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Introduction
5q-associated spinal muscular atrophy (SMA) and amy-
otrophic lateral sclerosis (ALS) are aetiologically dif-
ferent motor neuron diseases sharing the degeneration 
of lower motor neurons. The antisense oligonucleotide 
(ASO) nusinersen was the first approved gene therapy 
for patients with SMA increasing the production of func-
tional survival motor neuron (SMN) protein [1, 2]. The 
ASO tofersen was developed for patients with superoxide 
dismutase 1 (SOD1) mutation-associated ALS (SOD1-
ALS) to reduce the toxic SOD1 protein level [3, 4]. The 
U.S. Food and Drug Administration (FDA) recently 
granted accelerated approval for tofersen, that is cur-
rently being further evaluated in the VALOR open-label 
extension phase and available for patients with SOD1-
ALS in early access programs in Germany and other 
countries outside the USA.
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Abstract
5q-associated spinal muscular atrophy (SMA) and amyotrophic lateral sclerosis (ALS) are two distinct neurological 
disorders leading to degeneration of lower motor neurons. The antisense oligonucleotides (ASOs) nusinersen and 
tofersen are novel disease-modifying agents for these diseases, respectively. In the context of ASO treatment, the 
cytological characteristics and composition of cerebrospinal fluid (CSF) have recently garnered particular interest. 
This report presents a case series of CSF cytology findings in two patients with SMA and ALS revealing comparable 
unspecified macrophage inclusions following treatment initiation with nusinersen and tofersen. Yet, the presence 
of these “asophages” in the treatment course of two different ASOs is of unclear significance. While both treatments 
have been well tolerated, this phenomenon warrants attention, given the long-term nature of these treatments.
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Unclear inclusion bodies in macrophages following 
nusinersen treatment initiation were described in a few 
recent studies [5–7]. So far, only one case report has been 
published, describing similar inclusions in macrophages 
of patients with SOD1-ALS following treatment initiation 
with tofersen [8]. Here, we present two cases: one involving 
a patient with SMA treated with nusinersen, and the other 
featuring a patient with SOD1-ALS treated with tofersen. 
Comparing both cases, similar inclusions in macrophages 
within the cerebrospinal fluid (CSF) emerged following the 
initiation of ASO treatment.

Case Report
Patient 1 – SMA
We investigated a 61-year-old female patient with SMA 
type 3. She was diagnosed with SMA at the age of 15 and 
has received 17 injections of nusinersen within 54 months 
since April 20, 2018. Nusinersen was administered accord-
ing to the recommended dosing schedules with four loading 
doses on treatment days 0, 14, 28 and 63, followed by main-
tenance doses every 4 months. Each application contains 

12 mg nusinersen and was injected intrathecally via lumbar 
puncture after obtaining CSF. During the treatment period, 
no clinically significant adverse events have been observed 
yet. The patient did not suffer from significant scoliosis and 
had no history of spinal surgery. Before nusinersen treat-
ment, CSF cytology findings showed macrophages with 
normal configuration (Fig. 1A). The patient presented a CSF 
with normal leucocyte cell count, normal total protein and 
albumin concentrations and without intrathecal synthesis 
of immunoglobulins (Igs). Unclear inclusions within mac-
rophages were first observed during the loading phase on 
treatment day 63 (Fig. 1B & C). Subsequently, these inclu-
sions were detected on treatment months 14, 26, and 30, 
and consistently since treatment month 38. No relevant 
changes were observed with regard to leucocyte cell count, 
total protein and albumin concentration and presence of Igs 
in CSF during treatment course (Table 1).

Patient 2 – SOD1-ALS
This patient was a 39-year-old female diagnosed with 
SOD1-ALS (c.358-10T > G) in February 2022. She has 

Fig. 1 Macrophages of an adult patient with SMA (A) and an adult patient with SOD1-ALS (D) before ASO treatment (treatment-naive): Normal configu-
ration with typical irregular nuclear contour and multiple intracytoplasmic vacuoles (1000x, May-Grunwald-Giemsa staining). Macrophages of the same 
adult patients with SMA (B & C) and SOD1-ALS (E & F) during ASO treatment presenting with eosinophilic and basophilic inclusion bodies. Occasionally, 
macrophages with inclusions appeared with contact to lymphocytes (E, red arrow) (1000x, May-Grunwald-Giemsa staining). ASO: antisense oligonucle-
otide; SMA: 5q-associated spinal muscular atrophy; SOD1-ALS: superoxide dismutase 1 mutation-associated amyotrophic lateral sclerosis
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received 11 injections of tofersen within 9 months since 
October 22, 2022. Tofersen was administered according 
to the recommended dosing schedules with three loading 
doses on treatment days 0, 14 and 28, followed by mainte-
nance doses every month. Each application contains 100 mg 
tofersen and was injected intrathecally via lumbar punc-
ture after obtaining CSF. Except for a pseudoradicular pain 
event after the first injection, no further clinically significant 
adverse events have occurred. Before tofersen treatment, 
CSF cytology findings revealed normal macrophages with-
out inclusions (Fig.  1D), normal leucocyte cell count and 
normal albumin concentration. Only CSF total protein as 
well as IgG concentration was slightly increased. Follow-
ing treatment initiation, macrophage inclusions were first 
observed on treatment day 28 (Fig. 1E & F). There was an 
observation of mild pleocytosis, along with elevated total 
protein and albumin concentrations since treatment month 
3. Simultaneously, intrathecal immunoglobulin M antibody 
(IgM) synthesis was detected since treatment month 5, 
steadily increasing by treatment month 9. Equal numbers of 
matched oligoclonal bands (OCBs) in CSF and serum (Type 
4) were evident before loading phase and on treatment 
month 9 (Table 1).

Discussion
This case series reports non-specific inclusions in mac-
rophages in two patients diagnosed with SMA and SOD1-
ALS. Both motor neuron diseases are characterized by 
distinct pathomechanisms and ASO treatment approaches: 
SMA arises from loss-of-function mutations in the SMN1 
gene. Nusinersen improves the integration of exon 7 into 
the mRNA, thereby augmenting full-length SMN protein 

levels [2]. Conversely, SOD1-ALS primarily results from a 
toxic gain-of-function mutation in the SOD1 gene. Tofersen 
targets mRNA produced by mutated SOD1 genes, effec-
tively diminishing the synthesis of toxic SOD1 proteins [3].

In both patients, similar unspecified numerous eosino-
philic and basophilic inclusion bodies were observed 
inside intracytoplasmic vacuoles of macrophages follow-
ing treatment initiation with nusinersen and tofersen. For 
this common cytological phenomenon of new unspecified 
macrophage inclusions after treatment initiation of different 
ASOs, we suggest to use the term “asophages”. The composi-
tion of these inclusions is still unknown, however it is rather 
unlikely that they are comprised of ASO particles [7]. One 
hypothesis would be that these inclusions reflect activation 
of the innate immune system. In line with this, we observed 
increased concentrations of the monocyte activity marker 
chitotriosidase 1 in CSF of patients with SMA during nusin-
ersen treatment [9]. Occasionally, lymphocytes were found 
in close proximity to these macrophages suggesting an anti-
gen-presenting interaction.

Both patients exhibited distinct patterns in terms of cellu-
lar and humoral components in the CSF. Tofersen treatment 
was associated with mild pleocytosis, as well as increased 
protein and albumin concentration. These findings align 
with recent studies, though the underlying cause remains 
unclear [3]. Additionally, we observed elevated Ig levels and 
intrathecal IgM synthesis, indicating a potential activation 
of the humoral immune system. Nusinersen treatment was 
not associated with intrathecal Ig synthesis. However, mild 
changes in CSF routine parameters were also confirmed in 
adult patients with SMA under nusinersen treatment [10].

Table 1 Cerebrospinal fluid findings following treatment initiation with nusinersen and tofersen. T1: treatment-naive; T2: month 6 of 
nusinersen treatment/month 2 of tofersen treatment (after completed loading phases); T3: month 54 of nusinersen treatment/month 
9 of tofersen treatment

Patient 1 – SMA: Patient 2 – SOD1-ALS:
Reference values T1 T2 T3 T1 T2 T3

Leucocyte count (MPt/L) < 5 3 4 1 1 3 21

Protein (mg/L) 150–450 249 262 214 483 764 1235

Albumin (mg/L) < 350 129 137 134 268 558 879

Albumin ratio (x10− 3) (4 + Age/15) 3.37 3.58 3.41 5.60 12.85 18.65

IgG (mg/L)
IgG synthesis (%)

10–30
negative

14.1
0.0

12.8
0.0

12.53
0.0

44.48
1.5

69.09
0.0

115.63
0.0

IgA (mg/L)
IgA synthesis (%)

1–3
negative

1.29
0.0

1.58
0.0

1.74
0.0

5.81
0.0

10.78
0.0

17.94
0.0

IgM (mg/L)
IgM synthesis (%)

0.5–1.5
negative

< 0.5
0.0

< 0.5
0.0

< 0.12
0.0

0.33
0.0

1.82
0.0

12.26
62.6

OCBs (CSF/Serum) negative Type 4 Type 4 Type 1 Type 4 Type 1 Type 4

Lymphocytes (%) 50–90 93 88 97 94 85 85

Monocytes (%)
Macrophages with unspecified inclusions

10–50
none

6
–

9
+

1
+

3
–

9
+

10
+

Ig: immunoglobulin; SMA: 5q-associated spinal muscular atrophy;SOD1-ALS: superoxide dismutase 1 mutation-associated amyotrophic lateral sclerosis; OCBs: 
oligoclonal bands; Type 1: no evidence for intrathecally produced OCBs; Type 4: equal numbers of matched OCBs in CSF and serum
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The prevalence of “asophages” remains speculative due 
to a lack of comprehensive systematic cohort studies. How-
ever, in a recent small cohort study of adult patients with 
SMA, macrophage inclusions were observed in all patients 
(n = 19) [5]. To our knowledge, no similar studies of patients 
with SOD1-ALS are published yet.

To date, nusinersen and tofersen were shown to be 
well tolerated and none of our patients experienced sig-
nificant adverse events. “Asophages” appear to exhibit a 
consistent pattern in patients undergoing various ASO 
treatments, persisting even in later stages of the treatment 
courses. However, their composition and functional role 
are unknown and need to be investigated in subsequent 
studies, eventually contributing to a more comprehensive 
understanding of the benefit-risk ratio associated with ASO 
treatments.

Abbreviations
ALS  Amyotrophic lateral sclerosis
ASO  Antisense oligonucleotide
CSF  Cerebrospinal fluid
IgM  Immunoglobulin M antibody
Igs  Immunoglobulins
OCBs  Oligoclonal bands
SMA  5q-associated spinal muscular atrophy
SMN  Survival motor neuron
SOD1  Superoxide dismutase 1
SOD1-ALS  Superoxide dismutase 1-associated amyotrophic lateral sclerosis

Acknowledgements
The authors want to thank both patients and all participants involved in the 
Letter.

Author contributions
MV: Conceptualization; data curation; formal analysis; writing – original draft; 
writing – review and editing. MM: Investigation; writing – review and editing. 
MF: Writing – review and editing. HSL: Writing – review and editing. RG: 
Conceptualization; formal analysis; supervision; writing – review and editing. 
All authors read and approved the manuscript.

Funding
No funding was received.

Data availability
Data and material that support the findings of this study are available from the 
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
MF has received a speaker honorarium and non-financial support from Biogen 
outside the submitted work. HSL has received advisory fees from Biogen 
outside the submitted work. RG has received non-financial support, travel 
expenses and honoraria as a speaker/adboard member as well as research 

support from Biogen and honoraria as an adboard member from Roche 
outside the submitted work. The other authors have no competing interests 
to disclose.

Received: 9 October 2023 / Accepted: 27 December 2023

References
1. Finkel, R. S., Mercuri, E., Darras, B. T., Connolly, A. M., Kuntz, N. L., Kirschner, 

J., Chiriboga, C. A., Saito, K., Servais, L., Tizzano, E., Topaloglu, H., Tulinius, M., 
Montes, J., Glanzman, A. M., Bishop, K., Zhong, Z. J., Gheuens, S., Bennett, C. 
F., Schneider, E., & ENDEAR Study Group. (2017). Nusinersen versus Sham 
Control in infantile-onset spinal muscular atrophy. The New England Journal of 
Medicine, 377(18), 1723–1732. https://doi.org/10.1056/NEJMoa1702752.

2. Jablonka, S., Hennlein, L., & Sendtner, M. (2022). Therapy development for 
spinal muscular atrophy: Perspectives for muscular dystrophies and neuro-
degenerative disorders. Neurological Research and Practice, 4(1), 2. https://doi.
org/10.1186/s42466-021-00162-9.

3. Miller, T., Cudkowicz, M., Shaw, P. J., Andersen, P. M., Atassi, N., Bucelli, R. C., 
Genge, A., Glass, J., Ladha, S., Ludolph, A. L., Maragakis, N. J., McDermott, C. 
J., Pestronk, A., Ravits, J., Salachas, F., Trudell, R., Van Damme, P., Zinman, L., 
Bennett, C. F., & Ferguson, T. A. (2020). Phase 1–2 trial of Antisense Oligonucle-
otide Tofersen for SOD1 ALS. The New England Journal of Medicine, 383(2), 
109–119. https://doi.org/10.1056/NEJMoa2003715.

4. Miller, T. M., Cudkowicz, M. E., Genge, A., Shaw, P. J., Sobue, G., Bucelli, R. 
C., Chiò, A., Van Damme, P., Ludolph, A. C., Glass, J. D., Andrews, J. A., Babu, 
S., Benatar, M., McDermott, C. J., Cochrane, T., Chary, S., Chew, S., Zhu, H., 
Wu, F., & Fradette, S. (2022). Trial of Antisense Oligonucleotide Tofersen for 
SOD1 ALS. New England Journal of Medicine, 387(12), 1099–1110. https://doi.
org/10.1056/NEJMoa2204705.

5. Gingele, S., Hümmert, M. W., Alvermann, S., Jendretzky, K. F., Bönig, L., 
Brieskorn, M., Schwenkenbecher, P., Sühs, K. W., Müschen, L. H., Osmanovic, 
A., Schreiber-Katz, O., Stangel, M., Petri, S., & Skripuletz, T. (2019). Routine 
cerebrospinal fluid cytology reveals unique inclusions in macrophages 
during treatment with Nusinersen. Frontiers in Neurology, 10, 735. https://doi.
org/10.3389/fneur.2019.00735.

6. Schafernak, K. T., Jacobsen, J. R., Hernandez, D., Kaye, R. D., & Perez, S. E. 
(2022). Cytochemical characterization of Cerebrospinal Fluid Macrophage 
inclusions in Pediatric patients receiving Intrathecal Nusinersen (SPINRAZA®) 
for spinal muscular atrophy. Acta Cytologica, 66(1), 79–84. https://doi.
org/10.1159/000518005.

7. Machacek, M. E., Gogakos, T., Fletcher, M. C., Lunderville, K. A., Swoboda, K. J., 
& Sohani, A. R. (2021). Unusual inclusions in cerebrospinal fluid macrophages 
of spinal muscular atrophy patients treated with nusinersen. International 
Journal of Laboratory Hematology, 43(3). https://doi.org/10.1111/ijlh.13392.

8. Sparasci, D., Castelli, C., Staedler, C., Gobbi, C., & Ripellino, P. (2023). Inclusions 
in macrophages of the cerebrospinal fluid during treatment with Tofersen. 
Muscle & Nerve, 67(2). https://doi.org/10.1002/mus.27763.

9. Freigang, M., Steinacker, P., Wurster, C. D., Schreiber-Katz, O., Osmanovic, 
A., Petri, S., Koch, J. C., Rostásy, K., Falkenburger, B., Ludolph, A. C., Otto, M., 
Hermann, A., & Günther, R. (2021). Increased chitotriosidase 1 concentration 
following nusinersen treatment in spinal muscular atrophy. Orphanet Journal 
of Rare Diseases, 16(1), 330. https://doi.org/10.1186/s13023-021-01961-8.

10. Müschen, L. H., Osmanovic, A., Binz, C., Jendretzky, K. F., Ranxha, G., Bronzlik, 
P., Abu-Fares, O., Wiehler, F., Möhn, N., Hümmert, M. W., Gingele, S., Götz, F., 
Stangel, M., Skripuletz, T., Schreiber-Katz, O., & Petri, S. (2021). Cerebrospi-
nal fluid parameters in antisense oligonucleotide-treated adult 5q-Spinal 
muscular atrophy patients. Brain Sciences, 11(3), 296. https://doi.org/10.3390/
brainsci11030296.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1056/NEJMoa1702752
https://doi.org/10.1186/s42466-021-00162-9
https://doi.org/10.1186/s42466-021-00162-9
https://doi.org/10.1056/NEJMoa2003715
https://doi.org/10.1056/NEJMoa2204705
https://doi.org/10.1056/NEJMoa2204705
https://doi.org/10.3389/fneur.2019.00735
https://doi.org/10.3389/fneur.2019.00735
https://doi.org/10.1159/000518005
https://doi.org/10.1159/000518005
https://doi.org/10.1111/ijlh.13392
https://doi.org/10.1002/mus.27763
https://doi.org/10.1186/s13023-021-01961-8
https://doi.org/10.3390/brainsci11030296
https://doi.org/10.3390/brainsci11030296

	Macrophage inclusions in cerebrospinal fluid following treatment initiation with antisense oligonucleotide therapies in motor neuron diseases
	Abstract
	Introduction
	Case Report
	Patient 1 – SMA
	Patient 2 – SOD1-ALS

	Discussion
	References


