Diaphragm Fiber Strength Is Reduced
in Critically lll Patients and Restored
by a Troponin Activator

To the Editor:

Diaphragm weakness in the intensive care unit (ICU) plays an
important role in difficult weaning from mechanical ventilation.
Diaphragm strength in mechanically ventilated (MV) critically

ill patients has been assessed indirectly using phrenic nerve
stimulation, which demonstrated that the pressure-generating
capacity of the diaphragm was reduced in these patients (1-3).
However, this technique cannot distinguish between impaired
phrenic nerve function, abnormal neuromuscular transmission, and
intrinsic abnormalities in the diaphragm muscle itself. Consequently,
it is unknown whether intrinsic contractile weakness of diaphragm
muscle fibers occurs in MV critically ill patients. If so, targeted
treatment strategies that enhance contractility may improve the
success of weaning. Such treatment strategies may include the
administration of a novel class of small-molecule drugs, named fast
skeletal troponin activators, which improve the contractile strength
of skeletal muscle fibers (4). In this study, we obtained diaphragm
biopsy specimens from critically ill patients (n = 10; MV for 28-603
h) undergoing laparotomy or thoracotomy, and compared them
with control patients undergoing elective lung surgery (n = 10; MV
1-2 h, see Table El in the online supplement). The size and the
contractile performance of isolated diaphragm muscle fibers were
determined. In addition, we tested the ability of the fast skeletal
troponin activator, CK-2066260, to improve contractile strength.

Diaphragm fiber cross-sectional area (CSA) was determined by
means of immunohistochemical analyses with myosin heavy chain
antibodies performed on cryosections of the biopsy specimens (5, 6).
Figure 1A demonstrates atrophy of slow- and fast-twitch diaphragm
fibers in critically ill patients (CSA slow-twitch fibers: control
patients, 3,284 = 793 pm? vs. critically ill patients, 2,328 = 763 um?,
P = 0.004; fast-twitch fibers: control patients, 2,766 * 606 wm®
vs. critically ill patients, 1,819 = 527 pwm?® P < 0.0001).

We measured the contractile performance of permeabilized single
diaphragm fibers isolated from the biopsy specimens. Fibers were
mounted between a force transducer and a length motor, and exposed
to activating calcium solutions. Maximal contractile strength was
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markedly lower in critically ill patients (absolute force slow-twitch
fibers: control patients, 0.44 = 0.16 mN vs. critically ill patients, 0.19 =
0-07 mN, P < 0.0001; fast-twitch fibers: control patients, 0.49 *
0.21 mN vs. critically ill patients, 0.24 = 0.09 mN, P = 0.0002;
Figure 1B). After normalization of force to the CSA of these fibers
(i.e., specific force), a deficit remained in diaphragm fibers of critically
ill patients (see Figure E1). This suggests that, in these critically ill
patients, there is not only a loss of contractile proteins, but also
dysfunction of the remaining ones.

In addition, we measured the sensitivity of force to calcium.
The negative logarithm of the calcium concentration needed to obtain
50% of maximal force (pCasy) was unaffected in slow-twitch fibers
(control patients, 5.64 = 0.03 vs. critically ill patients, 5.61 = 0.08, P =
0.30), whereas, in fast-twitch fibers, the pCas, was significantly lower
in critically ill patients (control patients, 5.76 = 0.07 vs. critically ill
patients, 5.70 = 0.06, P = 0.036) (Figure 1B). Thus, fast-twitch
diaphragm fibers from critically ill patients not only have reduced
maximal force, but also require more calcium to generate force.

We exposed diaphragm fibers of a representative subset of
control patients (nos. I, IV, VI) and critically ill patients (nos. 1, 3,4, 5)
to the fast skeletal troponin activator, CK-2066260, which
improves the sensitivity of the calcium sensor in the muscle
sarcomere. Compared with vehicle, 5 uM of CK-2066260
significantly increased the calcium sensitivity of diaphragm fibers
both in control patients (pCasy: 5.75 = 0.04 vs. 6.18 = 0.1,
respectively; P < 0.001) and in critically ill patients (5.70 % 0.07
vs. 6.00 * 0.13, respectively; P < 0.01) (Figure 1C). Importantly, at
physiological calcium concentrations, CK-2066260 restored the
contractile force of fast-twitch diaphragm fibers of critically ill
patients back to levels observed in untreated fibers from control
patients (force at pCa 5.8: untreated control patients, 0.22 * 0.05
vs. treated critically ill patients, 0.22 % 0.07 mN; P = 0.954). See the
online supplement for details.

The current study is the first to show that atrophy and
contractile weakness of diaphragm muscle fibers develop in
a clinically relevant group of MV critically ill patients. Interestingly,
the reduction in the contractile force of diaphragm fibers of these
critically ill patients is comparable to the reduction in diaphragm
strength estimated previously by phrenic nerve pacing (1, 2),
indicating that the reduction in diaphragm strength in these
patients largely results from muscle fiber weakness. To date, no
drug is approved to improve respiratory muscle function in MV
critically ill patients. We made a step toward such a strategy by
testing the ability of the fast skeletal troponin activator, CK-
2066260, to restore diaphragm fiber strength. We observed that,
upon exposure to CK-2066260, fast-twitch diaphragm fibers from
critically ill patients regained strength at calcium concentrations
that reflect activation during daily live activities to levels found
in untreated fibers from control patients (Figure 1C). Because
approximately 50% of fibers and total fiber area in the human
diaphragm consists of fast-twitch fibers (Figure E3), fast skeletal
troponin activators might significantly improve in vivo diaphragm
strength. The potential of fast troponin activators is further
strengthened by the notion that these drugs do not affect cardiac
function (4), which would be an undesirable side effect in critically
ill patients. The analog of CK-2066260, tirasemtiv (formerly
CK-2017357), is currently under study in patients with
amyotrophic lateral sclerosis (clinical trial no. NCT01709149).
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Figure 1. (A) Severe diaphragm muscle fiber atrophy in mechanically ventilated (MV) critically ill patients. Typical examples of serial diaphragm cross-
sections stained with antibodies against slow-twitch myosin heavy chain (green). Wheat germ agglutinin (WGA) staining (red) was used to demarcate the
muscle fibers. Scale bar = 100 pm (left panel). Quantification of, in total, 4,686 fibers revealed that, compared with control patients, fiber cross-sectional
area (CSA) is 29% smaller in slow-twitch (control patients vs. critically ill patients: 3,284 = 793 um? vs. 2,328 + 763 pm?; P = 0.004) and 34% smaller
in fast-twitch (control patients vs. intensive care unit [ICU] patients: 2,766 *= 606 wm? vs. 1,819 = 527 pm?; P < 0.0001) diaphragm muscle fibers

of critically ill patients (right panel). Each dot with corresponding patient number indicates the mean CSA per patient (shaded dot, control patient; closed
dot, critically ill patient). Horizontal bars indicate group mean; error bars indicate =SD. (B) Severe diaphragm muscle fiber weakness in MV critically

ill patients. Curves indicate the absolute force-calcium relation of diaphragm fibers of control patients and MV critically ill patients. Compared with
control patients, the maximal absolute force—determined at maximally activating calcium concentrations (pCa 4.5)—was reduced by 56% in slow-twitch
(control patients vs. ICU patients: 0.44 = 0.16 mN vs. 0.19 = 0.07 mN; P < 0.0001 [left panel]) and by 52% in fast-twitch (control patients vs. ICU
patients: 0.49 = 0.21 mN vs. 0.24 = 0.09 mN; P = 0.0002 [right panel]) diaphragm fibers from critically ill patients. Indents show calcium sensitivity
(pCasp). In slow-twitch fibers, pCasg is not affected (control patients vs. critically ill patients: 5.64 + 0.03 vs. 5.61 = 0.08; P = 0.30 [left panel]), whereas in
fast-twitch fibers pCasg was significantly lower in critically ill patients (control patients vs. critically ill patients: 5.76 = 0.07 vs. 5.70 = 0.06; P = 0.036
[right panel)). Bullets and column bars indicate group mean; error bars indicate =SD. (C) Diaphragm muscle fiber force is restored by a fast skeletal
troponin activator. Curves show force response of fast-twitch fibers of a subset of patients to incremental calcium concentrations when exposed to
vehicle (dimethyl sulfoxide [DMSQ]) (gray solid line, control patients; black solid line, critically ill patients). Fibers from critically ill patients show a marked
leftward shift of the force-calcium curve when treated with 5 WM CK-2066260 (dotted black line), such that, at physiological calcium concentration
(indicated by gray bar), force is restored to levels observed in untreated fibers from control patients (force at pCa 5.8: 0.22 = 0.05 mN [control patients
with DMSQ] vs. 0.22 = 0.07 mN [critically ill patients with CK-2066260]; P = 0.954). Note that the magnitude of increase in pCaso was comparable

in both groups. Bullets indicate group mean; error bars indicate +SD.

What causes weakness of diaphragm muscle fibers in critically ~ disease, such as sepsis (14, 15). Clearly, to elucidate the main

ill patients? It seems plausible that the observed diaphragm factors that contribute to the observed diaphragm muscle fiber
weakness was acquired during ICU stay, as we used strict exclusion ~ weakness requires studies with larger cohorts of various patient
criteria to rule out that our study patients had pre-existing groups.

diaphragm weakness. Also, during their stay in the ICU, patients
received nutrition according to an optimized nutrition algorithm
(7). A commonly suggested concept is that mechanical ventilation  Author disclosures are available with the text of this letters at
per se rapidly induces weakness and atrophy of muscle fibers due to ~ www.atsjournals.org.

coqtractﬂe inactivity of the diaphragm (8-12). The cr1t1ca11y-1ll Pleuni E. Hooijman, M.Sc.

patients we studied received MV for 28-603 hours before biopsy,  vu University Medical Center

a time frame that was associated with significant reductions in ~ Amsterdam, The Netherlands

the CSA of diaphragm fibers in braindead organ donors (8, 13).

Albertus Beishuizen, M.D., Ph.D.

Thus, the diaphragm muscle fiber atrophy and weakness that VU University Medical Center
we observed may, at least partly, be explained by mechanical ,;\r%ster dam, The Netherlands
ventilation per se. Other ICU-related phenomena that could Medisch Spectrum Twente

contribute to diaphragm muscle weakness include underlying Enschede, The Netherlands
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Depletion of Circulating Regulatory T Cells
during Severe Respiratory Syncytial Virus
Infection in Young Children

To the Editor:

Respiratory syncytial virus (RSV) is the main cause of viral lower
respiratory tract illness in infancy and early childhood. Each year, RSV is
estimated to cause 34 million cases of lung infection and the deaths
of up t0 199,000 children less than 5 years of age worldwide. Children are
usually infected by RSV during the first year of life, and virtually all
by 3 years of age. Although in most cases the infection induces mild
illness of the upper airways, 2 to 5% experience a severe bronchiolitis
that requires hospitalization and respiratory support in an intensive
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