
brief report

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

n engl j med 355;10 www.nejm.org september 7, 20061018

Cytokine Storm in a Phase 1 Trial of the 
Anti-CD28 Monoclonal Antibody TGN1412

Ganesh Suntharalingam, F.R.C.A., Meghan R. Perry, M.R.C.P., 
Stephen Ward, F.R.C.A., Stephen J. Brett, M.D., Andrew Castello-Cortes, F.R.C.A., 

Michael D. Brunner, F.R.C.A., and Nicki Panoskaltsis, M.D., Ph.D.

From the Department of Intensive Care 
Medicine, Northwick Park and St. Mark’s 
Hospital (G.S., M.R.P., S.W., A.C.-C., M.D.B.); 
the Department of Intensive Care Medicine, 
Hammersmith Hospital (S.J.B.); and the 
Department of Haematology, Imperial Col-
lege London, Northwick Park and St. Mark’s 
Campus (N.P.) — all in London. Address 
reprint requests to Dr. Suntharalingam at 
Rm. 4J007, Department of Intensive Care 
Medicine, or to Dr. Panoskaltsis at the De-
partment of Hematology — both at North-
wick Park and St. Mark’s Hospital, Watford 
Rd., Harrow, London HA1 3UJ, United King-
dom; or at ganesh.suntharalingam@nwlh.
nhs.uk or n.panoskaltsis@imperial.ac.uk. 

This article was published at www.nejm.
org on August 14, 2006.

N Engl J Med 2006;355:1018-28.
Copyright © 2006 Massachusetts Medical Society. 

Summ a r y

Six healthy young male volunteers at a contract research organization were enrolled 
in the first phase 1 clinical trial of TGN1412, a novel superagonist anti-CD28 mono-
clonal antibody that directly stimulates T cells. Within 90 minutes after receiving a 
single intravenous dose of the drug, all six volunteers had a systemic inflammatory 
response characterized by a rapid induction of proinflammatory cytokines and accom-
panied by headache, myalgias, nausea, diarrhea, erythema, vasodilatation, and hypo-
tension. Within 12 to 16 hours after infusion, they became critically ill, with pulmonary 
infiltrates and lung injury, renal failure, and disseminated intravascular coagulation. 
Severe and unexpected depletion of lymphocytes and monocytes occurred within 24 
hours after infusion. All six patients were transferred to the care of the authors at 
an intensive care unit at a public hospital, where they received intensive cardiopul-
monary support (including dialysis), high-dose methylprednisolone, and an anti–
interleukin-2 receptor antagonist antibody. Prolonged cardiovascular shock and 
acute respiratory distress syndrome developed in two patients, who required inten-
sive organ support for 8 and 16 days. Despite evidence of the multiple cytokine-release 
syndrome, all six patients survived. Documentation of the clinical course occurring 
over the 30 days after infusion offers insight into the systemic inflammatory re-
sponse syndrome in the absence of contaminating pathogens, endotoxin, or under-
lying disease. 

O n march 13, 2006, eight healthy male volunteers participated 
in a double-blind, randomized, placebo-controlled phase 1 study of the safe-
ty of TGN1412 (TeGenero), a novel monoclonal antibody. The study drug is 

a recombinantly expressed, humanized superagonist anti-CD28 monoclonal anti-
body of the IgG4κ subclass that stimulates and expands T cells independently of 
the ligation of the T-cell receptor.1 In contrast to other antibodies in clinical use or 
in clinical trials, TGN1412 directly stimulates the immune response in vivo. In pre-
clinical models, the stimulation of CD28 with TGN1412 (or with murine-antibody 
counterparts) preferentially activated and expanded type 2 helper T cells2 and, in par-
ticular, CD4+CD25+ regulatory T cells, resulting in transient lymphocytosis with no 
detectable toxic or proinflammatory effects.1-4

On the day of the trial, six of the eight volunteers received TGN1412 and two 
received placebo. Subsequently, the six volunteers in the treatment group, who 
had multiorgan failure with an unknown mechanism and an unpredictable se-
verity, were all admitted to the on-site critical care unit at Northwick Park and 
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St. Mark’s Hospital, a National Health Service 
(NHS) hospital in London. We detail the clinical 
and pathological findings during the first 30 
days after the infusion.

Me thods

Trial Conduct 

TeGenero sponsored the trial of the monoclonal 
antibody TGN1412, which was manufactured by 
Boehringer Ingelheim. The trial was conducted 
by Parexel International, a contract research or-
ganization that operates an independent clini-
cal trials unit in leased space on the premises of 
Northwick Park and St. Mark’s Hospital. 

The authors of this report are a group of NHS 
clinicians who assumed clinical responsibility for 
the secondary care of these patients after they 
were transferred to the NHS (between 12 hours 
[one patient] and 16 hours [five patients] after  
infusion). The authors have no contractual or 
operational relationship with either Parexel 
International or TeGenero.

Patients and sources of data

All six patients provided written informed con-
sent to the NHS for the publication of data ob-
tained during clinical case management. Clinical 
data obtained before admission to the NHS, and 
selected laboratory data obtained before the com-
plications were observed, are reproduced here 
with permission from TeGenero. The trial was 
suspended owing to the serious adverse events, 
and no further tests were performed for research 
purposes. There was full disclosure of drug in-
formation, scientific data, and trial documenta-
tion by TeGenero and Parexel International, in 
order to assist in clinical management decisions 
at the time of the incident.

Cytokine and Cell Subgroup Determinations

Data on subgroups of cytokines and lymphocytes 
were subsequently collected for clinical purposes 
during the course of the illnesses. For details on 
the cytokine assays and the cell subgroups, see 
the Supplementary Appendix (available with the 
full text of this article at www.nejm.org).

R esult s

All six patients who received the trial drug were 
male, with a median age of 29.5 years (range, 19 

to 34) (Table 1). None had a notable medical his-
tory, and all were clinically well during the 2 weeks 
before the study; baseline laboratory values were 
normal (Table 2). Beginning at 8 a.m. on day 1, 
each volunteer received an intravenous infusion, 
10 minutes apart, of either the study drug or pla-
cebo. Each infusion lasted 3 to 6 minutes. The six 
volunteers in the treatment group each received 
0.1 mg of TGN1412 per kilogram of body weight, 
infused at a rate of 2 mg per minute; the remain-
ing two volunteers received a similar volume of 
saline.

Initial Response after Infusion 
of TGN1412

A series of adverse effects began in the treatment 
group after infusion, starting with the onset of 
severe headache in five patients after a median of 
60 minutes (range, 50 to 90), accompanied by lum-
bar myalgia in all six patients after a median of 
77 minutes (range, 57 to 95) (Fig. 1). Subsequent-
ly, during this early phase, the patients were rest-
less and had varying degrees of nausea, vomiting, 
bowel urgency, or diarrhea (Table 1). Five subjects 
had short amnestic episodes associated with se-
vere pyrexia, restlessness, or both. All patients had 
a systemic inflammatory response that included 
erythema and peripheral vasodilatation (the tim-
ing of which was undocumented), with recorded 
rigors in four patients at a median of 59 minutes 
(range, 58 to 120) after infusion. Hypotension 
(defined by a decline in systolic blood pressure of 
20 mm Hg or more) developed in all patients a 
median of 240 minutes (range, 210 to 280) after 
infusion, accompanied by tachycardia, with maxi-
mal heart rates of 110 to 145 beats per minute. 
All patients received intravenous lactated Ring-
er’s solution during this time. Body temperatures 
of 39.5 to 40.0°C were recorded a median of 280 
minutes (range, 240 to 390) after infusion. At 
300 minutes after infusion, Patient 1 had signs of 
respiratory failure, with tachypnea and a partial 
pressure of arterial oxygen (PaO

2
) of 52 mm Hg 

while breathing ambient air; the PaO
2
 increased 

with the addition of supplemental oxygen. Chest 
radiography revealed pulmonary infiltrates; these 
findings were not consistent with the expected 
response of a fit young man to the infusion of 
less than 4 liters of fluid at this stage. There was 
no clinical evidence of bronchospasm or laryn-
geal edema.

All patients were initially empirically treated 
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in the independent clinical trials unit. A dose of 
200 mg of hydrocortisone was administered intra-
venously in divided doses (with the initial 100-mg 
bolus a median of 331 minutes [range, 315 to 346] 
after infusion), in addition to 10 mg of chlorphen-
iramine intravenously, 1 g of acetaminophen 
intravenously, 4 to 8 mg of ondansetron intra-
venously, and 0.5 to 3.0 mg of metaraminol in-
travenously (in divided doses, titrated to effect). 
Blood samples were analyzed 8 hours after infu-
sion at an off-site private laboratory (according to 
the study protocol) and therefore were not avail-

able as the situation evolved; the results were 
abnormal (Table 2).

Subsequent Events

After an initial recovery, Patient 6 became hypo-
tensive (blood pressure, 65/40 mm Hg), and 12 
hours after infusion, he had metabolic acidosis 
and marked respiratory distress with hypoxemia 
that was refractory to treatment with supplemen-
tal oxygen. He underwent intubation and me-
chanical ventilation, after which he was admitted 
to the intensive care unit (ICU) at Northwick Park 

Table 1. Data for All Six Affected Patients on Transfer to the Intensive Care Unit (ICU).*

Characteristic Patient No.

1 2 3 4 5 6 

Age (yr) 24 34 31 19 28 20

Weight (kg) 68.9 84.3 81.8 72.1 88.5 82.4

TGN1412 dose (mg) 6.8 8.4 8.2 7.2 8.8 8.2

Transfer to critical care (hr after dose) 15.5 16.0 16.0 16.0 16.0 12.0

APACHE II score on transfer† 8 10 11 18 20 18

Bilateral pulmonary infiltrates‡ + ++ ++ ++ ++ +++

Duration of abnormalities on chest 
radiography (days)

7 6 8 >5 6 7

Hemodynamics on transfer

Blood pressure (mm Hg) 120/50 124/79 107/42 98/40 95/40 80/64

Heart rate (beats/min) 125 103 116 120 105 140

LVEF on echocardiogram (%) 50–55 70 60 50–55 60 55

PaO2:FiO2 395.5 195.6 329.5 321.3 201.8§ 84.0§

Base deficit (mmol/liter) −5.1 −6.5 −5.6 −5.8 −10.3 −8.2

Lactate (mmol/liter)¶ 3.1 4.5 5.7 6.0 5.9 4.2

Urinary output (ml/hr) 20 30 30 45 30 0

Treatment

Days spent in ICU 4 7 7 5 11 21

Days receiving corticosteroids 
(including tapering) 

21 21 21 21 24 33

Epiphenomena

Generalized desquamation∥ + ++ + + ++++ +++

Muscle weakness‡ + ++ + + ++ ++

Late myalgia Calf Calf and hip 
adductors

Calf — Calf —

Neurologic findings Headaches and 
hyperalgesia

Hyperalgesia Hyperalgesia 
and numbness 

Headaches Headaches 
and numbness

—

* LVEF denotes left ventricular ejection fraction, PaO2 partial pressure of arterial oxygen, and FiO2 fraction of inspired oxygen.
† Acute Physiology and Chronic Health Evaluation (APACHE) II scores range from 0 to 71, with higher values indicating more severe illness.
‡ Plus signs represent the degree of infiltrates or of muscle weakness.
§ The patient was on assisted mechanical ventilation.
¶ The normal range for lactate is 0.5 to 2.2 mmol per liter.
∥ One plus symbol represents one episode of generalized desquamation, two represent two episodes, and three and four represent increas-

ingly prolonged generalized desquamation.
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Table 2. Median Results of Blood Tests for the Six Patients before Infusion and 8 and 16 Hours after Infusion of TGN1412.*

Blood Level of Constituent Independent Clinical Trials Unit Intensive Care Unit

Before Infusion
8 Hours 

after Infusion Normal Range
16 Hours 

after Infusion Normal Range 

Creatinine (μmol/liter)

Median 80 128 — 163 —

Range 74–89 106–195 66–112 125–325 62–115

Urea (mmol/liter)

Median 4.8 6.4 — 9.3 —

Range 3.6–6.0 6.1–7.6 1.7–8.3 7.3–7.7 3.2–7.4

Uric acid (μmol/liter)

Median 330 418.5 — 404 —

Range 309–426 339–465 266–474 251–590 210–420

Alanine aminotransferase (IU/liter) 

Median 25 21 — 32 —

Range 22–36 15–191 10–50 18–161 0–55

Hemoglobin (g/dl) 

Median 15.4 11.7 — 12.7 —

Range 15.1–15.9 11.0–14.1 13.0–17.0 10.3–15.6 13.0–17.5

Neutrophils (×10−3/mm3) 

Median 2.43 2.31 — 6.50 —

Range 1.73–5.14 1.99–4.95 2.00–7.50 5.09–11.14 1.80–7.70

Monocytes (×10−3/mm3)

Median 0.26 0.03 — 0.03 —

Range 0.08–0.59 0.01–0.15 0.20–1.00 0.01–0.05 0.20–0.80

Lymphocytes (×10−3/mm3)

Median 1.86 0.06 — 0.04 —

Range 1.47–2.59 0.05–0.09 1.50–4.00 0.03–0.07 1.10–4.80

Platelets (×10−3/mm3)

Median 222 98 — 132 —

Range 164–261 51–144 150–400 69–169 140–450

Prothrombin time (sec) 

Median 11.2 14.2 — 26.2 —

Range 10.5–11.7 13.1–19.5 10.0–12.0 19.5–33.2 11.5–16.0

Activated partial-thromboplastin time (sec) 

Median NA NA — 43.5 —

Range 40.1–61.9 26.0–38.0

Fibrinogen (g/liter) 

Median NA 1.47 — 1.69 —

Range 0.66–1.75 1.50–4.00 0.99–1.98 2.00–4.50

D-dimer (ng/ml) 

Median NA NA — 1784 —

Range 1350–4535 0–250

* To convert values for creatinine to milligrams per deciliter, divide by 88.4. To convert values for urea to milligrams per deciliter, divide 
by 0.357. NA denotes not available.
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and St. Mark’s Hospital. He had severely abnor-
mal hemodynamics, coagulation, and pulmonary 
function, with a PaO

2
 of 84 mm Hg while breath-

ing 100% oxygen (ratio of PaO
2
 to the fraction of 

inspired oxygen, 84) (Table 1).5 Because there was 
concern that all patients would follow a similar 
course of rapid deterioration, all remaining pa-
tients were transferred to NHS ICU facilities 16 
hours after infusion.

Further Treatment

Between 16 and 20 hours after infusion of 
TGN1412, the patients had further signs of re-
spiratory deterioration: all six had signs of tach-
ypnea, use of accessory muscles, inability to com-
plete spoken sentences, and bilateral pulmonary 
infiltrates on chest radiography (Fig. 2A and 2B), 
and two had symptoms of dyspnea. There was also 
evidence of substantial renal impairment and dis-
seminated intravascular coagulation, as indicat-
ed by an elevated prothrombin time, low fibrino-
gen level, high level of D-dimers, and decreased 
platelet counts in all six patients (Table 2). All pa-
tients had severe lymphopenia and monocytope-

nia, with sparing of neutrophils. Blood smears 
showed toxic granulation with Döhle’s bodies and 
a dysplastic appearance of the neutrophils, with 
pseudo–Pelger–Huët anomaly (Fig. 2C and 2D).

There was no clinical evidence of primary car-
diogenic shock, nor was there bronchospasm, 
laryngeal edema, or cutaneous signs indicating 
anaphylaxis. There were no overt or focal neu-
rologic symptoms or signs that suggested neuro-
genic vasodilatory shock. All electrocardiograms 
and echocardiograms were normal (Table 1), 
and there was no clinical indication for lumbar 
puncture or electroencephalography.

All patients received empirical treatment with 
1 g of methylprednisolone sodium succinate in-
travenously a median of 16 hours (range, 15.5 to 
17) after infusion with TGN1412, with subsequent 
doses 40 hours and 64 hours after. Because of the 
expected effects of TGN1412 on T cells, all pa-
tients were empirically treated daily for 3 days 
with an anti–interleukin-2 receptor antagonist 
antibody, daclizumab (Roche), beginning a medi-
an of 25.5 hours (range, 23.5 to 28.0) after infu-
sion. This treatment was stopped after 3 days 

5433 6 9 12 15 18 210 24 6 7 8 9 10 15 20 252 30

Days after InfusionHours after Infusion

Phase 1: Cytokine storm

Leukocyte recovery

Increasing ALT, thrombocytosis

Multiorgan failure (Patient 6)

Multiorgan failure (Patient 5)

Multiorgan
failure

(Patients 1–4)

Epiphenomena: desquamation, difficulties
with concentration, calf myalgia

TGN1412 infusion

Headache, rigors, lumbar myalgia

Hypotension, tachycardia

Fever, lymphopenia, monocytopenia

First corticosteroid dose

Transient improvement

Phase 2: Reactive

Phase 4: Steady state

Phase 3: Recovery

Figure 1. Summary Timeline of the Main Events after Infusion of TGN1412. 

The course is divided into four phases: cytokine storm, reactive, recovery, and steady state. ALT denotes alanine 
aminotransferase. Dashed lines represent the responses of Patients 5 and 6 (who were the most seriously ill).
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in the absence of TGN1412-induced lymphocy-
tosis. In addition, potential activation of a his-
taminergic response was treated with 50 mg of 
intravenous ranitidine every 8 hours and 10 mg 
of intravenous chlorpheniramine maleate every 
8 hours (continued from earlier doses).

Supportive Management

Patients 1 through 4 received continuous positive 
airway pressure of 10 cm H

2
O by means of a tight-

fitting face mask. Patients 5 and 6 underwent me-
chanical ventilation, with tidal volumes limited 
to 6 to 8 ml per kilogram of dry body weight and 

positive end-expiratory pressure maintained at 15 
to 20 cm H

2
O. All six patients had oliguria, met-

abolic acidosis, and increasing creatinine levels; 
they therefore received renal support by means of 
continuous venovenous hemodiafiltration with 
the use of a standard polyacrylonitrile membrane 
(Gambro Hospal U.K.) within 36 hours after their 
exposure to TGN1412. Dialysate rates were set to 
1 liter per hour and were subsequently increased 
to 4 liters per hour.

All patients required the replacement of blood 
components by means of the infusion of fresh-
frozen plasma and cryoprecipitate to correct co-

A B

DC

Figure 2. Representative Chest Radiographs (Panels A and B) and Blood Smears (Panels C and D) of the Six Affected 
Patients. 

All anteroposterior chest radiographs were similar in appearance, with interstitial infiltrates first noted 5 to 16 hours 
after infusion of TGN1412 (Panels A and B). The blood films did not show red-cell fragmentation but did show dys-
plastic changes in the neutrophils, including pseudo–Pelger–Huët anomaly (arrows, Panels C and D; May–Grünwald–
Giemsa stain), which was first noted within 24 hours after TGN1412 infusion. Although toxic granulation, vacuoles, 
and Döhle’s bodies were initially observed, later blood smears showed neutrophils that were hypogranular.
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agulopathy. Owing to their severe lymphopenia, 
the patients were treated according to a protocol 
of infusions of irradiated red cells and platelets, 
as required, to prevent possible graft-versus-host 
disease.

Clinical Progression

Patients 1, 2, 3, and 4 continued to have intermit-
tent fever, myalgia, and diffuse erythematous flush-
ing for 48 hours, at which point their clinical 

symptoms and signs diminished markedly. Im-
munomodulatory treatment in these four patients 
was reduced to a tapering dose of intravenous 
hydrocortisone followed by oral prednisolone (to-
tal duration of corticosteroid treatment in each 
case, 21 days). Continuous venovenous hemodia-
filtration was stopped after a median of 28 hours 
(range, 22 to 35), and continuous positive airway 
pressure was stopped after 4 hours in Patient 1 
and after a median of 77 hours (range, 57 to 82) 
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in Patients 2, 3, and 4 (Fig. 4A and 4B through 
7A and 7B in the Supplementary Appendix). Pa-
tient 2 was also successfully treated for presumed 
nosocomial Klebsiella pneumoniae bacteremia, iso-
lated on day 6 after TGN1412 infusion.

Patients 5 and 6 had a more complex course, 
as detailed in the Supplementary Appendix. Al-
though both patients initially had diminished 
erythema and fever 48 hours after infusion, they 

subsequently had recurrent fever, increased pe-
ripheral vascular permeability, and episodes of 
diffuse erythematous f lushing lasting several 
days. Both patients required intubation and me-
chanical ventilation. Peripheral ischemia was ob-
served in a glove-and-stocking distribution in Pa-
tient 6. It fluctuated over time, independently of 
the changing vasopressor dose. Most of the pe-
ripheral ischemia slowly resolved, except in patch-
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Figure 3. Summary of Laboratory Results for the Six Patients during the First 30 Days (Panels A and B) and the First 5 Days (Panel C) 
after Infusion of TGN1412. 

Panel A shows that C-reactive protein and serum creatinine levels increased rapidly during the first 48 hours after infusion, with a con-
comitant decline in the platelet count starting within the first 8 hours and persisting for at least 5 days. Alanine aminotransferase levels 
increased slowly, starting within the first 48 hours, and peaked between 10 and 25 days after infusion, when the patients had recovered 
from the acute illness. Panel B shows that levels of CD3+, CD4+, and CD8+ T-cell subgroups were undetectable within the first 24 hours 
after infusion, followed by a first peak at day 5 and a second peak at day 15, with a leveling off to near-preinfusion levels by day 30. 
Monocyte numbers also fell in the short term but increased to above the normal range 10 to 16 days after infusion. Neutrophil counts 
were relatively constant immediately after infusion and then increased, as expected, with increasing stress and corticosteroid use. Panel C 
shows that, during the first 4 hours after infusion, the first cytokine to increase substantially was TNF-α (2.8 pg per milliliter at 0 hour, 
1760.1 at 1 hour, and 4675.9 at 4 hours), followed by interferon-γ (7.1 pg per milliliter at 0 hour, 43.9 at 1 hour, and ≥5000 at 4 hours) 
and interleukin-10, 8, 6, 4, 2, 1β, and 12p70. All data are medians. I bars represent interquartile ranges. Dashed lines represent the up-
per limit of the normal reference range (where only one dashed line is shown) or both the upper and lower limits. Time points with sin-
gle values were excluded. To convert values for creatinine to milligrams per deciliter, divide by 88.4.
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es of necrosis on the fingers of both hands and 
all the toes.

Over the next 30 days, all patients had gener-
alized desquamation (most marked in Patients 5 
and 6) and muscle weakness on discharge from 
the ICU. Five patients had late myalgia, headache 
after the discontinuation of corticosteroids, dif-
ficulties with concentration, and short-term dif-
ficulties in finding words (particularly names). 
Three patients had delayed hyperalgesia, and two 
had peripheral numbness. None had document-
ed lymphadenopathy or splenomegaly while in 
the ICU or after discharge.

Hematologic and Immunologic Progression

The laboratory values for the six patients are sum-
marized in Figure 3; data on the clinical course 
of each patient are provided in the Supplementary 
Appendix. Severe thrombocytopenia was observed, 
initially accompanying disseminated intravascu-
lar coagulation but persisting even after the oth-
er clotting values normalized (Fig. 3A, and Fig. 
4A and 4B through 9A and 9B in the Supplemen-
tary Appendix). All patients had mild normocytic 
anemia that persisted beyond discharge from 
the ICU, followed by a slow recovery. Neutrophil 
numbers initially were preserved and then in-
creased in response to corticosteroids (Fig. 3B), but 
they were dysplastic in appearance (Fig. 2C and 
2D), a feature that eventually resolved. By con-
trast, marked lymphopenia and monocytopenia 
were noted in all patients 8 hours after TGN1412 
infusion (Table 2).

Lymphocyte numbers were too low to allow 
for the measurement of cell subgroups 1 day af-
ter infusion. Subsequent blood tests showed in-
creasing levels of CD4+ and CD8+ T cells (Fig. 3 
through 9 in the Supplementary Appendix), CD19+ 
B cells, and CD16+ presumed natural killer cells, 
starting 48 hours after infusion. In Patients 1, 
2, 3, and 4, who recovered the most rapidly, T-cell 
recovery occurred in a CD4+:CD8+ ratio of 1:1, 
with a temporary rise to levels just above normal 
in two patients (Fig. 4D and 7D in the Supplemen-
tary Appendix). Patients 5 and 6, the two who 
were most severely ill, had a slower recovery, with 
lower overall numbers of T cells (Fig. 8 and 9 in 
the Supplementary Appendix) and a CD4+:CD8+ 
ratio of 2:1. 

The lymphocyte and monocyte nadirs in each 
patient occurred within 24 hours after TGN1412 
infusion, overlapping with the cytokine storm 

(Fig. 3B, and Fig. 4C through 9C in the Supple-
mentary Appendix). A dramatic increase in the 
level of tumor necrosis factor α (TNF-α) was ob-
served in all patients within an hour after TGN1412 
infusion, followed by elevations in the level of 
interleukin-2, 6, and 10 and interferon-γ within 
the first 4 hours after infusion (Fig. 3C, and Fig. 
4C through 9C and 10 in the Supplementary Ap-
pendix). This cytokine release resolved after the 
first doses of hydrocortisone and methylpred-
nisolone, and in Patients 1, 2, 3, and 4 the values 
normalized within 2 days. By contrast, in Patients 
5 and 6, the cytokine storm was prolonged by 
1 to 2 days; discrete elevations in the interleu-
kin-6 and interleukin-4 levels, out of proportion 
to those noted in the other patients, were ob-
served.

Discussion

The intravenous infusion of TGN1412 in healthy 
persons produced a sudden and rapid release of 
proinflammatory cytokines. These unexpected 
clinical data provide insight into the natural course 
of the cytokine storm and the systemic inflam-
matory response syndrome (SIRS) in the absence 
of contaminating organic factors. Regulatory au-
thorities, who tested TGN1412 from the same 
batch as the infused drug, found no errors in its 
manufacture, formulation, or administration and 
found no contamination with endotoxin, pyro-
gen, or microbiologic or other agents.6 This type 
of cytokine release had not been observed in the 
preclinical studies of TGN1412, and it is currently 
unclear whether the severe effects of this type of 
cytokine release in vivo in humans is caused by 
the direct ligation of CD28 on T cells or by the 
ligation and activation of other cell types, leading 
to the release of preformed TNF-α, which then 
triggers the remainder of the cascade. The Secre-
tary of State for Health has convened an expert 
scientific group to study the events of the clinical 
trial in greater detail.6

Clinically, the most striking phenomenon in 
the cohort was the stereotypical response to the 
study drug in all six patients and in all organ 
systems affected (albeit to varying degrees) (Ta-
ble 3). All six patients initially had clinical signs 
that fit the criteria for SIRS.8 Subsequently, the 
most prominent clinical feature was the early ap-
pearance of respiratory distress and pulmonary 
infiltrates, accompanied by renal impairment and 
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profound disseminated intravascular coagulation. 
This pattern of organ impairment may be con-
sistent with a generalized multiorgan response 
to inflammation or critical illness.9,10 However, 
the rapid onset and concordance of the lung in-
jury among patients seemed unusual, and in the 
presence of high cytokine (especially interferon-γ 
and TNF-α) levels, these features may be consis-
tent with immune-mediated injury that is spe-
cific to the lung.11,12

Alveolar macrophages in humans are normally 
inefficient in the costimulation of T cells through 
the CD28 pathway13; thus, our data suggest that 
anti-CD28 agonists in vivo may be able to poten-
tiate immune activation and therefore lung in-
jury. Neither cytokine storm nor lung injury was 
observed in the preclinical studies of TGN1412. 
This probably indicates that the presence of high 
levels of proinflammatory cytokines is a require-
ment for the pulmonary compromise, regardless 
of whether CD28 is ligated in the lung. In contrast 
to the pulmonary compromise that eventually 
ensues in SIRS, the more rapid onset of lung 
injury in our patients may have been due to the 
combination of the direct effects of the antibody 
and cytokines on lung tissue.

Equally striking was the consistent pattern 
of immunologic effects and recovery in all six 
patients. In particular, the severe lymphopenia 
observed in these patients was unexpected; a tem-
porary lymphocytosis had been observed in pre-
clinical studies of TGN1412 in animals.3,4,14 This 
unanticipated lymphopenia in humans may have 
reflected cell death or the migration of cells to 
other tissues such as lymph nodes, although 
lymphadenopathy was not detected. Lymphope-
nia has been observed as part of the cytokine 
storm induced by other monoclonal antibod-
ies.15-17 However, the low cell numbers observed 
in these studies were anticipated, given the mech-
anism of action and the antilymphocyte specific-
ity of the infused antibodies. Sepsis in humans 
may also induce lymphopenia that is selective 
for B cells and CD4+ T cells over the course of 
several days.18 In contrast, the onset of lympho-
penia within 8 hours after infusion of TGN1412, 
and the involvement of all mononuclear cells 
(CD4+ and CD8+ T cells and monocytes), may 
suggest that the depletion of cells in our patients 
was a response to the infused T-cell agonist drug 
rather than to the cytokine storm alone.

The clinical progression after infusion of 

TGN1412 can be separated into four phases (Fig. 
1). Phase 1 began within an hour after infusion, 
continued through days 1 and 2 (and day 3, in 
Patients 5 and 6), and consisted of the cytokine 
storm, involving the rapid induction of type 1 and 
type 2 cytokines (to varying degrees) and severe 
lymphopenia and monocytopenia. Phase 2, the 
reactive phase, occurred from day 1 through day 
3 (or days 1 through 8 in Patients 5 and 6, who 
were the most seriously ill); it consisted of renal 
failure, disseminated intravascular coagulation, 
pulmonary infiltrates, and respiratory failure. 
Phases 1 and 2 overlapped; phase 2 was not neces-
sarily directly caused by the events in phase 1. 
The recovery phase, phase 3, occurred between 
day 3 and day 15 (or between day 5 and day 20, 
for the patients who were the sickest) and was 

Table 3. Common Features after Infusion of TGN1412.

System Feature

Cardiovascular Capillary leak
Hemodynamic instability
Lactic acidemia

Renal Early acute renal impairment
Urinary sediment

10–100 White cells
<10 Red cells

Granular casts (two patients)

Pulmonary Acute pulmonary changes (six patients)
Met criteria for acute lung injury (two patients)*
Met criteria for acute respiratory distress syndrome 

(one patient)*

Hematologic and im-
munologic

Cytokine storm (TNF-α; interferon-γ; 
interleukin-10, 6, 2)

Increased C-reactive protein level and erythrocyte 
sedimentation rate

Lymphopenia
Monocytopenia
Thrombocytopenia
Disseminated intravascular coagulation
Normochromic, normocytic anemia
Dysplastic neutrophils but preserved numbers

Hepatic Increased alanine aminotransferase and alkaline 
phosphatase levels

Integumentary Diffuse erythema
Late desquamation

Neurologic Delirium
Partial amnesia
Paresthesia or localized numbness
Difficulty concentrating (late)
Headaches (early and late)

Autonomic, gastroin-
testinal, or both

Bowel urgency or diarrhea
Nausea or vomiting

Musculoskeletal Myalgia in lower back (early) and calves (late)

* Criteria are from the American–European Consensus Conference on ARDS.7
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characterized by the recovery of renal and pul-
monary function. This recovery was reflected in 
thrombocytosis and increases in alanine amino-
transferase and monocyte and lymphocyte levels 
(mostly in a 1:1 ratio of CD4+:CD8+ T cells). The 
last phase, phase 4, can be described as a plateau 
or steady-state phase. It began 15 days after in-
fusion (or 20 days after in Patients 5 and 6) and 
consisted of normalization of the measured vari-
ables. As compared with reactions to the infusion 
of other immunomodulatory agents (such as anti-
CD20,15 anti-CD3,16 and anti-CD52 monoclonal 
antibodies17 ), the response to TGN1412 initially 
had similar kinetics, including the rapid increase 
in the levels of first TNF-α and then interferon-γ 
and interleukin-6, followed by cardiovascular in-
stability, and disseminated intravascular coagu-
lation. However, from phase 2 onward, features 
unique to the response to TGN1412 were appar-
ent — including early acute lung injury, diffuse 

erythema with late desquamation, neurologic se-
quelae, and post-illness myalgias (Table 3).

These events occurred during the first dos-
ing interval in a phase 1 drug trial of a humanized 
immunomodulatory monoclonal antibody involv-
ing healthy subjects. The events provide insight 
into an immune-mediated cytokine storm lead-
ing to multiorgan failure in the absence of infec-
tion, contamination with endotoxin, or underlying 
disease. The TGN1412 variant of the syndrome 
had some features that set it apart from a typical 
cytokine storm, most notably early acute lung in-
jury and marked lymphopenia.

No potential conflict of interest relevant to this article was 
reported.

We are indebted to the NHS staff members involved in the 
care of the patients on the day of the event and after, for their 
skill and dedication and for overcoming the unprecedented 
clinical and logistic challenges that the event presented; and 
especially to the six patients for consenting to the publication of 
their clinical data in order to inform ongoing discussion and 
debate.
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Disruption of a self-amplifying catecholamine loop 
reduces cytokine release syndrome
      Verena Staedtke1,2,7*, ren-Yuan Bai3,7*, Kibem Kim1, Martin Darvas4, Marco L. Davila5, Gregory J. riggins3, Paul B. rothman6, 
Nickolas Papadopoulos1, Kenneth W. Kinzler1, Bert Vogelstein1* & Shibin Zhou1*

Cytokine release syndrome (CRS) is a life-threatening complication 
of several new immunotherapies used to treat cancers and 
autoimmune diseases1–5. Here we report that atrial natriuretic 
peptide can protect mice from CRS induced by such agents by 
reducing the levels of circulating catecholamines. Catecholamines 
were found to orchestrate an immunodysregulation resulting 
from oncolytic bacteria and lipopolysaccharide through a self-
amplifying loop in macrophages. Myeloid-specific deletion of 
tyrosine hydroxylase inhibited this circuit. Cytokine release induced 
by T-cell-activating therapeutic agents was also accompanied by a 
catecholamine surge and inhibition of catecholamine synthesis 
reduced cytokine release in vitro and in mice. Pharmacologic 
catecholamine blockade with metyrosine protected mice from 
lethal complications of CRS resulting from infections and various 
biotherapeutic agents including oncolytic bacteria, T-cell-targeting 
antibodies and CAR-T cells. Our study identifies catecholamines 
as an essential component of the cytokine release that can be 
modulated by specific blockers without impairing the therapeutic 
response.

Inflammation is crucial for immune defence against pathogens. 
However, when dysregulated, the cytokines that normally mediate pro-
tective immunity and promote recovery can cause a harmful systemic 
hyperactivated immune state known as cytokine release syndrome 
(CRS), which can lead to cardiovascular collapse, multiple organ dys-
function and death1. In addition to following infections by naturally 
occurring pathogens, CRS can be observed after biotherapeutic agents 
are administered to patients or to experimental animals, thereby seri-
ously limiting the utility of these otherwise promising agents, which  
include oncolytic viruses and bacteria3,6, recombinant lymphokines5, 
natural and bispecific antibodies2, and T cells designed to kill cancer 
cells4.

The present study began with experiments employing the anaerobic 
spore-forming bacterial strain Clostridium novyi-NT to treat cancer6.  
C. novyi-NT spores germinate exclusively in hypoxic tumour tissues 
and can destroy them6. However, when high doses of spores were 
injected into very large tumours, a massive infection occurred and 
animals died within a few days with severe cytokine release due to 
a combination of tumour lysis and direct toxic effects of the bacteria  
(sepsis)6 that was not reversed by the antibiotic metronidazole 
(Extended Data Fig. 1a). To mitigate this dose-limiting toxicity, we 
attempted to pre-treat mice with agents known to downregulate the 
inflammatory response7,8. Unfortunately, the anti-inflammatory agent 
dexamethasone and antibodies against TNF, IL-6 receptor (IL-6R) or 
IL-3 had limited effects on survival with only IL-6R blockade resulting 
in a significant but marginal improvement (Extended Data Fig. 1a).

We then engineered C. novyi-NT to secrete a number of anti-inflam-
matory proteins that might mitigate the bacteria-associated toxicity; 
atrial natriuretic peptide (ANP) was the only one that proved successful 
without compromising tumour lysis. ANP is an endogenous peptide 

released by cardiac cells, and regulates fluid and electrolyte homeo-
stasis9. It has also been shown to have anti-inflammatory pro perties 
through reduction of cytokine release induced by lipopolysaccharide 
(LPS) in mice9. To investigate whether ANP could protect mice from 
severe bacterial infections such as those caused by C. novyi-NT, we 
engineered C. novyi-NT to express and secrete ANP by stably inte-
grating an expression cassette of ANP with a signal peptide into the 
C. novyi-NT genome using the group II intron targeting10. Selected 
C. novyi-NT clones were characterized for ANP expression, biological 
activity and growth patterns in vitro (Extended Data Fig. 1b–d), and the 
clone with the highest expression of ANP (called ‘ANP-C. novyi-NT’, 
1-29) was studied further.

One dose of ANP-C. novyi-NT spores injected into subcutaneously 
implanted CT26 tumours resulted in robust germination and tumour 
regression. Plasma levels of ANP and cyclic GMP (cGMP) in mice 
injected with ANP-C. novyi-NT were increased two to four times over 
that of mice injected with C. novyi-NT (Extended Data Fig. 1e, f).  
Strikingly, at similar efficiencies of germination and proliferation 
between the two strains (Extended Data Fig. 1g), more than 80% of 
the animals that received ANP-C. novyi-NT survived, 84% of which 
had complete tumour regression, whereas none of the mice treated with 
C. novyi-NT survived (Fig. 1a, upper and lower panel).

Mice injected with ANP-C. novyi-NT exhibited a noticeable reduc-
tion in tissue damage and inflammation. There were fewer infiltrating 
CD11b+ myeloid cells in the liver, spleen and lungs (Fig. 1b, Extended 
Data Fig. 1h) and significant reductions in myeloid-derived cytokines 
(IL-1β, IL-6, MIP-2), chemoattractants (KC), and to a lesser degree, 
TNF and IFN-γ compared to mice treated with C. novyi-NT (Fig. 1c, 
Extended Data Fig. 1j). The latter cohort was also found to have an 
increased pulmonary permeability index (Extended Data Fig. 1i) and 
bone marrow myeloid hyperplasia (Fig. 1b, Extended Data Fig. 1h). Of 
interest, the diminished inflammatory response in mice treated with 
ANP-C. novyi-NT-treated was accompanied by markedly lower levels 
of circulating catecholamines (adrenaline, noradrenaline and dopa-
mine) (Fig. 1d, Extended Data Fig. 1k). This finding was unrelated 
to changes in volume homeostasis, as estimated plasma volume and 
haematocrit were similar among the cohorts (Extended Data Fig. 1l, m).

We first determined whether the protective effect was due to expres-
sion of ANP by using ANP-releasing osmotic pumps implanted sub-
cutaneously into mice before C. novyi-NT treatment. ANP delivered 
by pumps proved efficacious, with 75% of the mice surviving (Fig. 1a, 
upper panel), 77% of which exhibited complete tumour eradications. 
The other 23% of mice showed a robust but not curative response 
(Fig. 1a, bottom panel). Similar to ANP-C. novyi-NT, systemically 
delivered ANP also markedly reduced pro-inflammatory cytokines, 
catecholamines and tissue injury (Fig. 1 c, d, Extended Data Fig. 1h–k). 
Lastly, the effects of ANP were confirmed in another tumour model 
using subcutaneous implants of the glioblastoma cell line GL-261 in 
C56Bl/6 mice (Extended Data Fig. 2a).
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We then investigated the mechanism underlying the protective 
effects of ANP. Previous studies link the anti-inflammatory proper-
ties of ANP to inhibition of phosphorylation of inhibitory κ B protein 
(IκB)9. Treatment with BMS-345541, a highly selective IκB kinase 
inhibitor11, did not improve survival in mice treated with C. novyi-NT 
(Extended Data Fig. 2b), suggesting that ANP inhibits inflammation 
resulting from C. novyi-NT through mechanisms in addition to the 
NF-κB pathway. This prompted us to investigate the relationship 
between catecholamines and ANP.

Macrophages, which are major sources of inflammatory cytokines, 
secrete and respond to catecholamines through adrenergic receptors 
when exposed to inflammatory stimuli such as bacteria12,13. This in 
turn leads to increases in cytokine production, as shown in models 
of lung injury and experimental autoimmune encephalomyelitis13,14. 
Given the pleiotropic effects of catecholamines, we first determined 
which catecholamine contributed to the severity of inflammation injury 
by using subcutaneously implanted osmotic pumps that continuously 
released adrenaline, noradrenaline or dopamine into mice treated with 
LPS. Only mice with adrenaline pumps showed an exacerbated disease 
course, with increased mortality and higher levels of IL-6, TNF and KC 
compared to LPS-treated controls and mice treated with adrenaline 
only, in which an increase of cytokines was also observed (Extended 
Data Fig. 3a–d).

We next investigated the effect of ANP on catecholamine synthe-
sis in stimulated mouse peritoneal macrophages. ANP inhibited the 
upregulated production of macrophageal catecholamines induced by 
LPS, which correlated with a reduction in levels of IL-6, TNF, MIP-2 
and KC (Fig. 2a, b, Extended Data Fig. 3e). Notably, LPS in combi-
nation with adrenaline produced a markedly enhanced inflammatory 
response compared to that observed with each of the other agents, 
and this amplification was also inhibited by ANP (Fig. 2a, b, Extended  
Data Fig. 3e–g). Direct inhibition of catecholamine synthesis with 
α-methyltyrosine (metyrosine, MTR), which blocks the key target 
tyrosine hydroxylase (TH) and prevents the conversion of tyrosine 
to l -DOPA, greatly reduced levels of catecholamines produced by 
stimulated mouse macrophages (Fig. 2a, Extended Data Fig. 3e, f). 
Accordingly, cytokines released by macrophages were also diminished 
by MTR (Fig. 2b, Extended Data Fig. 3g). Comparable results were 
obtained with human U937-derived macrophages (Extended Data 
Fig. 4a, b).

To confirm that the production of catecholamines by macrophages 
drives the inflammatory response, we used peritoneal macrophages 
from mice with selective deletion of Th gene in LysM+ myeloid cells15 
(LysMcreThfl/fl or ThΔLysM) resulting in significantly reduced TH  
expression levels (Extended Data Fig. 4c). Peritoneal macrophages  
with Th deleted showed reduced secretion of catecholamines and 
cytokines upon stimulation with LPS and adrenaline, which confirmed 
the role of autocrine catecholamine production in the amplification of 
the inflammatory cascade in macrophages (Extended Data Fig. 4d, e).  

0 2 10 12 14
0

50

100

C. novyi-NT
****ANP-C. novyi-NT

C. novyi-NT + ANP pump
Vector C. novyi-NT

Days after C. novyi-NT

S
ur

vi
va

l (
%

)

0

50

100

Alive, complete tumour
eradication

Death
Alive, partial tumour
eradication

%

a

0

10

20

30
***P = 0.0005

IL
-6

 (n
g 

m
l–1

)

***P = 0.0009

c

0

10

20

K
C

 (n
g 

m
l–1

)

*P = 0.0116

Baseline
C. novyi-NT
ANP-C. novyi-NT
C. novyi-NT
+ ANP pump

C. n
ov

yi-
NT

+ A
NP p

um
p

(12
 μg

 p
er

 d
ay

)

*P = 0.0183

0

2

4

6

8 **P = 0.0082

M
IP

-2
 (n

g 
m

l–1
)

**P = 0.0079

0

20

40

60

80

TN
F 

(p
g 

m
l–1

)

P = 0.0671

b

0

5

10

15

**P = 0.0041

**P = 0.006

0

5

10

**P = 0.0054

N
or

ad
re

na
lin

e 
(n

g 
m

l–1
)

A
d

re
na

lin
e 

(n
g 

m
l–1

)

Lu
ng

Li
ve

r
S

p
le

en
B

on
e 

m
ar

ro
w

d

4 6 8

Baseline
C. novyi-NT
ANP-C. novyi-NT
C. novyi-NT
+ ANP pump

Normal C. novyi-NT ANP-C. novyi-NT
****

C. n
ov

yi-
NT

Ve
ct

or
 C

. n
ov

yi-
NT

ANP-C
. n

ov
yi-

NT

Fig. 1 | ANP reduces mortality. a, Kaplan–Meier curve (top panel) 
and therapeutic response (bottom panel) of ANP-C. novyi-NT (n = 16) 
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b, Representative anti-CD11b-antibody-stained sections from the lungs, 
liver, spleen and bone marrow of mice treated with ANP-C. novyi-NT 
(n = 3) and C. novyi-NT (n = 3) compared to normal controls (n = 2). 
c, Plasma levels of indicated cytokines (n = 6 independent samples per 
group) 36 h after spore injection. d, Corresponding plasma levels of 
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Fig. 2 | Catecholamine production in myeloid cells is essential for 
cytokine release. a, Peritoneal macrophages were pre-incubated with 
ANP or MTR for 10 min and then stimulated with LPS (50 µg ml–1) or a 
combination of LPS and adrenaline (15 ng ml–1) in vitro. Shown are the 
levels of adrenaline (left to right, n = 3, 3, 3, 6, 6, 6, 3, 3, 3 per column) 
and noradrenaline (n = 3) in the supernatant after 24 h. b, Corresponding 
cytokines from macrophage culture supernatants: IL-6 (n = 3, 3, 3, 4, 4, 4, 
3, 3, 3), MIP-2 (n = 4, 4, 4, 4, 5, 5, 4, 3, 3), KC (n = 3, 3, 3, 5, 5, 5, 3, 3, 3)  
and TNF (n = 3, 3, 3, 3, 5, 6, 4, 3, 3). c, Survival of Th+/+ and ThΔLysM 
mice treated with LPS and analysed with two-sided log-rank test (n = 12; 
6 male, 6 female). d, e, Plasma levels of adrenaline (n = 4, 4, 7, 6) and 
noradrenaline (n = 3, 3, 7, 6) (d) and indicated cytokines (n = 3, 3, 4, 3) (e)  
at baseline and 24 h after LPS treatment in Th+/+ or ThΔLysM mice. Data 
are presented as mean ± s.d. with individual data points shown, analysed 
by two-tailed t-test (a, b, d, e).
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Notably, the impaired ability to produce catecholamines led to a sig-
nificant reduction in LPS-induced mortality and cytokine release in 
ThΔLysM mice (Fig. 2c–e).

MTR was found to have similar effects in vivo. Around 75% of mice 
injected with LPS survived when pre-treated with MTR compared to 
only 10% of control mice (Extended Data Fig. 5a). The effect of MTR 
on survival, catecholamines and cytokines was dose-dependent and 
24-h serial plasma sampling showed sustained catecholamine and 
cytokine suppression (Extended Data Fig. 5a–e). To determine the 
relevant receptor, we used the inhibitors prazosin, RX 821002, meto-
prolol and ICI 118551 to block α1, α2, β1 and β2-adrenergic receptors, 
respectively13. Only blockade of α1-adrenergic receptors by prazosin 
was effective in LPS-treated mice, achieving results similar to those 
obtained with MTR (Extended Data Fig. 6a–c).

To confirm the generality of these findings, we treated mice with 
MTR before the induction of CRS by infection with C. novyi-NT. Of the 
mice pre-treated with MTR, 85% survived, whereas only 8% of control 
mice survived (Extended Data Fig. 7a). As predicted, levels of catecho-
lamines and cytokines were substantially reduced in the cohort pre-
treated with MTR (Extended Data Fig. 7b, c).

Genetically engineered Gram-negative bacteria are also used in 
experimental therapies for cancer16 and it is known that sepsis resulting 
from infection with Gram-negative bacteria differs from that caused 
by infection with Gram-positive bacteria, such as C. novyi-NT17. 
We therefore evaluated the effect of MTR in the caecal ligation and 

puncture (CLP) model, in which enteric bacteria, including many 
Gram-negative species cause polymicrobial peritoneal sepsis. MTR 
also significantly reduced the mortality from peritoneal sepsis: 22% 
of the mice survived the acute phase, whereas all control animals died 
(Extended Data Fig. 7d). When MTR was used in combination with 
the β-lactam antibiotic imipenem, more than two thirds of the mice 
survived CLP, whereas more than 90% of mice treated with imipenem 
alone died (Extended Data Fig. 7d). This result highlights that death 
from overwhelming bacterial infections is caused by both bacteria 
and host reaction (that is, CRS). To confirm that the detrimental 
host response was diminished by pre-treatment with MTR, we doc-
umented the expected effects of MTR on circulating catecholamines 
and cytokines (Extended Data Fig. 7e, f).

CRS is also observed after the administration of non-bacterial  
biotherapeutics and particularly those that activate T cells. For example, 
targeting the CD3 molecules of T cells with antibodies (muromonab- 
CD3, also known as OKT3) can mitigate autoimmunity and allograft 
rejection but leads to activation of T cells and CRS18. Accordingly, 
we found that cytokine release induced by anti-mouse-CD3 anti-
body 145-2C11 was accompanied by an upsurge of catecholamines 
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Fig. 3 | Inhibition of catecholamine synthesis reduces CRS after 
anti-CD3 treatment. a, b, Levels of adrenaline and noradrenaline (left 
to right, n = 3, 3, 8, 8 independent samples per column) (a) and of 
cytokines (n = 6 independent samples) (b) measured 24 h after anti-CD3 
treatment, with or without MTR. c, Survival of BALB/c mice treated with 
anti-CD3, with or without MTR (n = 15 animals); analysed by two-sided 
log-rank test. d, e, Levels of adrenaline, noradrenaline (n = 3, 3, 4, 4) (d) 
and indicated cytokines (n = 3, 3, 4, 4) (e) measured 24 h after anti-CD3 
treatment in Th+/+ or ThΔLysM mice. Data are presented as mean ± s.d. 
with individual data points shown, analysed by two-tailed t-test (a, b, d, e).

Fig. 4 | Inhibition of catecholamine synthesis reduces cytokine release 
induced by hCART19 in vitro and in vivo. a, b, Levels of adrenaline (left 
to right, n = 4, 4, 4, 3, 3, 3 per column) and noradrenaline (n = 4, 4, 3, 3, 
3, 3) (a) and corresponding cytokines MIP-1α (n = 3), TNF (n = 4, 4, 4, 
3, 3, 3), IFN-γ (n = 4, 4, 4, 3, 3, 3) and IL-2 (n = 4, 3, 3, 3, 3, 3) (b) in the 
supernatant 24 h after incubation of Raji cells with hCART19 or UT-T 
(ratio 1:5), with or without MTR or ANP. c, Survival of Raji-bearing NSGS 
mice with high tumour burden, treated with 1.5 × 107 hCART19, with or 
without MTR pre-treatment compared to UT-T, MTR and no treatment 
(n = 5 mice per group). Survival differences were evaluated by two-sided 
log-rank test. d, e, Levels of circulating adrenaline and noradrenaline 
(n = 3, 3, 5, 4, 4, 5, 4, 5, 7, 8) (d) and of indicated circulating mouse and 
human cytokines (n = 4 samples per group) (e), assessed 24 and 72 h 
after administration of hCART19 with or without MTR in comparison to 
controls. Data are presented as mean ± s.d. with individual data points 
shown, analysed by two-tailed t-test (a, b, d, e).
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in 5–6-month-old BALB/c mice (Fig. 3a–c, Extended Data Fig. 7g, h).  
Pre-treatment with MTR abrogated the increase in levels of cat-
echolamines (Fig. 3a, Extended Data Fig. 7g) and several cytokines  
(IL-6, TNF, MIP-2, KC), whereas IL-2 and IFN-γ were unaffected 
(Fig. 3b, Extended Data Fig. 7h). Pre-treatment with MTR also protected  
against CRS-associated mortality (Fig. 3c). Similar results were 
observed in mice with myeloid-specific deletion of Th; these mice were 
protected from excessive catecholamine and cytokine release, indicating  
that myeloid-derived catecholamines are an essential mediator for CRS  
(Fig. 3d, e).

Genetically engineered T cells that express tumour-directed chi-
maeric antigen receptors (CARTs) often induce life-threatening CRS. 
Blockade of IL-6R and IL-1R has been used to suppress CRS in patients 
and experimental animals19–21. To investigate whether CARTs gener-
ate and release appreciable amounts of catecholamines during tumour 
cell killing, human Burkitt’s lymphoma-derived CD19+ Raji cells were 
incubated in vitro with human CD19-directed CARTs (denoted as 
hCART19 cells; CD19scFv-CD28-4-1BB-CD3ζ), as detailed in the 
Methods. hCART19–Raji cell interaction caused the release of catecho-
lamines and cytokines (IL-2, TNF, IFN-γ, MIP-1α) and both MTR 
and ANP abated this reaction (Fig. 4a, b, Extended Data Fig. 8a). To 
demonstrate adrenaline-driven autocrine induction, we added adren-
aline to co-cultured Raji and hCART19 cells and observed an ampli-
fied catecholamine and cytokine response (Extended Data Fig. 8a–c). 
This response was strongly inhibited by the protein synthesis inhibi-
tor cycloheximide (CHX), indicating that de novo protein synthesis is 
required (Extended Data Fig. 8d, e).

To investigate the role of the catecholaminergic pathway on 
CART19-induced CRS in vivo, we injected Raji cells into sublethally 
irradiated22,23 adult triple transgenic NSG-SGM3 (NSGS) mice.  

These mice express human myeloid supporting cytokines (IL3, 
GM-CSF, SCF) and can partially recapitulate CRS22,24. hCART19 cells 
were infused into Raji-bearing NSGS mice in two settings. In the first 
setting, hCART19 cells were infused at the half time of the median sur-
vival of untreated mice to establish a condition in which hCART19 cells 
would meet a high tumour burden and high risk for CRS (Fig. 4c–e,  
Extended Data Fig. 9a). We expected all these mice to die because 
hCART19 cells cannot rescue mice with high tumour burdens. In the 
second setting, hCART19 cells were infused at a third of the median 
survival time, when the mice had a relatively low tumour burden which 
allowed assessment of the anti-tumour response (Fig. 5a–d, Extended 
Data Fig. 9d). hCART19-treated mice with a high tumour burden 
died prematurely, with excessive levels of systemic catecholamines and 
cytokines at the time of death, including several human (Hs) T-cell-
derived cytokines (HsIL-2, HsIFN-γ, and HsTNF) and mouse (Mm) 
cytokines (MmIL-6, MmKC and MmMIP-2) (Fig. 4c–e; Extended Data 
Fig. 9a–c). Pre-treatment with MTR significantly lowered the levels of 
circulating catecholamines and cytokines (HsIFN-γ, HsTNF, MmIL-6,  
MmKC and MmMIP-2) but animals ultimately died, as expected, from 
progressive disease (Fig. 4c–e; Extended Data Fig. 9a–c). In mice with 
low tumour burdens, substantial anti-tumour effects of hCART19 cells 
were observed and more so in mice that received MTR (Fig. 5a, b; 
Extended Data Fig. 9d). Pre-treatment with MTR significantly lowered 
the increase of catecholamines, HsTNF, MmIL-6 and MmKC in this 
model, and to a lesser degree HsIFN-γ as well as HsIL-2 (Fig. 5c, d;  
Extended Data Fig. 9e). We repeated these experiments with ANP, 
which yielded similar results (Extended Data Fig. 9f–h). Neither MTR 
nor ANP substantially interfered with hCART19 expansion (Extended 
Data Fig. 9i) or tumour clearance, and both were effective at prevent-
ing the cytokine release. Animals treated with the same amount of 

Fig. 5 | Inhibition of catecholamine synthesis with MTR does not 
impair the therapeutic response of hCART19. a, Serial bioluminescence 
imaging (BLI) of Raji-bearing NSGS mice (low tumour burden)at day 6 
and 19 after treatment with 1.5 × 107 hCART19, with or without MTR 
(n = 10 mice per group) compared to control (UT-T), with or without 
MTR (n = 5 mice per group). BLI counts were used to quantify the tumour 
burden during the treatment course (right). Statistical differences were 
evaluated by one-tailed t-test. b, Corresponding Kaplan–Meier curve of 
Raji-bearing NSGS mice with low tumour burden, treated with 1.5 × 107 
hCART19, with or without MTR pre-treatment (n = 10 mice per group) 

in comparison to control (UT-T), with or without MTR (n = 5 mice per 
group). Survival differences were analysed by weighted log-rank test 
(see Methods). c, d, Levels of plasma adrenaline (n = 3, 3, 4 per column) 
and noradrenaline (n = 3, 4, 7) (c) and HsIFN-γ (n = 4), HsTNF (n = 4, 3, 3),  
and mouse cytokines MmIL-6 (n = 3) and MmKC (n = 3) (d), assessed 
72 h after hCART19 treatment. Data are presented as mean ± s.d. with 
individual data points shown, analysed by two-tailed t-test. e, Scheme 
showing how inhibition of the catecholamine pathway may reduce CRS. 
TLR, toll-like receptor.
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untransduced T cells (UT-T) did not show changes in survival, cat-
echolamine or cytokine levels.

Because xenograft mouse models cannot fully predict the clinical 
behaviour of CART cells, we tested the effects of MTR and ANP in a 
syngeneic mouse model. C57Bl/6 mice engrafted with Eµ-ALL cells, 
a leukemia cell line derived from an Eµ-myc transgenic mouse to 
develop CD19-positive B cell acute lymphoblastic leukemia (B-ALL), 
were treated with CART19 cells directed against mouse CD19 (m1928z, 
mCART19), as detailed in Methods. Pre-treatment of mice with ANP 
or MTR did not affect the efficacy of the mCART19 cells in this model. 
However, the systemic release of catecholamines and cytokines was 
reduced by ANP and MTR, thereby confirming that these drugs may 
prevent the cytokine release while maintaining anti-tumour efficacy 
(Extended Data Fig. 10a–d).

A model illustrating the role of catecholamines in CRS is depicted 
in Fig. 5e. Our data, combined with previous studies13,14,25, suggest 
that catecholamines enhance inflammatory injury resulting from 
bacterial and non-bacterial causes through a self-amplifying feed- 
forward loop in myeloid cells. Other catecholamine-producing cells, 
such as adrenal cells and T cells, in which stimulus-induced elevation of  
α1- and α2-adrenergic receptor levels have been reported26, also pro-
bably participate in this feed-forward loop. Catecholamines secreted 
by such cells are synthesized by TH and act through α1-adrenergic 
receptors expressed by immune cells. This circuit can be pharmacologi-
cally interrupted to modulate the inflammatory response. As MTR and 
prazosin are approved by the Food and Drug Administration for the 
treatment of hypertension, clinical translation of the findings is possible 
in clinical trials of agents whose application is restricted by CRS.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-018-0774-y.

Received: 5 December 2017; Accepted: 22 October 2018;  
Published online 12 December 2018.

 1. van der Poll, T., van de Veerdonk, F. L., Scicluna, B. P. & Netea, M. G. The 
immunopathology of sepsis and potential therapeutic targets. Nat. Rev. 
Immunol. 17, 407–420 (2017).

 2. Hansel, T. T., Kropshofer, H., Singer, T., Mitchell, J. A. & George, A. J. The safety 
and side effects of monoclonal antibodies. Nat. Rev. Drug Discov. 9, 325–338 
(2010).

 3. Rommelfanger, D. M. et al. The efficacy versus toxicity profile of combination 
virotherapy and TLR immunotherapy highlights the danger of administering 
TLR agonists to oncolytic virus-treated mice. Mol. Ther. 21, 348–357 (2013).

 4. Maude, S. L., Barrett, D., Teachey, D. T. & Grupp, S. A. Managing cytokine release 
syndrome associated with novel T cell-engaging therapies. Cancer J. 20, 
119–122 (2014).

 5. Parker, B. S., Rautela, J. & Hertzog, P. J. Antitumour actions of interferons: 
implications for cancer therapy. Nat. Rev. Cancer 16, 131–144 (2016).

 6. Agrawal, N. et al. Bacteriolytic therapy can generate a potent immune response 
against experimental tumors. Proc. Natl Acad. Sci. USA 101, 15172–15177 
(2004).

 7. Peters van Ton, A. M., Kox, M., Abdo, W. F. & Pickkers, P. Precision 
immunotherapy for sepsis. Front. Immunol. 9, 1926 (2018).

 8. Weber, G. F. et al. Interleukin-3 amplifies acute inflammation and is a potential 
therapeutic target in sepsis. Science 347, 1260–1265 (2015).

 9. Vollmar, A. M. The role of atrial natriuretic peptide in the immune system. 
Peptides 26, 1086–1094 (2005).

 10. Kuehne, S. A. & Minton, N. P. ClosTron-mediated engineering of Clostridium. 
Bioengineered 3, 247–254 (2012).

 11. Burke, J. R. et al. BMS-345541 is a highly selective inhibitor of I kappa B kinase 
that binds at an allosteric site of the enzyme and blocks NF-kappa B-dependent 
transcription in mice. J. Biol. Chem. 278, 1450–1456 (2003).

 12. Johnson, J. D. et al. Catecholamines mediate stress-induced increases in 
peripheral and central inflammatory cytokines. Neuroscience 135, 1295–1307 
(2005).

 13. Flierl, M. A. et al. Phagocyte-derived catecholamines enhance acute 
inflammatory injury. Nature 449, 721–725 (2007).

 14. Shaked, I. et al. Transcription factor Nr4a1 couples sympathetic and 
inflammatory cues in CNS-recruited macrophages to limit neuroinflammation. 
Nat. Immunol. 16, 1228–1234 (2015).

 15. Clausen, B. E., Burkhardt, C., Reith, W., Renkawitz, R. & Förster, I. Conditional 
gene targeting in macrophages and granulocytes using LysMcre mice. 
Transgenic Res. 8, 265–277 (1999).

 16. Zheng, J. H. et al. Two-step enhanced cancer immunotherapy with engineered 
Salmonella typhimurium secreting heterologous flagellin. Sci. Transl. Med. 9, 
eaak9537 (2017).

 17. Surbatovic, M. et al. Cytokine profile in severe Gram-positive and Gram-negative 
abdominal sepsis. Sci. Rep. 5, 11355 (2015).

 18. Sevmis, S. et al. OKT3 treatment for steroid-resistant acute rejection in kidney 
transplantation. Transplant. Proc. 37, 3016–3018 (2005).

 19. Neelapu, S. S. et al. Chimeric antigen receptor T-cell therapy - assessment and 
management of toxicities. Nat. Rev. Clin. Oncol. (2017).

 20. Giavridis, T. et al. CAR T cell-induced cytokine release syndrome is  
mediated by macrophages and abated by IL-1 blockade. Nat. Med. 24, 
731–738 (2018).

 21. Norelli, M. et al. Monocyte-derived IL-1 and IL-6 are differentially required for 
cytokine-release syndrome and neurotoxicity due to CAR T cells. Nat. Med. 24, 
739–748 (2018).

 22. Gill, S. et al. Preclinical targeting of human acute myeloid leukemia and 
myeloablation using chimeric antigen receptor-modified T cells. Blood 123, 
2343–2354 (2014).

 23. Ninomiya, S. et al. Tumor indoleamine 2,3-dioxygenase (IDO) inhibits 
CD19-CAR T cells and is downregulated by lymphodepleting drugs. Blood 125, 
3905–3916 (2015).

 24. Wunderlich, M. et al. A xenograft model of macrophage activation syndrome 
amenable to anti-CD33 and anti-IL-6R treatment. JCI Insight 1, e88181  
(2016).

 25. Flierl, M. A. et al. Upregulation of phagocyte-derived catecholamines augments 
the acute inflammatory response. PLoS One 4, e4414 (2009).

 26. Bao, J. Y., Huang, Y., Wang, F., Peng, Y. P. & Qiu, Y. H. Expression of α-AR subtypes 
in T lymphocytes and role of the α-ARs in mediating modulation of T cell 
function. Neuroimmunomodulation 14, 344–353 (2007).

Acknowledgements We thank N. Minton, C. Brayton, K. Kammers, D. Pardoll, 
Z. Li, E. Watson, C. Thoburn, S. Roy and N. Forbes-McBean for scientific and 
technical support. This work was supported by NINDS R25NS065729 (V.S.), 
NCI 1K08CA230179-01 (V.S.), Francis S. Collins Scholar Program (V.S.), 
DHART-SPORE IN4689861JHU (V.S.), 1R03CA178118-01A1 (R.-Y.B.), BVD 
(S.Z, R.-Y.B.), the Virginia and D.K. Ludwig Fund for Cancer Research (N.P., 
K.W.K., B.V., S.Z.), the BKI at Johns Hopkins, and CA062924 (S.Z.).

Reviewer information Nature thanks K. Tracey and the anonymous reviewer(s) 
for their contribution to the peer review of this work.

Author contributions V.S. and R.-Y.B. originated the concept, designed and 
performed experiments, analysed the data and wrote the manuscript. K.K. and 
P.B.R. provided scientific advice. M.D. and M.L.D. provided animal models and 
scientific advice. B.V. and S.Z. designed the study, interpreted the data and 
wrote the manuscript. G.J.R., K.W.K. and N.P. contributed to the manuscript. All 
authors approved the final manuscript.

Competing interests A patent application on CRS prevention listing V.S., R.-Y.B., 
G.J.R., K.W.K., N.P., S.Z. and B.V. as co-inventors has been provisionally filed by 
Johns Hopkins University. Under a licensing agreement between BVD Inc. and 
Johns Hopkins University, K.W.K., B.V. and S.Z. are entitled to a share of royalties 
managed by Johns Hopkins University. B.V., K.W.K. and NP are members of 
the Scientific Advisory Board of Sysmex and are founders of PapGene and 
Personal Genome Diagnostics. B.V. is also an advisor to Camden Partners. The 
terms of all these arrangements are managed by Johns Hopkins University in 
accordance with its conflict of interest policies. P.B.R. serves on Merck’s board 
of directors.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/s41586-
018-0774-y.
Supplementary information is available for this paper at https://doi.org/ 
10.1038/s41586-018-0774-y.
Reprints and permissions information is available at http://www.nature.com/
reprints.
Correspondence and requests for materials should be addressed to V.S.,  
R.-Y.B., B.V. or S.Z.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

1 3  D e C e M B e r  2 0 1 8  |  V O L  5 6 4  |  N A t U r e  |  2 7 7
© 2018 Springer Nature Limited. All rights reserved.



LetterreSeArCH

MEthodS
Data reporting. No statistical methods were used to predetermine sample size. All 
animal experiments were randomized; the investigators were blinded to the allo-
cation, treatment and outcome assessment of experiments involving C. novyi-NT, 
CLP and anti-CD3.
Mice. All animal experiments were performed in accordance with protocols 
approved by the Johns Hopkins Animal Care and Use Committee (ACUC) and 
relevant animal use guidelines and ethical regulations were followed. For subcu-
taneous CT26 tumour implantation, LPS and CLP experiments, female C57Bl/6 
and BALB/C mice of 6–8 weeks were purchased from Harlan Laboratories. For 
anti-mCD3 treatment, female BALB/C mice of 5–6 months old were purchased 
form Harlan laboratories. For the CART19 treatment, NSG-SGM3 (NSGS) mice 
(stock number 013062) were purchased from the Jackson Laboratory.
LysMcre-conditional Th-knockout mice. LysMcre mice were purchased from 
Jackson Laboratory (stock number 004781), in which a nuclear-localized Cre 
recombinase was inserted into the first coding exon of the lysozyme 2 (Lyz2 
or LysM) gene and expressed in the myeloid cell lineage (monocytes, mature 
macrophages and granulocytes)15. Th loxP/loxP (Thfl/fl) mice were provided 
by M. Darvas at the University of Washington27. By crossing these two strains, 
LysMcreThfl/fl mice (ThΔLysM) were produced as an experimental strain for LPS 
and anti-CD3 experiments and LysMcreTh+/+ mice (Th+/+) were used as the Cre 
transgene control.
Chemicals and reagents. Anti-mCD3 (145-2C11) and anti-mIL6 receptor (15A7) 
antibodies were purchased from BioXcell. Anti-mTNFα antibody (R023) was pur-
chased from Sino Biological and anti-mIL3 antibody (MP2-8F8) was purchased 
from BD Biosciences. α-methyl-D,L-p-tyrosine methyl ester hydrochloride (Santa 
Cruz Biotechnology, SC-219470) is a soluble from of α-methyl-tyrosine (mety-
rosine, MTR), which is converted to α-methyl-tyrosine in vivo28, whereas the 
less soluble α-methyl-tyrosine was purchased from Sigma (120693). LPS from 
Escherichia coli 0111:B4 (L2630), (−)-adrenaline (E4250), dopamine (H8502), 
noradrenaline (A7256), prazosin (P7791), metoprolol (M5391) and human ANP 
(A1663) were purchased from Sigma. RX 821002 (1324) and ICI 118551 (0821) 
were purchased from Tocris.
Strain engineering of C. novyi-NT. The site-specific knock-in of human ANP 
in C. novyi-NT employed the TargeTron Gene Knockout System (Sigma), which 
is based on the retrohoming mechanism of group II introns10. The sequence 
of the human ANP cDNA was optimized for Clostridium codon usage as 
5'-TCATTAAGAAGATCTTCATGTTTTGGAGGAAGAATGGATAGAATAGG 
AGCTCAATCAGGATTAGGATGTAATTCATTCAGATATTAA-3' coding for 
28 AA (SLRRSSCFGGRMDRIGAQSGLGCNSFRY). The synthesized sequence 
was cloned into the shuttle vector pMTL8325. The construct included the C. novyi 
PLC signal peptide sequence under the control of the C. novyi flagellin promoter. 
Subsequently, the MluI fragment of the construct was subcloned into the vector 
pAK001 (pMTL8325-pJIR750ai Reverse-pFla-153 s-MCS-pThio-G1-ErmB) tar-
geting the knock-in in the 153S site of C. novyi-NT genome. The E.coli CA434 
strain containing the targeting construct was conjugated with C. novyi-NT and 
selected with polymyxin B/erythromycin (Sigma) under anaerobic condition. 
Colonies were selected and re-plated three times on non-selection plates and again 
on the erythromycin plate. Clones were tested first by PCR using EBS Universal 
and 153S-F primers. Positive clones were further tested by PCR with primers tar-
geting the backbone of the vector to confirm the insert was integrated in C. novyi 
genome and with primers covering externally both sides of 153S to confirm the 
correct insertion. The propagation and sporulation of C. novyi-NT strains followed 
procedures described previously29.
RNA extraction and quantitative PCR of C. novyi-NT strains. For quantita-
tive reverse transcription with PCR (RT–PCR), RNA of germinated C. novyi-NT 
strains were extracted using RiboPure Bacterial RNA Purification Kit (Ambion) 
and transcribed with SuperScript IV RT Kit (Invitrogen) as described29. Real-time 
PCR was performed using Maxima SYBR Green/ROX qPCR Master Mix (Thermo 
Fisher), targeting on the NT01CX1854 gene specific for geminating C. novyi-NT29.
ANP measurement and cGMP assay. ANP concentrations in the supernatant of 
ANP-C. novyi-NT culture and in mouse plasma were measured with an ELISA kit 
from Ray Biotech (EIAR-ANP-1) that recognizes both human and mouse ANP. 
ANP in the supernatant of ANP-C. novyi-NT culture were shown to have biolog-
ical activity as described before30. Briefly, bacterial supernatants were applied to 
cultured bovine aortic endothelial cells (BAOEC, Cell Applications Inc.) for 3 min. 
cGMP concentrations were then measured in BAOEC lysates by the Direct cGMP 
ELISA Kit from Enzo following the manufacture’s instruction.
Subcutaneous tumour models and C. novyi-NT therapy. The colon cancer cell 
line CT26 was injected subcutaneously into the right flank of 6–8-week-old female 
BALB/C mice as described previously6. Tumour sizes were measured with a caliper 
and calculated as (L × W × H)/2. When tumours reached 600–900 mm3 after about 
two weeks, 12 × 106 spores of C. novyi-NT or ANP-C. novyi-NT at 3 × 106 per µl  
were injected intratumourally into four central parts of the tumour with a 32G  

Hamilton syringe needle. The bacteria typically germinated in the tumours  
within 24 h, turning them necrotic. Hydration of the mice was supported by daily 
subcutaneous injections of 500 µl saline. Human ANP (Sigma) was dissolved in 
saline, loaded in mini-osmotic pumps (ALZET) with a release rate of 12 µg per 
day and implanted subcutaneously in the back of mice 12 h before the spore injec-
tion. Pumps loaded with saline served as controls. MTR was dissolved in PBS and 
injected intraperitoneally at 60 mg kg–1 per day for three days before the C. novyi 
injection to deplete catecholamines in storage. Two hours after the spore injection, 
60 mg kg–1 of MTR was injected intraperitoneally. For each of the next three days, 
intraperitoneal injections of MTR at 30 mg kg–1 were administered. Control groups 
were injected with PBS at the same time points.
Immunohistochemistry. Immunostaining for CD11b was performed on formalin- 
fixed, paraffin-embedded sections on a Ventana Discovery Ultra autostainer 
(Roche Diagnostics) by S. Roy of JHU Oncology Tissue Services. Briefly, follow-
ing dewaxing and rehydration on board, epitope retrieval was performed using 
Ventana Ultra CC1 buffer (6414575001, Roche Diagnostics) at 96 °C for 64 min. 
Primary antibody, anti-CD11b (1:8000 dilution; catalogue number ab133357, 
Abcam) was applied at 36 °C for 40 min. Primary antibodies were detected 
using an anti-rabbit HQ detection system (7017936001 and 7017812001, Roche 
Diagnostics) followed by Chromomap DAB IHC detection kit (5266645001, 
Roche Diagnostics), counterstaining with Mayer’s haematoxylin, rehydration and 
mounting.
In vitro macrophage experiments. Isolation of elicited macrophages from mouse 
peritoneum followed previously described procedures with minor modifications31. 
Four days before collection, 1 ml of 3% Brewer’s thioglycollate medium (BD) was 
injected intraperitoneally in female 2–3-month-old BALB/c mice or 4–6-week-old 
conditional TH-knockout mice. Mice were killed by cervical dislocation and the 
skin of the belly was cut open without penetrating the muscle layer. Using a syringe 
with a 25G needle, 5 ml of cold PBS containing 5 mM EDTA was injected carefully  
into the peritoneal cavity. After massaging gently for 1–2 min, a 1-ml syringe without  
needle was used to extract the peritoneal contents containing residential mac-
rophages. Cells were centrifuged at 400g for 10 min at 4 °C, re-suspended in 
DMEM/F12 medium supplemented with 1% FBS and antibiotics and distributed 
in 48-well plates at a concentration of 0.5 × 106 cells/well. After incubation at 
37 °C for 2 h, cells were rinsed three times with 0.5 ml medium and then 250 µl 
of medium was added to each well. Ten minutes before the addition of LPS or 
adrenaline, MTR at 2 mM or ANP at 5 µg ml–1 was added to the cells. For stimu-
lation, the cells were incubated for 24 h with LPS at 50 µg ml–1. An initial solution 
of 3 mg ml–1 (−)-adrenaline was made with 0.1N HCl and subsequently diluted 
with PBS. To stimulate macrophages, they were exposed to adrenaline at 15 ng ml–1 
for 24 h at 37 °C. After the incubation, supernatants were collected from the wells 
and mixed with 5 mM EDTA and 4 mM sodium metabisulphite for preservation of 
catecholamines and stored at –80 °C. Control experiments showed that all detect-
able adrenaline was degraded after incubation in medium for 24 h at 37 °C. Thus, 
any adrenaline identified in the medium must have been secreted by cells in the 
last 24 h before collecting the medium.

Human U937 cells were cultured in RPMI 1640 medium with 5% FBS and 
antibiotics, and were differentiated to M1 macrophage-like cells by incubating 
with 20 nM phorbol 12-myristate 13-acetate (PMA, Sigma) for 24 h and further 
culturing in RPMI 1640 medium with 5% FBS and antibiotics for another 72 h. 
The experiments with U937 were set up in the same way as described above with 
peritoneal macrophages. Ten minutes before the addition of LPS or adrenaline, 
MTR at 2 mM or ANP at 5 µg ml–1 was added to the cells. Cells were incubated 
for 24 h with LPS at 1 µg ml–1.
LPS experiments in mice. LPS from Escherichia coli 0111:B4 was formulated as 
a 10 mg ml–1 solution in water and stored in –80 °C. In BALB/C mice, LPS was 
injected intraperitoneally at a lethal dose of 3.5 mg kg–1. This lethal dose was found 
to cause 70–90% death rate and be optimal for demonstrating the protective effects 
of ANP and MTR. In experiments with catecholamine pumps that were implanted 
a day before, a sublethal dose of LPS with 15–35% death rate was optimized in 
BALB/C mice. In Th+/+ and ThΔLysM mice with C57Bl/6 background, a lethal 
dose of LPS was optimized at 5 mg kg–1. Human ANP (Sigma) was dissolved in 
saline, loaded in mini-osmotic pumps (ALZET) with a release rate of 12 µg per 
day and implanted subcutaneously in the back of mice 12 h before the LPS injec-
tion. Mice implanted with pumps loaded with saline served as controls. MTR was 
freshly dissolved in PBS and injected intraperitoneally at the indicated doses for 
three days before the LPS treatment. One hour before the LPS injection, MTR was 
injected into the lower abdomen contralateral to the side of LPS injection. The 
control groups were injected with PBS. For the following 3 days, MTR was injected 
intraperitoneally at reduced indicated doses. Hydration of mice was supported by 
daily subcutaneous injection of 0.5 ml saline.
CLP experiments. CLP was performed as described previously32. Briefly, 
6–8-week-old female C57Bl/6 mice were anesthetized and following abdominal 
incision, the caecum was ligated at about a quarter of the distance from the luminal 
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entry to its tip. The ligated caecum was punctured through and through with a 
22G needle at one half and three quarters of the distance from the luminal entry 
to its tip. A small amount of the caecal content was gently pushed out of the four 
openings into the peritoneum. Subsequently, the abdominal muscles were sutured 
and the skin was closed with two staples. Immediately after this, 500 ml of saline  
was injected subcutaneously to the mice. For the groups treated with antibiotics,  
imipenem (Sigma) was injected subcutaneously at 25 mg kg–1 starting from 20 h after 
CLP, with a schedule of twice a day on day one and once a day thereafter for 10 days.  
MTR was freshly dissolved in PBS and injected intraperitoneally at 60 mg kg–1 
per day for three days before the CLP. Twenty minutes before the CLP, MTR was 
injected at 60 mg kg–1 intraperitoneally into the right side. The control groups were 
injected with PBS. For the following 4 days, MTR was injected at 30 mg kg–1 per 
day intraperitoneally into the right side. Hydration of mice was supported by daily 
subcutaneous injection of 0.5 ml saline.
Anti-CD3 treatment. For survival experiments, 5–6-month-old female BALB/c 
mice were used because we observed that young mice treated with anti-CD3 anti-
bodies underwent severe weight loss but did not consistently die, even at very 
high doses of the anti-CD3 antibody. MTR was freshly dissolved in PBS and 
injected intraperitoneally at 60 mg kg–1 per day for three days before injection 
of anti-CD3 antibodies. Various doses of anti-CD3 antibody were tested, and it 
was found that 125 µg per mouse resulted in the death of about half the mice; this 
was the dose chosen for further experiments. Thirty minutes before the intra-
peritoneal injection of the anti-mouse CD3 antibody (BioXcell, 145-2C11), MTR 
was intraperitoneally injected at 60 mg kg–1 into the contralateral side. A single 
additional dose of 30 mg kg–1 MTR was injected intraperitoneally on the following 
day. Control groups were injected with PBS at the same times. For experiments 
with conditional TH-knockout mice, 4–6-week-old LysMcreThfl/fl (ThΔLysM) mice 
with C57Bl/6 background were used and LysMcreTh+/+ mice of the same age were 
used as control. In these experiments, 200 µg per mouse anti-mouse CD3 antibody 
was injected intraperitoneally.
Human anti-CD19 CART (hCART19) cells and untransduced T cells (UT-T). 
Human CD19scFv-CD28-4-1BB-CD3ζ CAR-T cells (PM-CAR1003) were pur-
chased from Promab Biotechnologies and stored in liquid nitrogen upon delivery. 
The CAR construct includes a scFv derived fromFMC63 anti-CD19 antibody, a 
hinge region and a transmembrane domain of CD28 in a third-generation CAR 
cassette. Generation of CAR-encoding lentivirus, isolation, expansion and trans-
duction of human T cells followed the procedures published before by the manu-
facturer33. Cells were proliferated for two weeks in medium containing 300 IU ml–1 
of human IL-2 by the manufacturer33. CART cells were used freshly upon defrost-
ing or maintained less than 7 days in the CART medium consisting of AIM-V 
medium (GIBCO) supplemented with 5% FBS (Sigma) and penicillin-strepto-
mycin (GIBCO), with the addition of 300 IU ml–1 of human IL-2 (Peprotech).

UT-T were purchased from ASTARTE Biologics (1017-3708OC17, CD3+) 
and were used freshly upon defrosting or maintained less than 7 days in CART 
medium.
In vitro assays of hCART19 cells. Raji, a human Burkitt’s lymphoma cell line, 
was purchased from Sigma. In a 48-well plate, Raji cells were plated at 1 × 105 per 
well and hCART19 cells or UT-T cells were plated at 5 × 105 per well in 275 µl of 
medium. A solution of 3 mg ml–1 (−)-adrenaline was made in 0.1N HCl and sub-
sequently diluted in PBS for use at a final concentration of 15 ng ml–1. Five minutes 
before the Raji and CART cells with or without adrenaline were mixed, MTR at 2 
mM or human ANP at 5 µg ml–1was added and then the cells were incubated for 24 
h at 37 °C. Control experiments showed that all detectable adrenaline was degraded 
after incubation in medium for 24 h at 37 °C. Thus, any adrenaline identified in 
the medium must have been secreted by cells in the last 24 h before collecting the 
medium. Cycloheximide (CHX, Sigma) was added at 10 µg ml–1 to Raji and CART 
cells 30 min before they were mixed. After incubation, the cells were pelleted by 
centrifugation at 700g and 4 °C for 5 min and the supernatants were collected and 
mixed with 5 mM EDTA and 4 mM sodium metabisulphite for preservation of 
catecholamines, then stored at –80 °C until analysis.
Treatment of Raji tumour-bearing mice with hCART19 cells. We purchased 
6–8-week-old female NSG-SGM3 (NSGS) mice (NOD.Cg-Prkdcscid Il2rgtm1WjlTg 
(CMV-IL3, CSF2, KITLG) 1Eav/MloySzJ, stock number 013062) from the Jackson 
Laboratory. Raji cells were transfected with a luciferase construct via lentivirus 
to create Raji–luc cells. NSGS is a triple transgenic strain expressing human IL3, 
GM-CSF and SCF combining the features of the highly immunodeficient NOD 
scid gamma (NSG) mouse. One day before the injection of Raji cells, mice were 
irradiated at a dose of 2 Gy in a CIXD Xstahl device. In high tumour burden 
experiments in Fig. 4, 106 Raji–luc cells were injected intravenously through the 
tail vein. Six days later, tumour loads were assessed using a Xenogen instrument 
and 15 × 106 hCART19 cells or UT-T were injected intravenously. In low tumour 
burden experiments in Figs. 5, 2 × 105 Raji–luc cells were injected intravenously 
through the tail vein. Four days later, tumour loads were assessed using a Xenogen 
instrument and 15 × 106 hCART19 cells were injected intravenously. MTR was 

injected intraperitoneally at 60 mg kg–1 per day for 3 days before the hCART19 
injection. On the day of CART19 injection, a fourth dose of 60 mg kg–1 was given 
intraperitoneally and the mice were subsequently injected four more times at daily 
intervals at 30 mg kg–1.
Mouse anti-CD19 CART cells (mCART19) and untransduced T cells (UT-T). 
Mouse CD19scFv-CD28-CD3ζ CAR (m1928z) construct with GFP in SFG retro-
viral vector was described before and provided by M. Davila at the Moffitt Cancer 
Center34. The isolation, activation and transduction of mouse T cells followed the 
procedure described before34,35. Briefly, the spleens were collected from female 
C57Bl/6 mice and T cells were enriched from splenocytes by passage over a nylon 
wool column (Polysciences). Mouse T cells were then activated with CD3/CD28 
Dynabeads (Thermo Fisher) following the manufacturer’s instructions and cul-
tured in the presence of human IL-2 at 30 IU ml–1 (R&D Systems). Retrovirus was 
produced by transfecting Phoenix-Eco packaging cells (ATCC) and spinoculations 
were done twice with retroviral supernatant. mCART19 cells were expanded for 
10–14 days as described35. UT-T were produced following the same procedure 
without viral transduction.
Treating B cell acute lymphoblastic leukaemia (B-ALL) with mCART19 in 
immunocompetent mice. The Eµ-ALL cell line was derived from a lymphoid 
malignancy in an Eµ-myc transgenic mouse and upon intravenous injection, can 
develop B-ALL in C57Bl/6 mice34. The Eµ-ALL cells were provided by M. Davila 
and co-cultured with feeder NIH-3T3 cells that were irradiated at 60 Gy, in RPMI 
1640 medium supplemented with 10% FBS, 0.05 mM 2-mercaptoethanol and anti-
biotics. Eµ-ALL cells were transfected with luciferase via lentivirus. 2 × 106 Eµ-ALL 
cells were intravenously injected in female 6–8-week-old C57Bl/6 mice through 
the tail vein and after 6 days, mice were intraperitoneally injected with cyclophos-
phamide (CPA) at 100 mg kg–1 for pre-conditioning as described before34. One 
day after CPA treatment, 10 × 106 mCART19 cells were intravenously injected 
in the mice. MTR was injected intraperitoneally at 40 mg kg–1 per day for 3 days 
before the mCART19 injection. On the day of mCART19 injection, a fourth dose 
of 40 mg kg–1 was given intraperitoneally and the mice were subsequently injected 
four more times at daily intervals at 30 mg kg–1. One day before mCART19 injec-
tion, mini-osmotic pumps (ALZET) loaded with human ANP with a release rate 
of 12 µg per day were implanted subcutaneously in the back of mice. Tumour load 
was monitored by Xenogen before and after mCART19 injection.
Measurement of catecholamines and cytokines in mouse plasma. Blood sam-
ples were collected into tubes containing 5 mM EDTA and 4 mM sodium met-
abisulphite after puncturing the facial vein or (terminally) by cardiac puncture. 
Subsequently, the samples were centrifuged and the plasmas were stored at –80 °C 
before analysis. Catecholamines (dopamine, noradrenaline and adrenaline) were 
measured using the 3-CAT Research ELISA kit from Labor Diagnostika Nord 
GmbH/Rocky Mountain Diagnostics. Cytokines were measured using Luminex 
assays based on Millipore Mouse and Human Cytokine/Chemokine panels or 
ELISA kits for mouse or human IL-6, TNF, MIP-1α, KC, MIP-2 and IL-2 (R&D 
Systems) per manufacturer’s instructions.
Statistical analysis. Statistical analysis was performed using GraphPad Prism 7 and R 
version 3.5.1. Statistical tests performed by Graphpad Prism included the two-tailed 
unpaired two-sample t-test; one-tailed unpaired two-sample t-test; the log-rank 
Mantel–Cox test; the Gehan–Breslow–Wilcoxon test; the weighted log-rank test using 
Fleming–Harrington weights was performed in R. The respective statistical test used 
for each figure is noted in the corresponding figure legends and significant statistical 
differences are noted as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001.
Reporting summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this paper.
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Source Data are provided for Figs. 1a, 2c, 3c, 4c, 5b and Extended Data Figs. 1a, 2a, 
b, 3a, b, 5a, 6a, 7a, 7d, 9h and 10d. The remaining datasets generated during this 
study are available from the corresponding authors on reasonable request. Unique 
materials such as the C. novyi strains are available on request to the corresponding 
authors. The transgenic mouse models and mouse CART constructs used in the 
study are made available through the original publishing authors.
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Extended Data Fig. 1 | In vitro and in vivo studies of ANP-C. 
novyi-NT. a, Kaplan–Meier curves of mice with large subcutaneous 
CT26 tumours (600–900 mm3), treated with 12 × 106 C. novyi-NT spores 
and the indicated agents: anti-IL-6R (n = 10), metronidazole (n = 5), 
dexamethasone (n = 6), anti-IL3 (n = 6) and anti-TNF (n = 5) injected 
intratumourally, compared to controls (n = 5). Survival differences were 
analysed by two-sided log-rank test. b and c, Selected clones of ANP-
C. novyi-NT were analysed for ANP secretion, shown as the average 
of a triplicate, (b) and for cGMP induction (n = 3) using bovine aortic 
endothelial cells (c). d, Growth pattern of several clones compared to the 
parental C. novyi-NT. The average of a triplicate is shown. e–g, Levels of 
plasma ANP (left to right, n = 7, 8, 7, 5 independent samples per column) (e),  
plasma cGMP (n = 5, 5, 4, 4 samples per column) (f) and germinated  
C. novyi strains in tumour tissue (n = 4 samples per column) based 

on quantification cycle (Cq) from RT–PCR of germination-specific 
NT01CX1854 gene (g), measured at 36 h after spore injection.  
h, Representative haematoxylin and eosin as well as anti-CD11b antibody 
stained sections from the lungs, liver, spleen and bone marrow of mice 
treated with ANP-C. novyi-NT (n = 3), C. novyi-NT (n = 3) and C. 
novyi-NT plus ANP (n = 2) compared to normal controls (n = 2).  
i–m, Pulmonary permeability (n = 4 mice per group), lung wet–dry  
ratio (n = 3 mice per group) (i) as well as levels of cytokines (n = 6 
independent samples per column) (j), dopamine (n = 3 independent 
samples per column) (k), haematocrit (n = 3, 5, 4, 4 samples per column) (l)  
and calculated plasma volume (n = 3, 5, 4, 4 samples per column) (m) 
measured 36 h after spore treatment. Data are presented as mean ± s.d. 
with individual data points shown, analysed by two-tailed t-test  
(c, e–g, i–m). BAEC, bovine aortic endothelial cells.

© 2018 Springer Nature Limited. All rights reserved.



LetterreSeArCH

Extended Data Fig. 2 | Survival of mice treated with ANP and IκB 
kinase inhibitor BMS345541. a, Survival of mice with subcutaneously 
implanted GL-261 tumours, treated with 12 × 106 of ANP-C. novyi-NT 
spores (n = 10 animals per group). b, Survival of mice with CT26 tumours 

treated with C. novyi-NT and IκB kinase inhibitor BMS345541 (n = 5 
mice per group). Survival differences were analysed by two-sided log-rank 
test (b, c).
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Extended Data Fig. 3 | Adrenaline enhances the inflammatory response. 
a, Survival of BALB/c mice implanted with the indicated catecholamine 
pump and stimulated with a sublethal dose of LPS (n = 14 mice per 
group) compared to LPS alone (n = 19 mice). Survival differences were 
analysed by Gehan–Breslow–Wilcoxon test. b, Survival of BALB/c mice 
with indicated catecholamine pump without LPS stimulation (n = 5 mice 
per group). c, d, 24 h plasma levels of adrenaline (left to right, n = 3, 4, 
3, 3, 3, 4, 4, 3 per column), noradrenaline (n = 3, 3, 3, 3, 3, 4, 4, 3) and 
dopamine (n = 3, 3, 3, 3, 3, 4, 4, 3) (c) as well as levels of IL-6 (n = 4 per 

column), TNF (n = 5 per column) and KC (n = 4 per column) (d) in 
mice receiving the indicated treatments. e, Dopamine concentration in 
LPS- and adrenaline-treated peritoneal macrophages pre-incubated with 
ANP or MTR (n = 3 per column), measured after 24 h. f, g, Levels of 
catecholamines (n = 3 independent samples per column) (f) and several 
cytokines (n = 3 independent samples per column) (g) in adrenaline 
(15 ng ml–1)-treated peritoneal macrophages pre-incubated with ANP 
or MTR and measured after 24 h. Data are presented as mean ± s.d. with 
individual data points shown, analysed by two-tailed t-test (c–g).
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Extended Data Fig. 4 | Catecholamines modulate the cytokine release  
in macrophages in vitro. a, b, Human U937 macrophage-like cells were  
pre-treated with ANP or MTR for 10 min, then stimulated with LPS at 
1 µg ml–1 and/or adrenaline at 15 ng ml–1. Culture supernatants were 
analysed for catecholamines (n = 3 per column) (a) as well as the indicated 
cytokines (n = 3 per column) (b). c, TH expression of baseline and LPS-
stimulated Th+/+ or ThΔLysM macrophages (n = 3 per group), analysed by  

RT–PCR; results are normalized to ubiquitin C (UBC) expression.  
d, e, Supernatants of collected peritoneal macrophages from Th+/+ or 
ThΔLysM mice, stimulated with LPS at 50 µg ml–1, adrenaline 15 µg ml–1 or 
both for 24 h, were analysed for levels of adrenaline (n = 3), noradrenaline 
(n = 3) (d) and cytokines IL-6 (n = 3), KC (n = 3), MIP-2 (n = 3) and TNF 
(n = 3) (e). All data are presented as mean ± s.d. with individual data 
points shown, analysed by two-tailed t-test.
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Extended Data Fig. 5 | Modulation of catecholamine synthesis by MTR 
dose-dependently determines survival and cytokine release. a, Survival 
of BALB/c mice stimulated with a lethal dose of LPS and treated with the 
indicated dose of MTR: MTR 20 mg kg–1 (n = 5 mice per group); MTR 
30 mg kg–1 (n = 10 mice), MTR 40 mg kg–1 (n = 12) compared to LPS 
(n = 10 mice). Survival differences were analysed by two-sided log-rank 
test. b, c, Levels of plasma catecholamines (n = 4 per column) (b) and 
IL-6 (n = 4 per column), KC (left to right, n = 4, 4, 3 per column), IFN-γ 

(n = 4) and TNF (n = 4, 4, 3) (c) at different MTR doses measured 24 h 
after LPS injection. d, e, 24-h-time course of circulating adrenaline (n = 5, 
5, 5, 4, 5, 4, 5, 5), noradrenaline (n = 5) and dopamine (n = 5) (d) and 
corresponding levels of IL-6 (n = 4), KC (n = 7, 7, 7, 6, 5, 4, 5, 5), IFN-γ 
(n = 6, 6, 6, 8, 4, 8, 6, 4) and TNF (n = 6, 6, 6, 6, 6, 4, 7, 7) (e) in LPS-
treated mice receiving MTR 40 mg kg–1. Data are presented as mean ± s.d. 
with individual data points shown, analysed by two-tailed t-test (b–e).
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Extended Data Fig. 6 | Blockage of α1-adrenoceptor mediates the 
survival in experimental systemic inflammatory syndrome. a, Kaplan–
Meier curve of LPS-injected BALB/c mice treated with the indicated 
adrenoreceptor blockers (n = 15 animals per group). Survival differences 
were analysed by two-sided log-rank test. b, c, Levels of adrenaline, 

noradrenaline (left to right, n = 3, 5, 8 per column) and dopamine (n = 5, 
4, 7) (b) as well as indicated cytokines (n = 3, 5, 8) (c) measured 24 h after 
LPS administration. Data are presented as mean ± s.d. with individual 
data points shown, analysed by two-tailed t-test (b, c).
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Extended Data Fig. 7 | Suppression of catecholamines with 
MTR reduces toxicity of oncolytic bacterium C. novyi-NT and 
polymicrobial sepsis. a, Survival (top panel) and therapeutic response 
(bottom panel) of CT26 tumour-bearing BALB/c mice undergoing  
C. novyi-NT treatment with or without MTR pre-treatment (n = 13 mice 
per group). Survival differences were analysed with two-sided log-rank 
test. b, c, Corresponding plasma levels of adrenaline (n = 3 independent 
samples per column), noradrenaline (n = 3), dopamine (n = 3) (b) and 
indicated cytokines (left to right, n = 3, 3, 6, 7 independent samples per 
column) (c), measured at baseline and 36 h after treatment. d, Survival of 
C57Bl/6 mice undergoing CLP, with the indicated treatments (CLP, n = 20 

mice; MTR, n = 22; imipenem, n = 19; MTR + imipenem, n = 20 mice 
per group). Survival differences were analysed with two-sided log-rank 
test. e, Plasma levels of adrenaline (n = 3), noradrenaline (n = 3) and 
dopamine (n = 3) at the indicated time points after CLP, with or without 
MTR pre-treatment. f, Levels of indicated cytokines (n = 3) at baseline and 
24 h after CLP, with or without MTR pre-treatment. g, h, Levels of plasma 
dopamine (left to right, n = 3, 8, 8 independent samples per column) (g) 
and KC (n = 6, 6, 6, 5), IL-2 (n = 6, 6, 6, 5) and IFN-γ (n = 6) (h)  
measured 24 h after α-CD3 treatment, with or without MTR. Data are 
presented as mean ± s.d. with individual data points shown, analysed by 
two-tailed t-test (b, c, e–h).
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Extended Data Fig. 8 | Adrenaline stimulates cytokine release during 
hCART19–Raji cell interaction in vitro. a, Levels of catecholamines 
measured individually in supernatants of Raji cells (n = 3), hCART19 
(n = 3) and UT-T (n = 3 per column) at baseline and when exposed to 
adrenaline. b, c, Co-cultures of hCART19 and Raji with or without MTR 
or ANP pre-treatment were stimulated with 15 ng ml–1 of adrenaline. 
Culture supernatants were collected after 24 h and analysed for adrenaline 
(left to right, n = 4, 4, 4, 3, 3, 3, 2, 2 per column) and noradrenaline (n = 4, 
4, 3, 3, 3, 3, 2, 2). Adrenaline (old): adrenaline at 15 ng ml–1 was incubated 
at 37 °C for 24 h in the cell-free medium. Adrenaline (new): adrenaline 

at 15 ng ml–1 was added into the cell-free medium and immediately 
measured (b). Corresponding cytokine levels of MIP-1α (n = 4, 4, 3, 4, 
3, 3, 3, 3, 3), IFN-γ (n = 4, 4, 3, 4, 3, 4, 4, 4, 4), IL-2 (n = 4, 4, 3, 4, 3, 3, 3, 
3, 3) and TNF (n = 4, 4, 3, 4, 3, 3, 3, 3, 3) (c). UT-T served as control. d, 
e, As above, co-cultures of hCART19 and Raji with or without CHX were 
stimulated with 15 ng ml–1 of adrenaline in vitro. Levels of catecholamines 
(n = 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 1, 1) (d) and indicated human cytokines 
(n = 3) (e) were measured after 24 h. Data are presented as mean ± s.d. 
with individual data points shown, analysed by two-tailed t-test.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | MTR and ANP prevent cytokine release in Raji/
hCART19 mouse model. a, Bioluminescent images (BLI) of Raji-bearing 
NSGS mice with high tumour burden. At day 0, tumour engraftment 
was quantified by BLI and mice were assigned to the treatment groups 
(untreated, MTR, hCART19, hCART19+MTR, n = 5 mice per group; 
UT-T, n = 4). b, c, Levels of dopamine (left to right, n = 3, 3, 3, 4, 4, 4, 3, 
4, 4, 4 per column) (b) and indicated cytokines (n = 4) (c) measured in 
mice (with high tumour burden) 24 and 72 h after hCART19 and UT-T 
injection. d, BLI of Raji-bearing NSGS mice with low tumour burden. At 
day 0, mice were randomly assigned based on tumour burden to receive 
hCART19, with or without MTR (n = 10 mice per group) or UT-T, with or 
without MTR (n = 5 mice per group).  

e, Levels of HsIL-2 (n = 4, 4, 3) and MmMIP-2 (n = 3, 3, 4) assessed 72 h 
after hCART19 injection in mice with low tumour burden. f, g, NSGS mice 
were injected with hCART19 4 days after Raji implantation and treated 
with ANP delivered via subcutaneously implanted osmotic pumps. Levels 
of circulating catecholamines (n = 4 per column) (f) and MmIL-6, MmKC 
and MmMIP-2 (n = 4, 4, 3, 4) as well as HsIL-2 (n = 4) (g) were assessed 
24 h after hCART19 administration. h, Survival of Raji cell-bearing NSGS 
mice treated with hCART19 and ANP (n = 5 per group); analysed by 
two-sided log-rank test. i, Level of circulating hCART19 10 days after 
treatment, determined by Cq from RT–PCR and analysed in triplicates 
(n = 4 per group). Data are presented as mean ± s.d. with individual data 
points shown, analysed by two-tailed t-test (b, c, e–i).
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Extended Data Fig. 10 | MTR and ANP prevent cytokine release in 
syngeneic Eμ-ALL model without compromising anti-tumour efficacy. 
a, b, Circulating catecholamines (left to right, n = 3, 4, 3, 4, 4, 4, 3, 4, 3, 4, 
4, 4 per column/graph) (a) and murine cytokines IL-6 (n = 3 per column), 
KC (n = 3, 3, 3, 4, 3, 3, 4, 4, 3 per column), IL-1α (n = 3, 3, 3, 4, 3, 3, 4, 
3, 3 per column) and G-CSF (n = 3, 3, 3, 4, 4, 3, 4, 3, 3 per column) (b), 
assessed at 24 and 72 h after mCART19 injection. Data are presented as 

means ± s.d. with individual data points shown, analysed by two-tailed 
t-test. c, BLI was performed before and 10 days after mCART19 cell 
injection, with or without ANP and MTR pre-treatment (n = 5 animals 
per group). BLI radiance was used to quantify the tumour burden during 
the treatment course (right). d, Percentage survival of Eµ-ALL-mice after 
mCART19 cell transfer (n = 8 mice per group). Survival differences were 
analysed by two-sided log-rank test.

© 2018 Springer Nature Limited. All rights reserved.
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Sample size Sample size was determined by statistical significance and common conventions of animal experiments. 

Data exclusions No data were excluded.

Replication All attempts at replication were successfull. The levels of catecholamines and  intensity of the cytokine release may vary between animal batches. 

Randomization For C. novyi-NT experiments, tumor burden was measured via caliber 1 day before and outlier mice with extreme burdens (too big or too small) 
were excluded. For CAR T experiments, tumor burden was evaluated by BLI 1 day prior. Following that, mice were randomly assigned to the study cohorts. 

Blinding Investigators were blinded to the group allocation and treatment for experiments involving C. novyi-NT, CLP and anti-CD3 and survival
data were recorded in a blinded fashion. Analysis of other data (e.g. cytokines) was not performed in a blinded fashion.  
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Obtaining unique materials Unique materials are available from the authors or co-authors upon request. 

Antibodies
Antibodies used Anti-CD11b was purchased from Abcam (catalog#ab133357, Lot GR215253-2) and used at 1:8000 dilution. Anti-mCD3 

(145-2C11, Lot 5635-216F1, 613416S1, 613916S1) was dosed at 125µg/mouse or 200 µg/mouse depending on the 
respective experiment and anti-mIL6 receptor (15A7) antibody was dosed at 500µg/mouse; both antibodies were 
purchased from BioXcell.  Anti-mTNFα antibody (R023) dosed at 100µg/mouse was purchased from Sino Biological. Anti-
mIL3 antibody (Clone MP2-8F8, Cat: 554381, lot 4108979) dosed at 90µg/mouse was purchased from BD Biosciences. 

Validation All antibodies were validated for the use in mice and for the respective application by the commercial provider. 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Bovine aortic endothelial cells (BAEC) were purchased from Cell Applications Inc. CT26 and U937 cells were purchased from 
ATCC. Raji, a human Burkitt’s lymphoma cell line, was purchased from Sigma. Eμ-ALL cells were provided by Marco L. Davila. 

Authentication   COA provided by commercial providers except for Eμ-ALL cell line that is authenticated by Dr. Davila and his related 
publication (PMID: 23585892). 

Mycoplasma contamination Cell lines have been regularly assessed for mycoplasma contamination as per lab standard protocol. 



3

nature research  |  reporting sum
m

ary
April 2018

Commonly misidentified lines        No cell lines from the ICLAC list were used. 
(See ICLAC register)

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals
For anti-mCD3 treatment, female BALB/C mice of 5-6 months old age were purchased from Harlan laboratories. For the hCART19 
experiments, female 6-8 week old NSG-SGM3 (NSGS) mice (Stock no. 013062) were purchased from the Jackson Laboratory. To 
create the LysMcre-conditional TH knockout mice, LysMcre mice were purchased from the Jackson Laboratory (stock no: 
004781) and crossed with TH loxP/loxP (TH fl/fl) mice that were provided by Dr. Martin Darvas from Washington University. For 
all other experiments, female C57BL/6 and BALB/C mice of 6-8 weeks were purchased from Harlan Laboratories.

Wild animals No wild animals were used for this study. 

Field-collected samples The study did not use animals collected from the field. 




