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Oxidative stress (OS) induces inflammation, which in turn
exacerbates OS and the expression of acute phase pro-
teins (APPs). Regulatory T lymphocyte (Treg) therapy was
assessed for suppression of OS and APP responses in lon-
gitudinal serum samples from subjects with amyotrophic
lateral sclerosis (ALS) enrolled in a phase I clinical trial. The
first round of Treg therapy suppressed levels of oxidized
low-density lipoprotein (ox-LDL). During a 6-month wash-
out period, ox-LDL levels increased. A second round of
therapy again suppressed ox-LDL levels and then rose fol-
lowing the cessation of treatment. Serum levels of APPs,
soluble CD14, lipopolysaccharide binding protein, and C-
reactive protein, were stabilized during Treg administra-
tions, but rose during the washout period and again after
therapy was discontinued. Treg therapy potentially sup-
presses peripheral OS and the accompanying circulating
pro-inflammatory induced APPs, both of which may serve
as peripheral candidates for monitoring efficacies of
immunomodulating therapies.
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Amyotrophic lateral sclerosis (ALS) is a multifactorial,
multisystem disease in which the central nervous and

peripheral immune systems contribute to disease progres-
sion and burden.1–6 Mitochondrial dysfunction induces
oxidative stress (OS), which brings further cell damage;
OS induces pro-inflammatory responses, which provoke
the expression of acute phase proteins (APPs).7 A recent
study reported that increased serum levels of APPs accu-
rately reflected disease burdens, progression rates, and sur-
vival times in subjects with ALS.8 Collectively, peripheral
OS and APPs provide further evidence that ALS is a sys-
temic pro-inflammatory disorder.

Alterations of the peripheral immune system in ALS
should be interpreted in the context of the entire immune

system and not just as single parameters.9 Chronic systemic
pro-inflammatory responses that occur in ALS were the justi-
fication for infusing expanded autologous regulatory T lym-
phocytes (Tregs) in a phase I ALS clinical trial. Tregs are a
subpopulation of T lymphocytes that are immunosuppressive
and maintain tolerance to self-antigens. Several studies have
demonstrated that Tregs are dysfunctional in subjects with
ALS, thus exacerbating the pro-inflammatory cascade; this
dysfunction correlated with the increased burden of disease
and the rate of disease progression.3,4 However, when the
subject’s Tregs were expanded ex vivo in the presence of
interleukin (IL)-2 and rapamycin, their Treg suppressive
function was restored.10,11 This result prompted a phase I
clinical trial where autologous expanded Tregs were injected
back into subjects. The Treg therapy was safe and slowed
progression rates in three subjects with ALS.10 Since periph-
eral OS and APPs are known to contribute to pro-inflamma-
tory immune responses in subjects with ALS, a post-hoc
longitudinal analysis was conducted to determine whether
Treg therapy reduced OS [lectin-like oxidized LDL receptor
1 (LOX-1) and oxidatively modified low density lipoprotein
(ox-LDL)] and APPs [soluble CD14 (sCD14), LBP, and
CRP] in the sera of phase I trial subjects.8,12 LOX-1 medi-
ates the recognition, internalization and degradation of ox-
LDL; ox-LDL is a biological indicator of OS.12 The APPs,
sCD14, LBP, and CRP, were recently shown to be elevated
in the serum of subjects with ALS reflecting the ongoing
peripheral inflammation in these subjects.8

Materials and Methods
Patients
Subjects, study design, and subject selection, have been previ-
ously described.8–10 For the Olink and ELISA assays, the demo-
graphics for the subjects with ALS were (n = 30) (mean [SD])
58.8 [1.57] years; 63.3% were men and 36.7% were women;
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86.7% were white, 6.7% were Hispanic, 3.3% were black, and
3.3% were Asian. Control individuals (n = 10) were similar in
age (57.6 [2.15] years) with 60% men and 40% were women;
90.0% were white, none were Hispanic, none were black, and
10% were Asian. For the Treg therapy study, three subjects with
ALS were selected based on their differing sites of disease onset
and rates of progression. Subjects underwent leukapheresis, and
Tregs were subsequently isolated and expanded ex vivo. Tregs
(1 � 106 cells/kg) were administered IV at early stages (four
doses over 2 months) and later stages (four doses over 4 months)
of disease. Concomitant interleukin-2 (2 � 105 IU/m2/injection)
was administered subcutaneously three times weekly over the
entire study period. Approval from the Food and Drug Adminis-
tration and Institutional Review Board at Houston Methodist
Hospital was obtained before study initiation. Written informed
consent was obtained before enrollment. The study was regis-
tered on clinicaltrials.gov (NCT03241784).

Olink and ELISAs. Lectin-type oxidized LDL receptor 1
(LOX-1) was assayed by Olink (Boston MA). Human sol-
uble CD14 (sCD14), C-reactive protein (CRP), and lipo-
polysaccharide binding protein (LBP) ELISA Kits from
R&D Systems, and an oxidized LDL (ox-LDL) ELISA kit
from Fisher Scientific, were used to determine their con-
centrations in sera of subjects with ALS and healthy con-
trols (HC) according to manufacturer’s instructions.8

Statistics
Comparisons were performed using an ANOVA for more than
two groups or Student’s t-test for two groups. The ANOVA is
presented with the degrees of freedom, F value, and p value. The
Student’s t-test is presented with a p value. Correlations were
done using Spearman Rank Order in SigmaStat software and
presented with a r (rho) and p values.

Results
A blinded non-biased assay demonstrated that soluble
LOX-1, a receptor for ox-LDL, was elevated in sera of sub-
jects with ALS (n = 16) compared with sera from age-
matched HC (n = 9, p < 0.001) (Fig 1A). When separated
into rapidly (n = 8) and slowly progressing (n = 8) sub-
jects, LOX-1 was elevated in sera from rapidly progressing
subjects compared with slowly progressing subjects
(p = 0.011) or HC (p < 0.001) [F(2, 22) = 15.69,
p < 0.001]; LOX-1 was elevated in slowly progressing sub-
jects compared with HC (p = 0.038) (Fig 1B).3 Since
LOX-1 was elevated in these subjects, its ligand, ox-LDL,
was also assayed in the serum of the subjects. ox-LDL levels
were increased in subjects with ALS (n = 30) compared
with HC (n = 10, p < 0.001) (Fig 1C). ox-LDL was ele-
vated in sera from rapidly progressing subjects (n = 13)
compared with slowly progressing subjects (n = 17,
p < 0.001) or HC (p < 0.001) [F(2, 37) = 49.78,

p < 0.001]; ox-LDL was not increased in sera from slowly
progressing subjects compared with HC (p = 0.243)
(Fig 1D). LOX-1 levels positively correlated with disease
progression rates (r = 0.618, p = 0.011) (Fig 1E). ox-LDL
levels also positively correlated with disease progression rates
(r = 0.729, p < 0.001) (Fig 1F). LOX-1 levels positively
correlated with ox-LDL levels in the 16 subjects that were
assayed for both LOX-1 and ox-LDL (r = 0.829,
p < 0.001) (Fig 1G).

ox-LDL levels were evaluated in longitudinal sera
samples following infusion of autologous Tregs in subjects
(n = 3) enrolled in a phase I ALS clinical trial. In the first
subject, infusions of Tregs every 2 weeks for 8 weeks in
combination with subcutaneous injections of IL-2 three
times a week, suppressed ox-LDL levels (Fig 2A). With
the first round of infusions, the subject’s Appel ALS Score
(AALS) remained stable for 10 weeks.13 During the
6 months Treg “washout” period, when subjects were still
receiving IL-2, ox-LDL levels rose toward the baseline
level with a coinciding deterioration of the AALS. With a
second round of infusions, administered every 4 weeks for
16 weeks, the therapy suppressed ox-LDL levels again and
the subject’s clinical status stabilized. At the end of the
study when Treg infusions ceased and only IL-2 was con-
tinued, ox-LDL level gradually increased. Similarly, in the
second subject, ox-LDL levels were suppressed following
the first round of Treg infusions, increased during the
washout period, decreased again during the second round
of Treg infusions, and rose following the cessation of Treg
infusions (Figs 2B). The stabilization and deterioration of
the subject’s clinical status mirrored the decline and rise of
serum ox-LDL levels. In the third subject, who was pro-
gressing slowly, ox-LDL levels declined during the first
round of therapy, rose during the washout, fell with the
second round of infusions, and rose again after cessation
of therapy. However, the subject’s clinical status remained
stable throughout treatment (Fig 2C).8

As was observed with ox-LDL, Treg infusions
suppressed serum sCD14 levels with a concomitant
increase in sCD14 when not on therapy in two of the
three phase I study subjects (Fig 3). The third subject
never had increased levels of sCD14, but the levels
trended downward during the first round of infusions
(Fig 3C). LBP levels were comparable to ox-LDL levels;
LBP levels stabilized during the first round, increased dur-
ing the washout period, decreased during the second
round, and increased following Treg cessation (Figs 3).
The changes in CRP levels were like those of ox-LDL and
LBP levels in all subjects (Figs. 3). In the first subject,
who was rapidly progressing, CRP levels did not decrease
again until after the second infusion of the second round,
which mirrored the time of disease stabilization.
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FIGURE 1: LOX-1 and ox-LDL are elevated in subjects with ALS. A, B. LOX-1 is increased in the serum of all subjects with ALS,
and in rapidly and slowly progressing subjects, when compared with HC. C, D. ox-LDL is increased in the serum of all subjects
with ALS, and in rapidly progressing subjects, when compared with HC. ox-LDL is not increased in the serum of slowly
progressing subjects with ALS compared with HC. The progression rate was determined using the Appel ALS (AALS) scoring
system.3,13 In this scoring system, less than 1.5 AALS points per month is a slowly progressing subject. Equal to or greater than
1.5 points per month is a rapidly progressing subject. E. LOX-1 positively correlated with the rate of progression in subjects with
ALS. F. ox-LDL positively correlated with the rate of progression in subjects with ALS. G. LOX-1 positively correlated with ox-LDL
in the 16 subjects with ALS that were assayed for both LOX-1 and ox-LDL. *p < 0.05, **p < 0.001, and n.s. = not significant.
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FIGURE 2: A, B. Subjects’ clinical statuses reflects the level of the subjects’ serum ox-LDL levels. These subjects were enrolled
and completed a phase I clinical trial with Treg + IL-2 therapy. ox-LDL levels were suppressed following the first round of Treg
infusions, increased during the washout period, were then suppressed during the second round of Treg infusions, and rose
following the cessation of Treg + IL-2 treatment. The stabilization and deterioration of the subject’s clinical status mirrored the
decline and rise of serum ox-LDL levels. C. Subject 3, a slowly progressing subject, had stable ox-LDL serum levels and reflects a
stable clinical status. Arrows indicate Tregs + IL-2 infusion times. IL-2 was administered 3X/week thoughout the study. The red-
dotted lines demarcate Treg + IL-2 therapy or IL-2 only intervals. During the Treg “washout” period, the subjects received IL-2
injections. Red line = mean value of the ox-LDL level in HC. Black lines = � one standard deviation of the ox-LDL levels in HC.

FIGURE 3: sCD14, LBP, and CRP in the serum of subjects enrolled in a phase 1 Treg + IL-2 clinical study. A, B. sCD14, LBP, and
CRP fell and rose with Treg + IL-2 treatment. C. sCD14 was unchanged in a slowly progressing subject with ALS. LBP and CRP
fell and rose with Treg + IL-2 treatment. Arrows indicate Tregs + IL-2 infusion times. IL-2 was administered 3X/week throughout
the study. The red-dotted lines demarcate Treg + IL-2 therapy or IL-2 only intervals. During the Treg “washout” period, the
subjects received IL-2 injections. Red line = mean value of each APP level in HC. Black lines = �one standard deviation of each
APP level in HC.
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Discussion
In ALS, as disease progresses, there is a concomitantly escalat-
ing cascade of pro-inflammatory responses that exacerbate oxi-
dative stress.2,6,14,15 This report demonstrates that soluble
LOX-1 was increased in sera from subjects and was mirrored
by increased ox-LDL levels; ox-LDL is a commonly assessed
serum marker for OS. The increased ox-LDL was exclusively
increased in rapidly progressing subjects with ALS; ox-LDL
was also increased in rapidly progressing subjects with ALS that
express the C9orf72 mutation (data not shown). The levels of
ox-LDL fell and rose following infusions and cessation, respec-
tively. IL-2 treatment alone did not appear to be beneficial at
the given dose and frequency.9 The fall or rise of ox-LDL levels
mirrored the stabilization or deterioration of the subject’s clini-
cal status. These similar patterns were observed for the APPs;
APP levels fell and rose following infusion and cessation,
respectively, of Tregs. All three APPs were increased in rapidly
progressing subjects with ALS that express the C9orf72 muta-
tion (data not shown). Serum soluble LOX-1 and ox-LDL
were increased in mild cognitively impaired and Alzheimer’s
disease subjects (data not shown).16

LOX-1, the main receptor for ox-LDL, binds, internal-
izes, and degrades ox-LDL in macrophages and other cells. This
is consistent with the finding that as serum ox-LDL increases
so does serum LOX-1; at higher concentrations, ox-LDL
upregulates LOX-1 expression.17 Although the ox-LDL levels in
subject 3 are elevated relative to subjects 1 and 2, so are themean
and standard deviation. However, the levels of ox-LDL in
subject 3 remained relatively stable and that is reflected in the
clinical scores; the important finding is that the ox-LDL levels
between subjects is relative to their respective controls.

LOX-1 expression is normally low, but ox-LDL and
TNF-α increase LOX-1 expression. Binding of ox-LDL to
LOX-1 activates NF-κB in macrophages, which in turn
stimulates the downstream production of IL-1β and
IL-18. TNF-α, IL-1β, and IL-18 are pro-inflammatory
cytokines elevated in the blood of subjects with ALS.15

Macrophage affinity for unmodified LDL particles is low
but is increased in the presence of oxidized LDL, thus
exacerbating the peripheral pro-inflammatory milieu.12 It
has been postulated that elevations in soluble LOX-1 may
reflect increased expression of the membrane-bound
form.18 Another possible explanation for the increased
serum soluble LOX-1 is that membrane-bound LOX-1 is
cleaved from the surface of activated pro-inflammatory
monocytes/macrophages; it is known that activated macro-
phages/monocytes shed surface proteins. The initiating
sources of increased OS are unclear, but 4-hydroxy-2,
3-nonenal, another marker of OS, was elevated in the sera
and spinal fluid of subjects with ALS and positively corre-
lated with disease burdens.19,20 Thus, soluble LOX-1 may
indeed be a biological indicator of activated monocytes/

macrophage that are involved with the ever-intensifying
pro-inflammatory responses in subjects with ALS.

The current study also showed that serum APPs
were increased in subjects with ALS and that these
increased levels were attenuated by Treg therapy. Interest-
ingly, the two rapidly progressing subjects exhibited ele-
vated sCD14 levels that were suppressed by Treg
infusions whereas the slowly progressing subject had nor-
mal levels of sCD14 although the levels still trended
downward during the first round of infusions; slowly pro-
gressing subjects have little to no increased sCD14 in their
sera.8 Treg infusions also suppressed LBP and CRP levels
in the sera of these subjects.

Subjects with ALS have chronic and persistent low-
grade systemic inflammation that is associated with a
worse disease prognosis.21 This report confirms that there
are ongoing OS and pro-inflammatory responses in sub-
jects with ALS, and that expanded autologous Treg ther-
apy suppresses these responses while potentially stabilizing
the subject’s clinical status. ox-LDL levels correlated with
disease progression rates; the higher the levels, the more
rapid the progression. Thus, in addition to APPs, LOX-1
and ox-LDL are possible candidates to monitor the effec-
tiveness of immunomodulatory therapies in subjects with
ALS.8,9

Acknowledgements
This work was supported by the Peggy and Gary Edwards
ALS Laboratory, The ALS Association, ALS Finding a
Cure foundation, and Coya Therapeutics, Inc.

Author Contributions
DRB, JRT, and SHA contributed to the conception and
design of the study. DRB and SW contributed to the acquisi-
tion and analysis of data. DRB, JRT, AF, ADT, WZ, and
SHA contributed to drafting the text or preparing the figures.

Potential Conflict of Interest
DRB declares a conflict of interest as a consultant with
Implicit Bioscience and Coya Therapeutics, Inc. ADT
declares a conflict of interest as a consultant with Coya
Therapeutics, Inc. SHA declares a conflict of interest as a
consultant with Implicit Bioscience and scientific advisory
board chair of Coya Therapeutics, Inc. The remaining
authors have no conflict of interest.

References
1. Brown RH, Al-Chalabi A. Amyotrophic lateral sclerosis. N Engl J Med

2017;377:162–172.

August 2022 199

Beers et al: Oxidative Stress and Acute Phase Proteins in ALS



2. Beers DR, Appel SH. Immune dysregulation in amyotrophic lateral
sclerosis: mechanisms and emerging therapies. Lancet Neurol 2019;
18:211–220.

3. Henkel JS, Beers DR, Wen S, et al. Regulatory T-lymphocytes medi-
ate amyotrophic lateral sclerosis progression and survival. EMBO
Mol Med 2013;5:64–79.

4. Beers DR, Zhao W, Wang J, et al. ALS patients’ regulatory T lympho-
cytes are dysfunctional, and correlate with disease progression rate
and severity. JCI Insight 2017;2:e89530.

5. Zhao W, Beers DR, Hooten KG, et al. Characterization of gene
expression phenotype in amyotrophic lateral sclerosis monocytes.
JAMA Neurol 2017;74:677–685.

6. Sheean RK, McKay FC, Cretney E, et al. Association of regulatory T-
cell expansion with progression of amyotrophic lateral sclerosis: a
study of humans and a transgenic mouse model. JAMA Neurol
2018;75:681–689.

7. Barber SC, Shaw PJ. Oxidative stress in ALS: key role in motor neu-
ron injury and therapeutic target. Free Radic Biol Med 2010;48:
629–664.

8. Beers DR, Zhao W, Neal DW, et al. Elevated acute phase proteins
reflect peripheral inflammation and disease severity in patients with
amyotrophic lateral sclerosis. Sci Rep 2020;10:15295.

9. Beers DR, Zhao W, Thonhoff JR, et al. Serum programmed cell death
proteins in amyotrophic lateral sclerosis. Brain Behav Immun Health
2021;12:100209.

10. Thonhoff JR, Beers DR, Zhao W, et al. Expanded autologous regula-
tory T-lymphocyte infusions in ALS: a phase I, first-in-human study.
Neurol Neuroimmunol Neuroinflamm 2018;5:e465.

11. Alsuliman A, Appel SH, Beers DR, et al. A robust, good manufactur-
ing practice-compliant, clinical-scale procedure to generate regula-
tory T cells from patients with amyotrophic lateral sclerosis for
adoptive cell therapy. Cytotherapy 2016;18:1312–1324.

12. Barreto J, Karathanasis SK, Remaley A, Sposito AC. Role of LOX-1
(lectin-like oxidized low-density lipoprotein receptor 1) as a cardio-
vascular risk predictor: mechanistic insight and potential clinical use.
Arterioscler Thromb Vasc Biol 2021;41:153–166.

13. Haverkamp LJ, Appel V, Appel SH. Natural history of amyotrophic
lateral sclerosis in a database population. Validation of a scoring sys-
tem and a model for survival prediction. Brain 1995;118:707–719.

14. Cunha-Oliveira T, Montezinho L, Mendes C, et al. Oxidative stress in
amyotrophic lateral sclerosis: pathophysiology and opportunities for
pharmacological intervention. Oxidative Med Cell Longev 2020;
2020:5021694.

15. Appel SH, Beers DR, Zhao W. Amyotrophic lateral sclerosis is a sys-
temic disease: peripheral contributions to inflammation mediated
neurodegeneration. Curr Opin Neurol 2021;34:765–772.

16. Zhao Z, Zhou H, Peng Y, et al. Expression and significance of plasma
3-NT and ox-LDL in patients with Alzheimer’s disease. Genet Mol
Res 2014;13:8428–8435.

17. Pirillo A, Norata GD, Luigi Catapano AL. LOX-1, OxLDL, and athero-
sclerosis. Mediat Inflamm 2013;2013:152786.

18. Hofmann A, Brunssen C, Wolk S, et al. Soluble LOX-1: A novel bio-
marker in patients with coronary artery disease, stroke, and acute
aortic dissection? J Am Heart Assoc 2020;9:e013803.

19. Simpson EP, Henry YK, Henkel JS, et al. Increased lipid peroxidation
in sera of ALS patients—a potential biomarker of disease burden.
Neurologija 2004;62:1758–1765.

20. Devos D, Moreau C, Kyheng M, et al. A ferroptosis–based panel of
prognostic biomarkers for amyotrophic lateral sclerosis. Sci Rep
2019;9:2918.

21. Keizman D, Rogowski O, Berliner S, et al. Low-grade systemic inflam-
mation in patients with amyotrophic lateral sclerosis. Acta Neurol
Scand 2009;119:383–389.

200 Volume 92, No. 2

ANNALS of Neurology


	 Tregs Attenuate Peripheral Oxidative Stress and Acute Phase Proteins in ALS
	Materials and Methods
	Patients
	Olink and ELISAs

	Statistics

	Results
	Discussion
	Acknowledgements
	Author Contributions
	Potential Conflict of Interest
	References


