, many clinical-trial coop-
erative groups have limited infrastructure support 
for conducting behavioral trials, as compared with 
drug trials. In the United States, the National 
Clinical Trials Network does not provide funding 
for lifestyle or behavioral intervention–associated 
costs.

The CHALLENGE findings underscore the need 
to integrate exercise into cancer care. Although 
current guidelines already recommend physical 
activity before, during, and after treatment,6,7 
few adults — whether healthy or diagnosed with 
cancer — meet the recommended 2.5 hours per 
week of moderate-intensity activity, such as brisk 
walking.13 Without systems-level changes, physi-
cal activity levels are unlikely to increase. Al-
though implementation studies are needed to 
identify the best strategies for integrating exer-

cise into care, we should not wait. Clinicians can 
refer patients to community-based exercise pro-
grams and use or adapt existing services such as 
cardiac rehabilitation. Trained exercise counsel-
ors should be embedded within oncology care 
teams, with services covered by insurance. As on-
cology continues to advance, exercise must become 
a standard part of care. The time to act is now.

Disclosure forms provided by the author are available with the 
full text of this editorial at NEJM.org.
1 Department of Chronic Disease Epidemiology, Yale School of 
Public Health, New Haven, CT.
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BACKGROUND
The benefit of regional nodal irradiation in the treatment of breast cancer is well 
established for patients with pathologically positive axillary nodes, but whether it is 
also beneficial for patients whose nodes become pathologically tumor free (ypN0) 
after neoadjuvant chemotherapy remains unclear.

METHODS
We evaluated whether regional nodal irradiation improves outcomes in patients with 
biopsy-proven, node-positive breast cancer who reach ypN0 status after neoadjuvant 
chemotherapy. Patients with breast cancer with a clinical stage of T1 to T3 (tumor 
size, ≤2 cm to >5 cm), N1, and M0 (indicating spread to movable, ipsilateral level I 
and II axillary lymph nodes but no distant metastasis) who had ypN0 status after 
neoadjuvant chemotherapy were randomly assigned to receive regional nodal irra-
diation or no regional nodal irradiation. The primary end point was the interval of 
freedom from invasive breast cancer recurrence or death from breast cancer (invasive 
breast cancer recurrence–free interval). Secondary end points included the locore-
gional recurrence–free interval, the distant recurrence–free interval, disease-free 
survival, and overall survival. Safety was also assessed.

RESULTS
A total of 1641 patients were enrolled in the trial; 1556 were included in the pri-
mary-event analysis: 772 in the irradiation group and 784 in the no-irradiation 
group. After a median follow-up of 59.5 months, 109 primary end-point events (50 
in the irradiation group and 59 in the no-irradiation group) had occurred. Re-
gional nodal irradiation did not significantly increase the invasive breast cancer 
recurrence–free interval (hazard ratio, 0.88; 95% confidence interval, 0.60 to 1.28; 
P = 0.51). Point estimates of survival free from the primary end-point events were 
92.7% in the irradiation group and 91.8% in the no-irradiation group. Regional 
nodal irradiation did not increase the locoregional recurrence–free interval, the 
distant recurrence–free interval, disease-free survival, or overall survival. No deaths 
related to the protocol-specified therapy were reported, and no unexpected adverse 
events were observed. Grade 4 adverse events occurred in 0.5% of patients in the 
irradiation group and 0.1% of those in the no-irradiation group.

CONCLUSIONS
The addition of adjuvant regional nodal irradiation did not decrease the risk of invasive 
breast cancer recurrence or death from breast cancer in patients who had negative 
axillary nodes after neoadjuvant chemotherapy. (Funded by the National Institutes 
of Health; NSABP B-51–Radiation Therapy Oncology Group 1304 ClinicalTrials.gov 
number, NCT01872975.)
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Why Was the Trial Done?
Among patients with breast cancer, the benefit of regional 
nodal irradiation is well established in cases of pathologically 
positive axillary lymph nodes. Whether regional nodal irra-
diation can benefit patients whose nodes become tumor-free 
after neoadjuvant chemotherapy is unclear.

How Was the Trial Conducted?
Patients with operable breast cancer with positive axillary 
nodes that became pathologically tumor-free after at least  
8 weeks of neoadjuvant chemotherapy were randomly assigned 
to receive adjuvant regional nodal irradiation or no regional 
nodal irradiation after mastectomy or lumpectomy. The pri-
mary end point was the invasive breast cancer recurrence–
free interval, defined as the time to invasive locoregional re-
currence, distant recurrence, or death from breast cancer.

Trial Design
• Phase 3
• Prospective

• Randomized
• Multicenter

Results
During a median 5 years of follow-up, regional nodal irradi-
ation after surgery did not significantly increase the invasive 
breast cancer recurrence–free interval. No unexpected ad-
verse events occurred, and few patients had grade 4 adverse 
events.

Limitations and Remaining Questions
• The observed incidence of invasive breast cancer recur-

rence or death from breast cancer (8.2%) was approxi-
mately 40% lower than expected.

• Patients with negative axillary nodes after surgery were  
eligible for the trial even if they had isolated tumor cells 
remaining. However, the researchers did not collect infor-
mation on the presence of residual tumor cells at trial  
enrollment, so the proportion of these patients and their 
specific outcomes are unknown.

• Patient follow-up is ongoing.

CONCLUSIONS
Among patients with breast cancer whose positive 
axillary nodes became free of tumor in response to 
neoadjuvant chemotherapy, regional nodal irradiation 
after surgery did not decrease the risk of invasive breast 
cancer recurrence or death from breast cancer.
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BACKGROUND
Orforglipron is a small-molecule, nonpeptide glucagon-like peptide-1 (GLP-1) recep-
tor agonist in clinical development for type 2 diabetes and weight management. 
Additional data on the efficacy and safety of orforglipron are needed.

METHODS
In this phase 3, double-blind, placebo-controlled trial, we randomly assigned par-
ticipants in a 1:1:1:1 ratio to receive orforglipron at one of three doses (3 mg, 12 mg, 
or 36 mg) or placebo once daily for 40 weeks. Participants had type 2 diabetes 
treated only with diet and exercise, a glycated hemoglobin level of at least 7.0% but 
no more than 9.5%, and a body-mass index (the weight in kilograms divided by the 
square of the height in meters) of at least 23.0. The primary end point was the 
change from baseline to week 40 in the glycated hemoglobin level. A key secondary 
end point was the percent change in body weight from baseline to week 40.

RESULTS
A total of 559 participants underwent randomization. The mean glycated hemo-
globin level at baseline was 8.0%. At week 40, the estimated mean change from 
baseline in the glycated hemoglobin level was −1.24 percentage points with the 
3-mg dose, −1.47 percentage points with the 12-mg dose, −1.48 percentage points 
with the 36-mg dose, and −0.41 percentage points with placebo. All three doses 
of orforglipron were superior to placebo with respect to the primary end point; the 
estimated mean difference from placebo was −0.83 percentage points (95% confi-
dence interval [CI], −1.10 to −0.56) with the 3-mg dose, −1.06 percentage points 
(95% CI, −1.33 to −0.79) with the 12-mg dose, and −1.07 percentage points (95% CI, 
−1.33 to −0.81) with the 36-mg dose (P<0.001 for all comparisons). The mean 
glycated hemoglobin level at week 40 was 6.5 to 6.7% with orforglipron. The percent 
change in body weight from baseline to week 40 was −4.5% with the 3-mg dose, 
−5.8% with the 12-mg dose, −7.6% with the 36-mg dose, and −1.7% with placebo. 
The most common adverse events were mild-to-moderate gastrointestinal events, 
most of which occurred during dose escalation. No episodes of severe hypoglycemia 
were reported. Permanent discontinuation of orforglipron or placebo due to adverse 
events occurred in 4.4 to 7.8% of participants receiving orforglipron and 1.4% of 
participants receiving placebo.

CONCLUSIONS
In adults with early type 2 diabetes, orforglipron significantly reduced the glycated 
hemoglobin level over a period of 40 weeks. (Supported by Eli Lilly; ACHIEVE-1 
ClinicalTrials.gov number, NCT05971940.)
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Why Was the Trial Done?
For patients with type 2 diabetes, subcutaneous glucagon- 
like peptide-1 (GLP-1) receptor agonists are well-established, 
effective treatments. However, many patients prefer oral for-
mulations over injectables. In a phase 2 trial, orforglipron 
— an oral, small-molecule, nonpeptide GLP-1 receptor ago-
nist — led to meaningful reductions in the glycated hemo-
globin level and body weight in patients with type 2 diabe-
tes. However, additional data are needed.

How Was the Trial Conducted?
Adults with type 2 diabetes that was inadequately controlled 
with diet and exercise alone, a glycated hemoglobin level be-
tween 7.0% and 9.5%, and a body-mass index of at least 23.0 
were assigned to receive oral orforglipron at one of three 
maintenance doses (3 mg, 12 mg, or 36 mg) or placebo once 
daily for 40 weeks. The primary end point was the change in 
the glycated hemoglobin level from baseline to week 40.

Trial Design
• Phase 3
• Double-blind
• Randomized
• Placebo-controlled

• Location: China, India,  
Japan, Mexico, and the 
United States

Results
All three doses of orforglipron were associated with a statis-
tically significant reduction in the glycated hemoglobin lev-
el; all the doses led to a greater reduction than placebo. The 
adverse events most often reported with orforglipron were 
mild-to-moderate gastrointestinal events, most of which oc-
curred during dose escalation. The percentage of partici-
pants who discontinued their regimen because of adverse 
events was higher in the orforglipron groups than in the 
placebo group.

Limitations and Remaining Questions
• The trial enrolled participants who were being treated only 

with diet and exercise at baseline; over 60% had not re-
ceived any previous glucose-lowering medications. Thus, 
the findings cannot be generalized to patients receiving 
other background antihyperglycemic medications.

• The trial was relatively short. Data on long-term efficacy 
and safety are needed.

CONCLUSIONS
In adults with type 2 diabetes that was inadequately  
controlled with diet and exercise alone, once-daily 
orforglipron lowered the glycated hemoglobin level 
significantly more than placebo at 40 weeks.

NEJM Quick Take | Editorial
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Mimicking Complex Receptor Actions  
with Small(ish) Molecules

Derek B. Lowe, Ph.D.1

As a therapeutic area, type 2 diabetes includes a 
wide range of treatment options in several mech-
anistic classes (although metformin has multiple 
classifications). One of the best therapies, how-
ever, is and has always been weight loss through 
diet and exercise.

On the face of it, a weight-loss strategy in-
volving diet and exercise is theoretically available 
to any patient at any time at relatively low cost. 
But practitioners know all too well what almost 
invariably happens after such a recommendation 
— not much, and not enough. Thus, drug devel-
opers have sought pharmacologic mechanisms 
for weight loss in patients with type 2 diabetes, 
as well as in others, for decades, but the long list 
of failed projects and withdrawn products (for 
the few that reached the market) has been dis-
couraging. This landscape has changed dramati-
cally with the advent of incretin hormone recep-
tor ligands, the efficacy of which is now beyond 
doubt. The benefits conferred by these agents in 
patients with type 2 diabetes (and other diagno-
ses) are clear, and an entire medical subfield is 
growing around their further effects.

The incretins, like many peptide hormones, 
are fairly small as proteins go — a few dozen 
amino acids long. But that makes them gigantic as 
compared with small-molecule drugs. Their mo-
lecular weights are at least 10 times as high as the 
300 to 500 mass units that medicinal chemists 
have traditionally aimed for, and being pep-
tides, they have generally undesirable properties 

as well. Many have short half-lives in the circula-
tion, which can be a desirable feature for en-
dogenous peptides but is nowhere near what is 
needed for the administration of a once-daily 
dose. In addition, they are generally digested 
swiftly if administered orally and are thus given 
as injections. Fixing these problems by modify-
ing the peptide structure itself is not impossible, 
but it is a slow, empirical, and invariably expen-
sive process with no guarantee of success.

So replacing the peptide entirely with a more 
resilient small molecule would seem to be an 
attractive strategy, but the aforementioned size 
discrepancies between peptides and small-mole-
cule agents may send research teams off into 
the wilderness for years. The receptors for the 
peptide hormones tend to have similarly large, 
complex binding sites, so for a small molecule 
to recapitulate the effects of an endogenous li-
gand by occupying a small-molecule–sized ter-
ritory within a receptor may be a formidable 
challenge. As an example, there is no small-mol-
ecule replacement available at the insulin recep-
tor binding site itself, despite uncounted failed 
attempts.

In this issue of the Journal, Rosenstock and 
colleagues1 report the results of a pivotal trial of 
orforglipron, which is, in fact, a small molecule 
that manages to mimic the effects of glucagon-
like peptide-1 (GLP-1) at the GLP-1 receptor. 
Orforglipron was discovered at Chugai Pharma-
ceutical during the 2010s. Cryoelectron micros-
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copy studies have shown that orforglipron works 
through an unexpected mechanism: rather than 
occupying the deeper regions of the binding 
pocket, it binds farther out, in the outer-facing 
extracellular domain of the receptor. Orforglip-
ron interacts with one of the extracellular loops 
and several of the transmembrane helices, and 
occupation of this newly appreciated pocket 
moves those helices into an arrangement similar 
to that induced by GLP-1 binding itself.2

As compared with the natural ligand, orfor-
glipron is best described as a partial agonist, but 
its signaling is so strong at the GLP-1 receptor 
that this level of activity is clearly enough for 
physiological effects. Indeed, orforglipron led to 
meaningful improvement in glycemic control — 
similar to results seen in trials of other GLP-1 
agonists — accompanied by major weight loss. 
The gastrointestinal side effects were those ex-
pected with GLP-1 compounds as well. All in all, 
orforglipron appears to mimic GLP-1 (and the 
synthetic peptidic GLP-1 agonists) at the struc-
tural biology level all the way up to the level of 
clinical results in patients. The trial by Rosenstock 
and colleagues did not appear to show noticeable 
hepatotoxicity, a feature that has ended the devel-
opment of other small-molecule GLP-1 drug can-
didates such as danuglipron.3 The reasons for such 
differences are as yet unknown and will be of 
great interest.

Lead compounds with such mechanisms are 
discovered by screening. We are approaching an 
era when computational methods can deal with 
the coordinated motions of whole receptor pro-
teins in response to ligand binding, a very dif-
ficult and labor-intensive problem. One must add 
to the required assay development work the con-
siderable efforts of a large team of medicinal 
chemists, because “small molecule” is not a 
term that earlier research teams would have ap-
plied to a complex structure such as orforglipron. 
It would indeed have been rejected at one time 
as “undruglike,” but that sort of mistake will not 
be repeated as medicinal chemists have been stak-
ing out ever-more-complex territory. Drugs are 
as drugs work.

Disclosure forms provided by the author are available with the 
full text of this editorial at NEJM.org.
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BACKGROUND
Malaria control and elimination is threatened by the spread of insecticide resistance 
and behavioral adaptation of vectors. Whether mass administration of ivermectin, a 
broad-spectrum antiparasitic drug that also kills mosquitoes feeding on treated per-
sons, can reduce malaria transmission is unclear.

METHODS
We conducted a cluster-randomized trial in Kwale, a county in coastal Kenya in which 
malaria is highly endemic and coverage and use of insecticide-treated nets are high. 
Clusters of household areas were randomly assigned in a 1:1 ratio to receive mass 
administration of ivermectin (400 μg per kilogram of body weight) or albendazole 
(400 mg, active control) once a month for 3 consecutive months at the beginning of 
the “short rains” season. Children 5 to 15 years of age were tested for malaria infec-
tion monthly for 6 months after the first round of treatment. The two primary out-
comes were the cumulative incidence of malaria infection (assessed among children 
5 to 15 years of age) and of adverse events (assessed among all eligible participants). 
Analyses were performed with generalized estimating equations in accordance with 
the intention-to-treat principle.

RESULTS
A total of 84 clusters comprising 28,932 eligible participants underwent randomiza-
tion. The baseline characteristics of the participants were similar in the trial groups. 
Six months after the first round of treatment, the incidence of malaria infection was 
2.20 per child-year at risk in the ivermectin group and 2.66 per child-year at risk in 
the albendazole group; the adjusted incidence rate ratio (ivermectin vs. albendazole) 
was 0.74 (95% confidence interval [CI], 0.58 to 0.95, P = 0.02). The incidence of serious 
adverse events per 100 treatments did not differ significantly between the trial groups 
(incidence rate ratio, 0.63; 95% CI, 0.21 to 1.91).

CONCLUSIONS
Among children 5 to 15 years of age who were living in an area with high coverage 
and use of bed nets, ivermectin, administered once a month for 3 consecutive months, 
resulted in a 26% lower incidence of malaria infection than albendazole. No safety 
concerns were identified. (Funded by Unitaid; BOHEMIA ClinicalTrials.gov number, 
NCT04966702; Pan African Clinical Trial Registry number, PACTR202106695877303.)
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Why Was the Trial Done?
Progress in malaria control has stalled in recent years owing 
to emerging resistance to insecticides and behavioral adap-
tations among anopheles mosquitoes. Whether mass admin-
istration of ivermectin, a broad-spectrum antiparasitic drug 
that also kills mosquitoes feeding on treated persons, can 
reduce malaria transmission is unclear.

How Was the Trial Conducted?
Clusters of households in areas with high use of insecticide- 
treated bed nets were randomly assigned to receive either oral 
ivermectin (400 μg per kilogram of body weight) or alben-
dazole (400 mg; control) once monthly for 3 months, begin-
ning in October 2023 at the start of the “short rains” season. 
The two primary outcomes were the cumulative incidence of 
malaria infection (assessed monthly for 6 months after the 
first round of treatment among children 5 to 15 years of 
age) and of adverse events (assessed among all eligible par-
ticipants).

Trial Design
• Open-label
• Blinded assessment
• Cluster-randomized

• Controlled

• Location: Kwale County, 
Kenya

Results
The cumulative incidence of malaria infection at 6 months 
was significantly lower with ivermectin than with albenda-
zole. The incidence of serious adverse events was similar in 
the two groups.

Limitations and Remaining Questions
• Data on the incidence of transmission of malaria infection 

in the cluster areas before the intervention were lacking.
• The real effect of ivermectin was probably underestimated, 

given that children in the cohort received a full course of 
artemether–lumefantrine whenever an infection was detect-
ed, which resulted in more frequent use of artemether– 
lumefantrine in the albendazole group.

• The safety of ivermectin in children weighing less than  
15 kg and in potentially pregnant women warrants study.

CONCLUSIONS
In an area of Kenya with high use of insecticide-treated 
bed nets, mass administration of a 400-μg/kg dose of 
ivermectin once per month for 3 consecutive months at 
the start of the short rains season led to a significantly 
lower incidence of malaria infection among children 5 to 
15 years of age than albendazole.

NEJM Quick Take

Ivermectin to Control Malaria — A Cluster-Randomized Trial
A Research Summary based on Chaccour C et al. | 10.1056/NEJMoa2411262 | Published on July 24, 2025
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Ivermectin against Malaria — Good News in Bad Times

Richard W. Steketee, M.D., M.P.H.1

Twenty-five years ago,1 international organizations, 
philanthropic foundations, governments of donor 
nations (especially the United States), and health 
ministries in countries where malaria is endemic 
united to invest in an enhanced approach to ma-
laria control that included a scale-up of an evi-
dence-based intervention “package” featuring new 
diagnostics and drugs (to reduce the incidence of 
malaria-related illness and death) and vector con-
trol with insecticide-treated mosquito nets (to kill 
mosquitoes and stop transmission of infection).1 
Many countries where malaria is endemic deliv-
ered the package with high coverage and achieved 
remarkable progress. In the 25 years that fol-
lowed, elimination of local malaria transmission 
was reported in 26 countries and certified by the 
World Health Organization in 18 countries.2 Be-
tween 2000 and 2023, an estimated 2.2 billion 
malaria infections and 12.7 million malaria-re-
lated deaths were prevented worldwide.3 How-
ever, malaria remains a public health challenge, 
with the most recent annual estimates showing 
263 million cases and 597,000 deaths in 2023.3 
Of these, 95% of cases and deaths occurred in 
34 countries (30 in Africa), and each of these 
countries reported more than a million cases per 
year.3 Faced with intense transmission due to 
climates favoring mosquito habitats, porous or 
unscreened houses, large reservoirs of human 
parasite infection, and limited national health 
budgets, these 34 countries need additional tools 
designed specifically to reduce infection trans-
mission.

In this issue of the Journal, Chaccour and col-
leagues4 describe a well-conducted trial of iver-
mectin, a low-cost, oral endectocide that is given 

to all residents of a community to kill mosqui-
toes when they ingest human blood containing 
drug concentrations above a lethal threshold. This 
cluster-randomized trial was conducted in coast-
al Kenya, where malaria transmission remains 
persistent and intense despite high levels of re-
ported use of insecticide-treated mosquito nets 
(77% of the residents in the intervention clusters) 
and access to malaria treatment. In short inter-
vals of mass drug administration, all eligible resi-
dents in the clusters were given a single monthly 
oral dose of ivermectin (the investigational drug, 
at a dose of 400 μg per kilogram of body weight) 
or albendazole (the comparison drug, at a dose 
of 400 mg) for 3 consecutive months at the start 
of the “short rains” season. Among children 5 to 
15 years of age (the primary efficacy analysis 
population), the incidence of malaria infection 
was shown to be 26% lower with ivermectin 
than with albendazole. These findings were not 
unexpected5 but were the first to show that sea-
sonal mass administration of ivermectin on a 
monthly schedule could be performed in align-
ment with other malaria or health interventions 
and provide a further substantial reduction in 
transmission. The investigators recognized that 
the monthly dose would kill mosquitoes for only 
10 days after administration and have no killing 
effect for the remaining two thirds of the month.6 
It is conceivable that doses could be given more 
frequently (a challenge for program delivery) or 
that a longer-acting endectocide could be identi-
fied through future research, thereby leading to 
a greater reduction in transmission that exceeds 
the observed 26%.

The trial participants received the 400-μg-per-
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kilogram dose of ivermectin with no unacceptable 
side effects, a finding that is consistent with the 
known safety profile of the drug after more than 
4 billion doses had been given for other para-
sitic diseases (e.g., onchocerciasis, filariasis, and 
strongyloidiasis). The ability of ivermectin to kill 
bedbugs, lice, and scabies mites, as well as its 
approval by multiple regulatory agencies, could 
facilitate its acceptance in a community and in-
corporation into malaria programs.7

Research on other interventions to decrease 
parasite transmission continues. For example, a 
recent trial in Kenya8 showed that household dif-
fusers that released a mosquito repellent contain-
ing transfluthrin reduced the incidence of ma-
laria infection in communities reporting high use 
of insecticide-treated mosquito nets, with ap-
proximately the same degree of reduction as that 
with mass administration of ivermectin in the 
trial by Chaccour et al. Other strategies designed 
specifically to reduce transmission are being ex-
plored, such as mosquito nets treated with a 
combination of insecticides, longer-lasting anti-
malarial agents, the addition of low-dose prima-
quine to antimalarial treatment regimens, genetic 
modification of mosquitoes, monoclonal anti-
bodies, and vaccines that prevent malaria trans-
mission (the two approved malaria vaccines re-
duce illness but not parasite transmission). Could 
these new tools ultimately complement current 
malaria interventions?

Unfortunately, news of this encouraging in-
tervention comes at a dire moment for global 
public health. Radical funding cuts in staff, com-
modities, program operations, and research have 
devastated existing malaria programs in Africa, 
Asia, and the Americas, as well as the many sup-
porting organizations (e.g., the Agency for Inter-
national Development, the Centers for Disease 
Control and Prevention, the National Institutes 
of Health, the World Health Organization, and 
the Global Fund to Fight AIDS, Tuberculosis, and 
Malaria). Until these resources are restored, con-
tinued deployment of currently effective interven-

tions should be prioritized to prevent the undo-
ing of progress and the likely resurgence of 
malaria. As the trial by Chaccour et al. shows, 
new and exciting opportunities will arise. Dur-
ing the current pause in funding, planning and 
support should focus on basic research of lon-
ger-acting endectocides and on implementation 
research of methods to scale up delivery of iver-
mectin, as well as its potential codelivery with 
other new transmission reduction measures such 
as home-based repellent diffusers. If these new 
strategies are effective, practical, and afford-
able, they could boost the value of future pack-
ages to prevent malaria transmission, illness, and 
death, especially in the 34 countries that need 
them most.

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

The need to suppress a patient’s immune system after the transplantation of al-
logeneic cells is associated with wide-ranging side effects. We report the outcomes 
of transplantation of genetically modified allogeneic donor islet cells into a man 
with long-standing type 1 diabetes. We used clustered regularly interspaced short 
palindromic repeats (CRISPR)–CRISPR-associated protein 12b (Cas12b) editing and 
lentiviral transduction to genetically edit the cells to avoid rejection; the cells were 
then transplanted into the participant’s forearm muscle. He did not receive any 
immunosuppressive drugs and, at 12 weeks after transplantation, showed no im-
mune response against the gene-edited cells. C-peptide measurements showed 
stable and glucose-responsive insulin secretion. A total of four adverse events oc-
curred, none of which were serious or related to the study drug. (Funded by the 
Leona M. and Harry B. Helmsley Charitable Trust; EudraCT number, 2023 - 507988 
- 19 - 00; ClinicalTrials.gov number, NCT06239636.)

The discovery and clinical adoption of the calcineurin inhibi-
tor cyclosporin A was a major milestone for the transplantation field and 
allowed the successful routine transplantation of allogeneic organs. How-

ever, the toxicity of immunosuppression leads to considerable morbidity and mor-
tality among patients receiving transplants.

Exogenous insulin has been used in the treatment of type 1 diabetes mellitus 
for more than 100 years. Intensive insulin therapy delays the onset and slows the 
progression of long-term complications1 and improves life expectancy.2 However, 
insulin remains a treatment and is not a cure; persons with early-onset type 1 dia-
betes continue to have a reduced quality of life, an elevated risk of serious cardio-
vascular outcomes, and a shortened life span.3

We have shown previously that transplantation of islet cells obtained from a 
deceased human donor or from a rhesus monkey and edited to be hypoimmune 
cured diabetes in allogeneic, diabetic, humanized mice4 and in an allogeneic, dia-
betic cynomolgus monkey, respectively, without the use of immunosuppression. 
Here, we report the results of a proof-of-concept study of the transplantation of 
gene-edited, hypoimmune platform (HIP) islet cells in a patient with long-term 
type 1 diabetes, without the use of immunosuppression. The depletion of HLA 
class I and II protects against adaptive T-cell rejection but renders the engineered 
cells susceptible to innate immune-cell killing through a mechanism known as 
missing-self recognition. Overexpression of CD47 inhibits such innate killing through 
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Science behind the Study

Replacement of Beta Cells for Type 1 Diabetes

Kevan C. Herold, M.D.,1,2 and Jordan S. Pober, M.D., Ph.D.1,2

For more than 100 years, replacing insulin by 
injection has been the only treatment for clin-

ical stage 3 (symptomatic) type 1 diabetes (see 
Key Concepts). Advanced techniques for insulin 
delivery still lack the precision, rapid kinetics, and 
flexibility that endogenous insulin-producing beta 
cells can achieve. Despite initial successes with 
the transplantation of cadaver-derived islets,1 the 
requirement for multiple donors and failure to 
maintain insulin independence prompted further 
research to identify alternative sources of beta 
cells and new antirejection strategies.2 In this is-
sue of the Journal, Reichman et al.3 and Carlsson 
et al.4 report advances on each front.

Making Beta Cells from Stem Cells

Reichman et al. report results from patients with 
type 1 diabetes who received zimislecel, clusters 
of islet cells differentiated from a line of human 
embryonic stem cells5 (Fig. 1). They adminis-
tered the clusters of differentiated islet cells by 
infusion into the portal vein, coupled with glu-
cocorticoid-free immunosuppression. The trans-
plant achieved the primary objective of eliminat-
ing severe hypoglycemia; it improved glucose 
control (i.e., lowered the glycated hemoglobin 
level) and, in 10 of the 12 participants, eliminated 
the need for exogenous insulin. Cadaver-derived 
islets that are introduced in this manner are likely 
to lodge within the hepatic sinusoids and depend 
on diffusion for nutrients. In the normal pan-
creas, the islet microvasculature furnishes nutri-
ents to cells throughout the islet, and the vascular 
basement membrane, vascular cells, and pericytes 

are implicated in beta-cell function, prolifera-
tion, and responses to inflammation. The ab-
sence of microvessels in the islet clusters may 
partly shield the transplanted beta cells from 
host immune responses; sustained immunosup-
pression is required to prevent rejection, increas-
ing the risk of infection (infection caused the 
death of one patient in the study) and cancer. 
Whether the transplanted clusters will survive 
over the long term remains to be seen, and the 
regimen that was used does not obviously pre-
vent progressive chronic rejection, which involves 
immune mechanisms distinct from those that 
mediate acute rejection.7

Below the Radar of Adaptive Immunity?

Carlsson et al. describe a “three-hit” approach to 
evade acute rejection. Through genetic engineer-
ing, they created “hypoimmune islets” and tested 
them in a single patient. Intact islets were iso-
lated from a pancreas donor with blood type O, 
dispersed into single cells, and genetically dis-
rupted (with the use of nuclease Cas12b [clus-
tered regularly interspaced short palindromic re-
peats {CRISPR}–CRISPR-associated protein 12b] 
and guide RNAs8) to eliminate the expression of 
class I and II major histocompatibility complex 
(MHC) molecules (Fig. 1). In the single partici-
pant, there was sustained production of insulin 
by the graft without the need for immune suppres-
sants. MHC molecules are the most polymorphic 
proteins encoded by the human genome, and two 
unrelated persons are unlikely to share all six 
alleles encoding the three class I loci and the 
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three class II loci. Physiologically, these proteins 
serve as scaffolds that display antigens (peptides 
derived from other proteins) to T cells. In the 
context of a transplant, they are the major tar-
gets of rejection by the recipient’s immune re-
sponse.9

Muting MHCI

CD8+ killer T cells may directly recognize nonself 
class I MHC molecules (HLA-A, -B, and -C) on 
graft islet cells, triggering beta-cell loss. β2-
microglobulin is an invariant component of class 
I MHC molecules; disrupting the gene that en-
codes it (B2M) prevents all class I molecules from 
being expressed. Carlsson et al. therefore sought 
to inactivate B2M through disrupting this gene.

Muting MHCII

In organ transplantation, matching MHC alleles 
between donor and recipient weakens the alloge-
neic immune response, but even “fully matched” 
graft beta cells may be vulnerable to autoim-
mune destruction. This vulnerabity occurs be-
cause CD4+ effector T cells contribute to rejection 
by activating CD8+ T cells, antibody-producing B 
cells, and innate immune cells. To do so, CD4+ 
T cells must recognize antigens presented by 
class II MHC molecules on the surface of spe-
cialized antigen-presenting cells. In the context 
of a transplant, CD4+ T cells may cross-react to 
class II MHC on the cells of the graft (direct 
recognition) or shed intact graft class II MHC 
displayed on host dendritic cells (semi-direct rec-
ognition) or even peptides from degraded graft 
cells that can bind to self class II MHC on host 
dendritic cells and trigger CD4+ T-cell activation 
(indirect recognition). Carlsson et al. therefore set 
about inactivating all three class II MHC proteins 
(HLA-DR, -DP, and -DQ) by disrupting a single 
gene, CIITA, which encodes a protein essential for 
the synthesis of MHC class II proteins.

Finally, in addition to acute T-cell–mediated 
rejection, allogeneic cells are also subject to an-
tibody-mediated rejection by preexisting or de 
novo (post-transplantation) antidonor antibod-
ies. Because these antibodies primarily target 
nonself MHC molecules on donor cells, elimi-
nating expression of class I and II MHC mole-
cules should be protective.10

What about Innate Immunity?

Innate immune cells may also attack foreign 

key concepts

    An illustrated glossary is available at NEJM.org

 
Immunosuppression
The inhibition of unwanted immune responses. In the context of allo-
transplantation, it is used to suppress immune responses that would 
otherwise result in the rejection of a foreign (or histoincompatible) 
organ or cellular graft. Immunosuppressive drugs are also used to 
treat autoimmune and inflammatory diseases. These drugs eliminate 
or block the activity of immune cells and soluble mediators secreted by 
immune cells (e.g., cytokines and antibodies) that recruit other immune 
cells. Immunosuppression can also occur as an unwanted side effect 
of drugs used in chemotherapy and as a consequence of an underlying 
pathologic process (e.g., cancer).

Induced pluripotent stem cell
A type of pluripotent stem cell derived from a nonpluripotent cell, typi-
cally an adult somatic cell such as a fibroblast, by transfection and the 
forced expression of stem-cell–associated genes.

Major histocompatibility complex (MHC)
A complex of linked genes encoding cell-surface proteins that display 
peptides produced by cleavage of intracellular proteins (in the case  
of class I MHC) or extracellular proteins that are processed (in 
the case of class II MHC). These molecules help T cells recognize 
foreign or mutated proteins. The human form of MHC is referred to 
as HLA.

Natural killer (NK) cell
A type of cytotoxic lymphocyte critical to the function of the innate im-
mune system.

Type 1 diabetes
A chronic autoimmune disease caused by the immune-mediated de-
struction of insulin-producing pancreatic beta cells. It is one of the most 
common chronic diseases of childhood but can manifest at any age. 
Once beta cells are destroyed, they do not recover, and lifelong insulin 
replacement is required. Approaches involving the transplantation of 
insulin-producing beta cells are under clinical investigation.
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A  Immune Activation after Islet-Cell Transplantation

B  Islet-like Clusters of Cells Differentiated from ESCs C  Gene-Edited and Transfected Islet Cells
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cells and contribute to rejection in the absence 
of T-cell–mediated or antibody-mediated activa-
tion. Macrophages may recognize and attack 
foreign cells with the use of leukocyte-like im-
munoglobulin receptor. Natural killer (NK) cells 
may attack foreign cells when their inhibitory 
killer immunoglobulin-like receptors sense the 
absence of self HLA-C or -B (i.e., missing self). 
To limit this, Carlsson et al. transfected the dis-
bursed islet cells with a lentiviral vector contain-
ing CD47, which encodes a protein that induces 
an inhibitory (“don’t eat me”) signal to myeloid 
cells (Fig. 1).11 The transfected cells rebuffed both 
blood monocytes and NK cells of the transplant 
recipient in studies in vitro.

The modified islets were introduced by intra-
muscular injection rather than portal-vein infu-
sion and continued to function with no immu-
nosuppression for the 12-week duration of the 

study. Although many of the islet cells showed 
only partial modifications or no modification 
(i.e., had a subset or even none of the intended 
genetic changes), the treatment was sufficient to 
limit host antigraft immune responses as assessed 
by post-transplant assays of cytotoxicity mediat-
ed by T cells, antibodies, and innate immune 
cells. Still, 12 weeks is short, and the extent of 
perfusion of the islets after intramuscular injec-
tion is unknown.

What’s Next?

These studies are encouraging but preliminary. 
Additional and careful follow-up is essential to 
establish long-term efficacy and safety. The po-
tential clinical benefits are substantial. Reich-
man et al. found that severe hypoglycemia was 
prevented in participants who received the full 
dose of zimislecel, a potentially limitless source 
of islets. The experience with hypoimmune islets 
was with a single participant who received less 
than 10% of the number needed for insulin in-
dependence; here, the methods of islet isolation 
and preparation are limiting. The genetic engi-
neering used by Carlsson et al. could be applied 
to stem cells to obviate the need for immune 
suppression.12 An alternative strategy to prevent 
transplant allorejection would be to use islet 
organoids obtained from induced pluripotent 
stem cells derived from the patient.13

Disclosure forms provided by the authors are available with 
the full text of this editorial at NEJM.org.
1 Department of Immunobiology, Yale University, New Haven, 
CT; 2 Department of Internal Medicine, Yale University, New 
Haven, CT.
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Figure 1 (facing page). Overcoming Barriers to Replace-
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Immune recognition of transplanted cells involves the 
coordinated activity of adaptive and innate immune 
cells (Panel A). CD8+ T cells can recognize class I ma-
jor histocompatibility complex (MHC) molecules and 
kill the graft, but there is also presentation of antigens 
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et al.4 harvested islets of Langerhans from the pancre-
as from an organ donor, dissociated the cells, and then 
altered them to render them resistant to rejection by 
the recipient’s immune system (Panel C). More specifi-
cally, they shut down the expression of class I and II 
MHC genes through the inactivation of the genes B2M 
and CIITA and then transfected the edited cells with a 
gene encoding CD47, which inhibits innate immune 
cells. These “hypoimmune islets” produced insulin for 
12 weeks in the absence of immunosuppression in one 
patient after implantation in the forearm muscle. ESC 
denotes embryonic stem cell, NK natural killer, and 
TCR T-cell receptor.
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BACKGROUND
Aldosterone dysregulation plays an important pathogenic role in hard-to-control 
hypertension. In several studies, baxdrostat, an aldosterone synthase inhibitor, re-
duced the seated systolic blood pressure of patients with uncontrolled or resistant 
hypertension.

METHODS
In this phase 3, multinational, double-blind, randomized, placebo-controlled trial, 
we recruited patients with a seated systolic blood pressure of between 140 mm Hg 
and less than 170 mm Hg despite the receipt of stable treatment with two antihy-
pertensive medications (uncontrolled hypertension) or three or more such medica-
tions (resistant hypertension), including a diuretic. After a 2-week placebo run-in pe-
riod, we randomly assigned patients with a seated systolic blood pressure of 135 mm 
Hg or more in a 1:1:1 ratio to receive baxdrostat at a dose of 1 mg, baxdrostat at a dose 
of 2 mg, or placebo once daily for 12 weeks. The primary end point was the change 
in seated systolic blood pressure from baseline to week 12.

RESULTS
A total of 796 patients underwent randomization and 794 received 1-mg baxdrostat 
(264 patients), 2-mg baxdrostat (266 patients), or placebo (264 patients) in addition 
to background therapy. At 12 weeks, the change from baseline in the least-squares 
mean seated systolic blood pressure was –14.5 mm Hg (95% confidence interval 
[CI], –16.5 to –12.5) with 1-mg baxdrostat, –15.7 mm Hg (95% CI, –17.6 to –13.7) 
with 2-mg baxdrostat, and –5.8 mm Hg (95% CI, –7.9 to –3.8) with placebo. The 
estimated difference from placebo (placebo-corrected difference) was –8.7 mm Hg 
(95% CI, –11.5 to –5.8) with 1-mg baxdrostat and –9.8 mm Hg (95% CI, –12.6 to 
–7.0) with 2-mg baxdrostat (P<0.001 for both comparisons). A potassium level of 
more than 6.0 mmol per liter was reported in 6 patients (2.3%) with 1-mg baxdro-
stat, in 8 patients (3.0%) with 2-mg baxdrostat, and in 1 patient (0.4%) with placebo.

CONCLUSIONS
Among patients with uncontrolled or resistant hypertension, the addition of bax-
drostat to background therapy resulted in a significantly lower seated systolic blood 
pressure at 12 weeks than placebo. (Funded by AstraZeneca and others; BaxHTN 
ClinicalTrials.gov number, NCT06034743.)
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Why Was the Trial Done?
Hard-to-control hypertension is often driven by aldosterone 
dysregulation. Baxdrostat is a highly selective, potent aldo-
sterone synthase inhibitor that has been associated with 
mixed results in trials involving patients with uncontrolled 
or resistant hypertension. Additional data are needed.

How Was the Trial Conducted?
Adults with hard-to-control hypertension despite treatment 
with maximally tolerated doses of either two antihyperten-
sive medications (uncontrolled hypertension) or three or 
more such medications (resistant hypertension) were en-
rolled. After a 2-week placebo run-in period, patients who 
had a seated systolic blood pressure of 135 mm Hg or more 
were assigned to receive baxdrostat (1 mg or 2 mg) or place-
bo once daily for 12 weeks. The primary efficacy end point 
was the change in seated systolic blood pressure from base-
line to week 12.

Trial Design
• Phase 3
• Multinational
• Double-blind

• Randomized
• Placebo-controlled

Results
At 12 weeks, seated systolic blood pressure had decreased 
significantly more with each dose of baxdrostat than with 
placebo. A potassium level of more than 6.0 mmol per liter 
was reported more often with baxdrostat than with placebo.

Limitations and Remaining Questions
• Ambulatory blood pressure was measured in only a small 

number of patients.
• The percentages of women and Black patients were small-

er than those in the general population with hypertension, 
which limits the generalizability.

• Medication adherence was not measured directly by objec-
tive methods throughout the trial.

CONCLUSIONS
In adults with uncontrolled or resistant hypertension, 
the addition of once-daily baxdrostat to background 
antihypertensive therapy resulted in significantly 
greater reductions in seated systolic blood pressure at 
12 weeks than placebo.

NEJM Quick Take | Editorial

Efficacy and Safety of Baxdrostat in Uncontrolled and Resistant Hypertension
A Research Summary based on Flack JM et al. | DOI: 10.1056/NEJMoa2507109 | Published on August 30, 2025 
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E d i t o r i a l

Aldosterone Synthase Inhibition for Hypertension

Tomasz J. Guzik, M.D., Ph.D.,1,2 and Maciej Tomaszewski, M.D.3-5

Hypertension is described as resistant if a pa-
tient who is taking three or more antihyperten-
sive agents, including a diuretic, at the maximum 
recommended doses maintains a blood pressure 
of 140/90 mm Hg or more during an office visit, 
after pseudo-resistance and secondary causes have 
been excluded.1 This condition affects nearly 1 
in 10 patients with hypertension1 and carries a 
disproportionate global burden of cardiovascu-
lar risk.2,3

In many cases, resistant hypertension repre-
sents a salt-retaining, low-renin state driven by 
inappropriate, renin-independent aldosterone se-
cretion. An excess of aldosterone drives sodium 
and water retention, along with fibrosis, inflam-
mation, and vascular injury, which amplifies the 
risk beyond blood-pressure elevation.4 Mineralo-
corticoid-receptor antagonists (MRAs) counter 
these effects,3 yet their use as antihypertensives 
is constrained by hyperkalemia, reduced safety 
and efficacy in advanced kidney disease, and sex 
hormone–related side effects.5 Moreover, MRAs 
trigger a compensatory increase in aldosterone 
with downstream consequences.

Direct inhibition of aldosterone synthase low-
ers aldosterone levels, which in turn reduces 
mineralocorticoid receptor–mediated activity of 
the epithelial sodium channel, which limits dis-
tal sodium reabsorption and promotes natriuresis 
(Fig. 1). However, early attempts at development 
of aldosterone synthase inhibitors were hindered 
by the structural homology between aldosterone 
synthase and 11β-hydroxylase, which resulted in 
the risk of off-target cortisol suppression. Subse-
quently, structural resolution revealed exploitable 
active-site and entry-channel differences, thereby 
enabling the design of heteroaryl scaffolds with 

chiral and steric optimization.5 These advances 
have resulted in the development of aldosterone 
synthase inhibitors, including baxdrostat and lor-
undrostat.6,7 The use of these drugs has enabled 
broader protection, with improvement in blood-
pressure control and mitigation of aldosterone-
driven fibrosis, vascular injury, and renal damage, 
along with avoidance of cortisol effects.5,7

In a trial report now published in the Journal, 
Flack and colleagues8 describe the primary find-
ings of the BaxHTN trial, in which they studied 
whether selective aldosterone synthase inhibi-
tion with daily baxdrostat (at a dose of 1 mg or 
2 mg) would deliver a sustained, safe reduction 

Figure 1 (facing page). Aldosterone Synthase Inhibition 
in the Renin–Angiotensin–Aldosterone System.

Angiotensin II stimulates zona glomerulosa cells to 
produce aldosterone in the adrenal cortex in a reaction 
catalyzed by aldosterone synthase (CYP11B2). Aldoste-
rone activates mineralocorticoid receptors in the distal 
nephron, which increases the activity of the epithelial 
sodium channel (ENaC), leading to sodium and water 
retention, potassium loss, and elevated blood pressure. 
Beyond its epithelial effects, aldosterone promotes  
oxidative stress, vascular stiffening, cardiac fibrosis 
and remodeling, heart failure with preserved ejection 
fraction, and renal fibrosis. Inhibitors of the renin– 
angiotensin–aldosterone system (RAAS) — including 
angiotensin-converting–enzyme (ACE) inhibitors, an-
giotensin II receptor blockers, and mineralocorticoid 
receptors — act upstream or at the receptor level but 
may leave aldosterone levels elevated. Selective aldo-
sterone synthase inhibitors (ASIs), such as baxdrostat 
and lorundrostat, directly suppress aldosterone pro-
duction, which reduces sodium retention and end- 
organ fibrosis while sparing cortisol synthesis and offers 
a mechanistically distinct complement to RAAS block-
ade. ROMK denotes renal outer medullary potassium 
channel.
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in blood pressure in adults with uncontrolled or 
resistant hypertension, along with at least two ad-
ditional antihypertensive agents, including a di-
uretic. A large percentage (approximately 90%) of 
the patients were taking an angiotensin-converting–
enzyme inhibitor or angiotensin-receptor blocker, 
nearly all were taking a diuretic, and many were 
taking a calcium-channel blocker.

The trial consisted of four parts: part 1, a 12-
week randomized, placebo-controlled trial of 1 mg 
of baxdrostat, 2 mg of baxdrostat, or placebo; part 
2, a 12-week open-label phase that was designed to 
collect safety data and serve as a run-in to part 3; 
part 3, an 8-week (weeks 32 to 52) randomized-
withdrawal phase; and part 4, an ongoing 20-week 
open-label phase to collect additional safety data 
regarding 2-mg baxdrostat. The primary end point 
was the change in the seated systolic blood pres-
sure from baseline to week 12.

At the end of the 12-week randomized, 
double-blind period, the patients who received 
baxdrostat had a clinically important placebo-
corrected change in the systolic blood pressure of 
−8.7 mm Hg in the 1-mg group and −9.8 mm Hg 
in the 2-mg group from a mean baseline of 
149/87 mm Hg across groups. The percentage of 
patients with a controlled seated systolic blood 
pressure (<130 mm Hg) at week 12 was 39.4% 
with 1-mg baxdrostat, 40.0% with 2-mg baxdro-
stat, and 18.7% with placebo. In the randomized-
withdrawal phase, there was a gradual offset in 
the least-squares mean seated systolic blood pres-
sure of –3.7 mm Hg in the 2-mg baxdrostat group 
and a minimal rebound of 1.4 mm Hg in the pla-
cebo group, a finding that was consistent with the 
possible resetting of natriuretic action and long-
term vascular or neurohumoral effects of bax-
drostat.

Exploratory analyses confirmed the reduc-
tions in aldosterone levels, increases in plasma 
renin activity, and concordant reductions in 
ambulatory systolic blood pressure. Changes in 
electrolytes and the estimated glomerular filtra-
tion rate (eGFR) followed expected trajectories 
in the renin–angiotensin–aldosterone system 
(RAAS), which stabilized after early shifts. How-
ever, these descriptive findings remain hypothesis-
generating only.

Clinical adoption of baxdrostat will depend in 
part on the safety profile that emerges. In the 
BaxHTN trial, most electrolyte abnormalities oc-

curred within the first 2 weeks. Confirmed potas-
sium levels of more than 6.0 mmol per liter 
occurred in 1.1% of the patients in the 1-mg 
baxdrostat group, in 1.1% of those in the 2-mg 
baxdrostat group, and in 0% of those in the 
placebo group. Hyponatremia (<135 mmol per li-
ter) occurred in 19 to 23% of the patients receiving 
baxdrostat and rarely required intervention. An 
early decrease in the eGFR (approximately 7 ml per 
minute per 1.73 m2 of body-surface area) was re-
versed with treatment withdrawal. These class-
predictable adverse effects suggest a favorable 
risk–benefit balance, particularly for the 1-mg 
dose, with disciplined monitoring.

The BaxHTN trial delivers three clear clinical 
messages. First, regarding efficacy, baxdrostat 
lowered the seated systolic blood pressure by 
approximately 9 to 10 mm Hg relative to placebo, 
a result that was evident by week 4 and was sus-
tained to week 12 — an action that was similar 
to that of spironolactone and other aldosterone 
synthase inhibitors. The effect occurred on top 
of existing RAAS blockade and near-universal 
diuretic use, which highlights the potential of 
aldosterone synthase inhibitors to overcome al-
dosterone breakthrough in salt-retaining hyper-
tension. Second, regarding safety, adverse bio-
chemical changes (shifts in potassium, sodium, 
and eGFR) emerged within 2 weeks and were 
monitored by laboratory checks at baseline, at 
1 to 2 weeks, and after 4 weeks. Discontinuations 
for hyperkalemia were rare. Third, regarding 
durability, in the randomized-withdrawal phase, 
blood pressure rose only modestly despite drug 
clearance, which suggests a physiological reset of 
sodium balance or vascular tone. If these results 
are confirmed in longer studies, they could sup-
port steadier blood-pressure control and reduced 
rescue therapy.

The positioning of baxdrostat in the antihy-
pertensive armamentarium will be clarified with 
accumulating evidence. Currently, MRAs, espe-
cially spironolactone, remain guideline recom-
mended for resistant hypertension, with the 
PATHWAY-2 trial showing superiority over biso-
prolol and doxazosin.4 As the two selective aldo-
sterone synthase inhibitors that are presently 
available, baxdrostat and lorundrostat have been 
found to consistently lower blood pressure in 
patients with resistant or uncontrolled hyper-
tension.8,9 Unlike MRAs, which raise levels of 
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renin and aldosterone and miss the nonreceptor 
aldosterone actions, aldosterone synthase inhibi-
tors directly suppress aldosterone, which mecha-
nistically complements the RAAS blockade (Fig. 1).

With sodium sensitivity common in older pa-
tients and in those with obesity or chronic kidney 
disease, natriuresis has central clinical relevance. 
By reducing aldosterone-driven sodium reabsorp-
tion, aldosterone synthase inhibitors augment 
the proven natriuretic strategies in patients with 
cardiovascular disease, such as thiazide diuret-
ics, MRAs, sodium–glucose cotransporter 2 in-
hibitors, and neprilysin inhibitors. Collectively, 
aldosterone synthase inhibitors provide a mech-
anistically distinct, clinically validated, and syn-
ergistic option for patients with hard-to-control 
hypertension.

Altogether, the BaxHTN trial showed clear 
efficacy when added to standard therapy, a man-
ageable safety profile, and mechanistic plausi-
bility within sodium-driven hard-to-control hy-
pertension. The next steps will include defining 
which patients are likely to have the best response 
for precision therapy, clarifying the use of these 
drugs as compared with MRAs, standardizing 
early monitoring, and providing long-term data 
on durability and event reduction. Success would 
shift aldosterone synthase inhibition from a prom-
ising adjunct to a central pillar of therapy for diffi-
cult-to-control hypertension, thereby reinforcing 
a broader renaissance of natriuretic strategies in 
blood-pressure control.
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ORIGINAL ARTICLE

Abstract
BACKGROUND Zalunfiban is a glycoprotein IIb/IIIa (integrin αIIbβ3) inhibitor designed 
for subcutaneous administration on first medical contact with patients with suspected 
ST-segment elevation myocardial infarction (STEMI).

METHODS An international, double-blind, placebo-controlled trial randomly assigned 
patients with STEMI in a 1:1:1 ratio to receive a single subcutaneous injection of zalunfiban 
(0.11 mg/kg or 0.13 mg/kg) or placebo. The primary efficacy end point was a hierarchi-
cal proportional odds model ranking seven end points from worst to best: all-cause death, 
stroke, recurrent myocardial infarction, acute stent thrombosis, new-onset or rehospitaliza-
tion for heart failure, larger infarct size, or no end point through 30 days. The primary safety 
end point was the occurrence of severe or life-threatening bleeding as per the global use of 
strategies to open occluded coronary arteries (GUSTO) criteria.

RESULTS The trial randomly assigned 2467 patients (853 to zalunfiban 0.11 mg/kg, 818 
to zalunfiban 0.13 mg/kg, and 796 to placebo). The primary efficacy end point was signifi-
cantly improved by zalunfiban (adjusted odds ratio 0.79; 95% confidence interval, 0.65 to 
0.98; P=0.028). GUSTO severe bleeding was similar between those who received zalun-
fiban versus placebo (1.2% vs. 0.8%; P=0.40), but GUSTO mild to moderate bleeding was 
increased (6.4% vs. 2.5%; P<0.001). Angiography showed faster coronary blood flow with 
zalunfiban versus placebo (corrected frame count of the infarct-related artery 109 [inter-
quartile range 35 to 176] vs. 176 [interquartile range 40 to 176]; P=0.012).

CONCLUSIONS In patients with STEMI, zalunfiban administered at first medical contact 
 significantly improved preintervention infarct-related patency and reduced the likelihood 
of a worse 30-day multicomponent hierarchical clinical end point. Zalunfiban was not asso-
ciated with increased severe or life-threatening bleeding but was associated with increased 
mild to moderate bleeding. (Funded by CeleCor Therapeutics; CELEBRATE ClinicalTrials.
gov number, NCT04825743.)
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EDITORIAL

I n this issue of NEJM Evidence, van’t Hof et al. report the results of the CeleCor Blinded 
Randomized Trial in ST-Elevation Myocardial Infarction (STEMI) (CELEBRATE) 
trial.1 The investigators demonstrated that a novel subcutaneous glycoprotein IIb/IIIa 

(GPIIb/IIIa) inhibitor administered at first medical contact in patients with STEMI, who 
were candidates for percutaneous coronary intervention (PCI), significantly decreased the 
odds of a major adverse composite clinical end point, but also increased nonsevere bleeding 
compared with placebo at 1 month.

Current STEMI guidelines recommend early upstream dual antiplatelet therapy — typically 
aspirin and a P2Y12 inhibitor — to reduce ischemic events.2 However, commonly used P2Y12 
inhibitors, such as ticagrelor and prasugrel, only achieve maximal platelet inhibition 4 to 6 
hours after administration.3 Before the introduction of these potent P2Y12 inhibitors, sev-
eral randomized controlled trials investigated the role of using adjunctive GPIIb/IIIa inhib-
itors in patients with STEMI. For example, in the Abciximab before Direct Angioplasty and 
Stenting in Myocardial Infarction Regarding Acute and Long-Term Follow-up (ADMIRAL) 
trial, patients randomly assigned to abciximab had a lower incidence of a composite end 
point of death, reinfarction, or urgent revascularization at 30 days compared with placebo.4 
Similarly, in the Ongoing Tirofiban in Myocardial Evaluation (ON-TIME 2) trial, the use of 
tirofiban increased post-PCI ST-segment resolution compared with placebo.5 In the larger 
Facilitated Intervention with Enhanced Reperfusion Speed to Stop Events (FINESSE) trial, a 
three-group trial that randomly assigned more than 2000 patients with STEMI to half-dose 
reteplase with abciximab, abciximab alone, or placebo, there was no difference between 
groups in a composite clinical end point inclusive of mortality, ventricular arrhythmias, 
and heart failure at 90 days. However, there was an increase in Thrombolysis in Myocardial 
Infarction (TIMI) major and minor bleeding in both groups with GPIIb/IIIa inhibitors com-
pared with placebo.6 Conventional GPIIb/IIIa inhibitors require a continuous intravenous 
infusion, making them impractical for prehospital administration. Rapid, short-acting plate-
let inhibition in patients with STEMI, from first medical contact to maximal platelet inhibi-
tion with P2Y12 inhibitors, is therefore an unmet clinical need.7

Zalunfiban (RUC-4) is a novel subcutaneous single-dose GPIIb/IIIa inhibitor that achieves 
90% platelet inhibition within 15 minutes of administration with a plasma half-life of 1 
hour.8 In the CELEBRATE trial, a total of 2467 patients with STEMI who were candidates 
for primary PCI, were randomly assigned at first medical contact to placebo or zalunfiban 
at doses of 0.11 mg/kg or 0.13 mg/kg in a 1:1:1 ratio. The investigators prespecified an 
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analysis comparing the pooled zalunfiban groups to the pla-
cebo. When compared with patients receiving the placebo, 
patients who had received zalunfiban had 21% lower odds 
of a hierarchical composite outcome of all-cause death, 
stroke, recurrent myocardial infarction (MI), acute stent 
thrombosis, new-onset heart failure, rehospitalization 
for heart failure, or large MI (defined as a high-sensitiv-
ity  troponin T level more than 30 times the upper limit of 
 normal) with most outcomes measured at 30 days. Although 
there was no difference in severe bleeding (defined using 
global use of strategies to open occluded coronary arter-
ies [GUSTO] criteria) between patients randomly assigned 
to receive zalunfiban or placebo (1.2% vs. 0.8%, respec-
tively), there was a significant increase in GUSTO-defined 
mild to moderate bleeding in the zalunfiban group (6.4%) 
compared with the placebo (2.5%).

The investigators should be commended for completing 
a complex yet well-executed prehospital STEMI trial of a 
GPIIb/IIIa inhibitor in the era of potent P2Y12 inhibitors. 
A few points merit discussion. First, the efficacy results in 
favor of zalunfiban compared with a placebo were primarily 
driven by a reduction in the incidence of acute stent throm-
bosis (0.2% vs. 1.1%), heart failure (6.5% vs. 8.1%), and 
large MI (85.4% vs. 88.5%). Given that the efficacy results 
appeared to be driven mainly by a reduction in the large 
MI outcome — which the trial investigators specified as the 
least important by clinical hierarchy — we would encour-
age caution regarding the interpretation of the efficacy of 
zalunfiban in reducing hard ischemic outcomes. Second, 
while GUSTO-defined severe or life-threatening bleeding 
was not significantly different between the zalunfiban and 
placebo groups, GUSTO-defined mild and moderate bleed-
ing was significantly higher in the zalunfiban group, despite 
95% of study participants undergoing radial access for 
PCI. Importantly, even minor bleeding events have been 
linked to increased 1-year mortality in patients undergoing 
PCI, albeit with a weaker association than that observed 
for major bleeding.9,10 Third, it must be underlined that 
the median time between administration of the trial drug 
and PCI was 50 minutes, the median time from symptom 
onset to angiography was 130 minutes, and 95% of trial 
participants received heparin and a potent P2Y12 inhibitor 
( ticagrelor) before primary PCI. Demonstrating an incre-
mental clinical benefit beyond pretreatment with potent 
P2Y12 inhibition in such a short time frame is promising as 
a future therapeutic avenue.

In conclusion, the CELEBRATE trial brings back a treat-
ment option that has been set aside for over a decade by 
transforming a hospital-based infusion into a field-ready 

subcutaneous injection with ideal pharmacokinetic proper-
ties for pretreatment. If subsequent randomized controlled 
trials confirm its effectiveness for hard clinical outcomes, 
similar agents could reestablish GPIIb/IIIa inhibition as 
an effective upstream therapy in patients with STEMI, with 
balanced and careful consideration for ischemic benefits 
and bleeding risks.
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Abstract
BACKGROUND Generative artificial intelligence (Gen-AI) chatbots hold promise for build-
ing highly personalized, effective mental health treatments at scale, while also addressing 
user engagement and retention issues common among digital therapeutics. We present a 
randomized controlled trial (RCT) testing an expert–fine-tuned Gen-AI–powered chatbot, 
Therabot, for mental health treatment.

METHODS We conducted a national, randomized controlled trial of adults (N=210) with 
clinically significant symptoms of major depressive disorder (MDD), generalized anxi-
ety disorder (GAD), or at clinically high risk for feeding and eating disorders (CHR-FED). 
Participants were randomly assigned to a 4-week Therabot intervention (N=106) or waitlist 
control (WLC; N=104). WLC participants received no app access during the study period 
but gained access after its conclusion (8 weeks). Participants were stratified into one of three 
groups based on mental health screening results: those with clinically significant symptoms 
of MDD, GAD, or CHR-FED. Primary outcomes were symptom changes from baseline to 
postintervention (4 weeks) and to follow-up (8 weeks). Secondary outcomes included user 
engagement, acceptability, and therapeutic alliance (i.e., the collaborative patient and thera-
pist relationship). Cumulative-link mixed models examined differential changes. Cohen’s d 
effect sizes were unbounded and calculated based on the log-odds ratio, representing differ-
ential change between groups.

RESULTS Therabot users showed significantly greater reductions in symptoms of MDD 
(mean changes: −6.13 [standard deviation {SD}=6.12] vs. −2.63 [6.03] at 4 weeks; −7.93 
[5.97] vs. −4.22 [5.94] at 8 weeks; d=0.845–0.903), GAD (mean changes: −2.32 [3.55] vs. 
−0.13 [4.00] at 4 weeks; −3.18 [3.59] vs. −1.11 [4.00] at 8 weeks; d=0.794–0.840), and 
CHR-FED (mean changes: −9.83 [14.37] vs. −1.66 [14.29] at 4 weeks; −10.23 [14.70] vs. 
−3.70 [14.65] at 8 weeks; d=0.627–0.819) relative to controls at postintervention and fol-
low-up. Therabot was well utilized (average use >6 hours), and participants rated the thera-
peutic alliance as comparable to that of human therapists.

CONCLUSIONS This is the first RCT demonstrating the effectiveness of a fully Gen-AI ther-
apy chatbot for treating clinical-level mental health symptoms. The results were promising for 
MDD, GAD, and CHR-FED symptoms. Therabot was well utilized and received high user rat-
ings. Fine-tuned Gen-AI chatbots offer a feasible approach to delivering personalized mental 
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Health plans in the United States have not typically examined the overall mortality 
outcomes of their enrollees. Kaiser Permanente (KP) collaborated with the Institute for 
Health Metrics and Evaluation (IHME) at the University of Washington to augment KP’s 
existing suite of quality measures with estimates of mortality rates and years-of-life-
lost (YLL) rates for KP members. This work was designed to inform whether or not KP 
was meeting its strategic goal of improving the health outcomes of its members and to 
stimulate a national dialogue about how different system designs contribute to the health 
of populations for which systems are responsible. Results for KP members are compared 
with non-members in the communities in which KP operates, and with the general 
population of the United States. The authors examine trends for all three populations 
during the 10-year period from 2010 to 2019, preceding the Covid-19 pandemic, and 
from 2019 to 2022 for KP and the United States only; community estimates were not 
available beyond 2019. Over the 10-year initial study period, KP members had lower 
rates of mortality and YLL and experienced greater declines over that time than non-
members living in the communities in which KP operates (“the community”); similarly, 
the community had lower mortality and YLL rates and experienced greater declines 
over time than the overall United States population. Mortality rates among KP members 
were lower than in the community for all racial and ethnic groups. The magnitude of the 
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