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Abstract
Endogenous retrovirus-K (ERVK) expression has been associated with Amyotrophic Lateral Sclerosis (ALS), and its 
viral proteins can be detected in affected brain and spinal cord tissues. Despite confirmation of ERVK load in the 
blood of patients with ALS, few studies have examined ERVK protein expression in immune cells. ERVK produces 
an enzyme called integrase (IN), which can cause DNA damage during the integration of viral DNA into the host 
genome. Given that genomic instability is a hallmark of ALS, we hypothesized that the ERVK IN enzyme may also 
be expressed in lymphoid and myeloid-derived immune cells of patients. Peripheral blood mononuclear cells 
(PBMC) were isolated from blood specimens using Ficoll isolation, and either flash-frozen for western blot analyses 
or affixed onto slides using the cytospin technique for subsequent confocal microscopy analysis. Image analysis 
of confocal micrographs revealed that ERVK IN expression was significantly elevated in CD3+CD8+ T cells from 
a subset of patients with ALS as compared to controls. CD3+CD8+ T cells in ALS exhibit enhanced number and 
size of ERVK IN puncta within the nucleus and at the plasma membrane. The DNA damage load, as measured by 
marker γH2AX, was strongly associated with ERVK IN levels in both controls and patients with ALS. Stratification of 
molecular data based on clinical parameters showed an association of elevated ERVK IN load in CD8+ T cells from 
patients with ALS with lower ALSFRS-R and higher King’s scores, as well as a significant decline in lung function 
metrics. In bulk PBMC from patients with ALS, ERVK IN was associated with expression of immune checkpoint 
marker PD-1, but not T cell exhaustion marker TOX. ERVK IN in CD14+CD11b+ myeloid cells was also elevated, 
with ERVK+ cells exhibiting notable membrane ruffling typical of immune cell activation and increased expression 
of HLA-DR. However, ERVK IN expression in monocytes was not correlated with clinical metrics in patients with 
ALS. This work points to the use of ERVK IN in CD8+ cytotoxic T cells as a blood biomarker for ALS clinical trials, 
especially those focused on testing the efficacy of antivirals as a therapeutic strategy for ALS.
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​​Background
Proteinopathies, such as the motor neuron disease Amy-
otrophic lateral sclerosis (ALS), frontotemporal dementia 
(FTD), and Alzheimer’s disease (AD), lead to neuronal 
death. A root cause of this neuronal demise is neuroin-
flammation, with pathology mediated by both resident 
immune sentinel cells in the central nervous system 
(CNS) and circulating peripheral immune cells. A chal-
lenge has been identifying triggers that activate immune 
cells in neurodegenerative disease, as well as the root 
causes of immune imbalances.

Several groups have reported significant alterations 
in both monocyte and cytotoxic T cell profiles in ALS, 
which are closely tied to disease advancement. Changes 
in peripheral monocyte counts and subtypes have been 
documented in individuals with ALS [1–4], although a 
decrease in total blood monocyte numbers has also been 
reported [5]. Monocyte immune activation markers have 
been shown to increase with disease duration and sever-
ity in ALS [3], alongside a shift towards a pro-inflamma-
tory phenotype [3, 6], and increased migratory trafficking 
into the CNS [1].

Another immune cell compartment with notable 
changes in neurodegenerative disease is cytotoxic CD8+ 
T cells. Enhanced CD8+ T cell activation in ALS occurs 
both in the circulation and the cerebrospinal fluid [7]. 
There is an increased frequency of CD8+ T cell effectors 
in ALS [8, 9], with the discovery that clonally expanded 
cells exhibit unique transcriptomic profiles [10, 11]. In 
ALS, loss of TDP-43 functionality leads to aberrant cryp-
tic splicing and generation of neo-epitopes recognized by 
clonally expanded and functionally differentiated CD8+ T 
cells [12]. Recently, Kim et al. identified the proliferation 
of blood and cerebrospinal fluid effector memory CD8+ 
T cell clones in sporadic ALS when compared to control 
cases, noting an overrepresentation of virus-associated T 
cell receptor (TCR) motifs in these cells [9]. A nominal 

decrease in both CD8+CD57+ and CD8+PD-1+ blood-
derived T cell subtypes was associated with ALS risk in 
participants from the Berlin Aging Study II [13], suggest-
ing depletion from circulation or migration into tissues. 
A low level of CD3 on central memory CD8+ T cells is 
also an ALS risk factor [14]. Several neuropathological 
studies have confirmed CD8+ T cell infiltration into the 
CNS of patients with ALS [15–17]. Together, this evi-
dence aligns with the increasing understanding that ALS 
is a systemic disease, with a clear role of the immune sys-
tem in disease progression [18–21].

Given the distinct immune profiles in ALS, one could 
postulate that these changes were associated with anti-
viral immunity. One virus that has been consistently 
associated with proteinopathy and neuroinflammation 
is endogenous retrovirus-K (ERVK/HERV-K). Endog-
enous retroviruses (ERVs) are remnants of past retroviral 
infections where the virus’s genetic material has inte-
grated into the host’s DNA, often appearing as multicopy 
viral symbionts [22]. ERVs are physiologically repressed 
(reviewed in [23]), but their basal expression can be 
heightened by various factors, including medications, 
hypoxia, infections, inflammation, and specific mutations 
[23–26]. The expression of ERVK has been associated 
with several neurological inflammatory diseases, includ-
ing ALS, FTD, and AD [27–31].

A recurring theme associated with ERVK-related dis-
eases is genomic instability [32]. DNA damage in neu-
rons is a key feature of ALS [33, 34]. A retroviral enzyme 
that is known to inflict DNA damage is integrase (IN) 
[35]. During the retroviral life cycle, the integration of 
viral DNA into the host’s DNA involves an IN-mediated 
strand-transfer reaction, leading to DNA breaks in the 
host genome [35]. These integration sites are frequently 
identified by nuclear phosphorylated γH2AX foci [36, 
37], which correlate positively with the occurrence of 
double-stranded DNA breaks (DSB) in mammalian cells 

Graphical Abstract



Page 3 of 18Sharma et al. Journal of Neuroinflammation          (2026) 23:251 

Diagnosis Spec-
imen 
ID

Age Sex PBMC 
(cells/
ml 
blood)

Clinical parameters Notes
ALS-
FRS-R 
(x/48)

Symp-
tom 
onset

FVC 
(%)

PCF (L/min) Ventilation Feed-
ing 
tube

Riluzole Edaravone

ALS S01 70 F 8.89 x 
105

38 3 67 256 ●

S02 42 M 7.42 x 
105

45 1 125 ●

S03 63 M 11.02 x 
105

38 2 107

S04 77 M 7.96 x 
105

20 4 62 255 ●

S05 66 M 9.29 x 
105

36 4 72 34 ●

S06 68 M 13.67 x 
105

36 2 69 ●

S07 59 F 4.62 x 
105

29 4 71 101 ● ●

S08 84 F 8.75 x 
105

37 2 100 ●

S09 55 M 10.65 x 
105

21 4 62 420 ● ● ●

S10 66 F ~117 x 
105

11 4 ● ● ● Leu-
kemia; 
failed 
cyto-
spin

S11 65 M 5.85 x 
105

46 1 122 755 ●

S12 57 M 8.28 x 
105

26 3 85 624 ● ●

S13 76 F 6.08 x 
105

43 1 116 ●

S14 62 F 5.87 x 
105

26 3 59 ●

S15 72 M 7.19 x 
105

21 3 75 409

Control C01 47 M 9.01 x 
105

C02 69 F 9.63 x 
105

C03 71 M 8.20 x 
105

C04 67 F 10.44 x 
105

C05 72 M 9.93 x 
105

C06 56 F 6.32 x 
105

C07 63 M 11.64 x 
105

C08 58 M 9.73 x 
105

C09 60 M 10.50 x 
105

C10 54 M 11.96 x 
105

Table 1  Cohort demographic data
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(Figure S1). Cytospin specimens were fixed in 4% PFA for 
5 minutes, washed with PBS, dried, and stored at -80 °C 
until use.

Immunostaining
To determine the ERVK viral protein loads in select 
immune cells of PBMC specimens, immunohistochem-
istry was performed to detect the levels and localization 
of these target proteins in PBMC. PBMC were washed 
in triplicate with wash buffer (TBS + 0.05% TritonX100; 
TBS-T) then were stained with 100 µL of primary anti-
bodies as described in Table S1 to then be incubated at 
room temperature for 2 h. Following, PBMC were triple 
washed with wash buffer and then were counterstained 
with 100 µL of secondary antibodies as described in 
Table S1 at room temperature for 1  h. After, they were 
rinsed, stained with DAPI (Life Technologies, #D1306), 
coversliped, and mounted using ProLong Gold anti-fade 
reagent (Invitrogen, #P10144). All samples were batch 
stained with case-control matched slides.

Confocal microscopy and image analysis
Confocal microscopy was used to assess and colocalize 
the expression of ERVK proteins and cellular markers in 
immune cells. Immunostained slides were imaged with 
Olympus FV1200 laser scanning confocal microscope 
(Olympus, Japan) fitted with the Olympus Fluoview ver-
sion 4.0B software suite. All images were taken at 1.0 or 
2.5X magnification. CellSens software 4.2 software was 
used to deconvolute the confocal micrographs for accurate 
determination of the cellular staining patterns. CellSens 
was also used to process images, create region of inter-
est (ROI) masks and counts, measure staining intensity 
within ROIs, and create orthogonal image views. For each 
marker, ROIs were mapped to each cell type of interest 
and the sum gray intensity value for each staining channel 
was measured in a given cell or puncta. Image J (Fiji for 
Windows x86-64) was used to generate intensity profiles 
of markers across arbitrary lines in individual cells.

[38, 39]. Given that endogenous retroviruses can rein-
tegrate into new locations within the parental genome, 
ERVK re-entry could lead to the buildup of DNA 
breaks and genomic instability, triggering cellular stress 
responses and inflammation [40].

Given that ERVK activation is linked to inflammatory 
signalling [24], we investigated whether an ERVK sig-
nature can be found in immune cells from patients with 
ALS, and if viral protein expression was associated with 
indicators of immune dysregulation or clinical metrics of 
disease severity.

Materials and methods
Ethics statement
All research involving human-derived samples was 
approved under a multi-site protocol by the University 
of Winnipeg Human Research Ethics Board (14921), St. 
Boniface Hospital (RRC/2021/2050), and the Univer-
sity of Saskatchewan Biomedical Research Ethics Board 
under protocol 1885. All participants consented to blood 
donation, and samples were deidentified by clinician Dr. 
Kerri Schellenberg before specimens were processed by 
the Douville lab.

Diagnosis and demographics of participant samples
Clinical examination was used to confirm the clinical 
diagnosis of ALS. Table 1 indicates the individual patient 
diagnosis and sample descriptors used in this study.

PBMC isolation and specimen preparation
Whole blood samples were diluted in PBS solution and 
processed on a ficoll gradient (Cytiva #17144002) as pre-
viously described [41]. The time from collection to pro-
cessing for all patient samples was < 24 h. Extracted ex 
vivo peripheral blood mononuclear cells (PBMC) were 
counted and aliquoted into 2 × 106 cells per dry pel-
let and frozen until subsequent western blot analysis. 
Alternatively, 1 × 105 cells were spun onto slides (Fisher 
#12-550-15) using a StatSpin cytofuge (800 rpm, 4 min) 

Diagnosis Spec-
imen 
ID

Age Sex PBMC 
(cells/
ml 
blood)

Clinical parameters Notes
ALS-
FRS-R 
(x/48)

Symp-
tom 
onset

FVC 
(%)

PCF (L/min) Ventilation Feed-
ing 
tube

Riluzole Edaravone

C11 88 F N/A Failed 
PBMC 
isolation

C12 69 F 7.57 x 
105

C13 51 M 7.05 x 
105

C14 70 M 7.50 x 
105

N.B. ALS clinical assessments were not performed in control cases

Table 1  (continued) 
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Fig. 1 (See legend on next page.)
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Western blots
PBMC aliquots were lysed on ice with 50 µl of in-house 
RIPA lysis buffer (1% SDS, 0.5% DOC and 1% NP-40 
in 1X TBS) to extract proteins. The RIPA buffer was 
supplemented with 1x HALT protease and phospha-
tase inhibitor cocktail (Thermo Scientific #78442). BCA 
assay (Thermo Scientific #PI23227) was used to deter-
mine the protein content of each sample as per the 
manufacturer’s instructions. Cell lysates were prepared 
for SDS-PAGE and heated at 95  °C for 10  min. Pro-
teins (15–30 µg per lane) were separated by SDS-PAGE 
using a 10% Quick Cast TGX gel (#161–0173) or 4–20% 
pre-cast TGX gradient gel (BioRad #456–8096), subse-
quently gels were imaged for total protein quantification, 
and then gels were transferred onto a PVDF membrane 
(eBLOT #L00735). The membrane was blocked in 3% 
BSA in TBS-T blocking buffer for 1  h and probed with 
the desired primary antibody overnight at 4 °C, followed 
by incubation at room temperature for 2 h. Details of pri-
mary and secondary antibodies used are listed in Table 
S1. Membranes were imaged using a BioRad ChemiDoc 
chemiluminescent imager. BioRad Image Lab software 
was used to determine the molecular weight and relative 
density (normalized to total protein) of each band.

Statistical analysis
Statistical analysis and graphing were performed using 
GraphPad Prism Software Version 10.6.1. Descrip-
tive statistics and normality were performed to identify 
parametric and non-parametric data sets. As appropri-
ate, groups were compared using parametric (Welch’s) 
and non-parametric (Mann-Whitney) t-tests, as speci-
fied in the figure legends. Correlation tests (Pearson’s for 
normally distributed datasets and Spearman’s for non-
parametric data) and linear regression lines were applied 
to XY graphs to determine the relationship between 
markers.

Results
PBMC specimens were purified from whole blood 
and ex vivo immune cells placed on slides for confo-
cal microscopy analysis or fresh-frozen for western blot 
analysis, from age and sex-matched controls (n = 13) or 
patients with ALS (n = 14) (Fig. S1). The corresponding 

deidentified clinical information was correlated with bio-
logical markers of ERVK activity in specific cell types.

CD3+CD8+ T cells in ALS exhibit enhanced ERVK IN 
expression
Confocal imaging was used to assess ERVK IN load in 
immune cells. Punctate ERVK IN staining was observed 
in CD3+CD8+ T cells from patients with ALS but rarely 
in controls (2/13 cases with more than 20 ERVK IN+ 
puncta per cell). This was accompanied by CD3+CD8+ 
T cells exhibiting morphological changes, such as mem-
brane ruffling (Fig. 1A) and filopodia extensions (Fig. 
1B), in ALS specimens. This aggregation of viral pro-
teins at the immune cell membrane and within filopodia 
membrane extensions is consistent with the formation 
of virological synapses and filopodia-mediated virus 
transmission [42, 43]. No differences were observed in 
the percentage of CD3+ or CD3+CD8+ T cells between 
patients with ALS and healthy controls (Fig. 1C). Within 
this cohort, patients with ALS carry 2-fold more ERVK 
IN+CD3+CD8+ T cells than controls (median, range 
2-17.3% controls versus 0-24.6% ALS, Mann-Whitney 
test p = 0.1080), with the highest abundance measured at 
24.6% of total PBMC (case S07) (Fig. 1C). The frequency 
of ALS patients exhibiting an increased burden of ERVK 
IN+ cytotoxic CD3+CD8+ T cells in PBMC was signifi-
cantly elevated compared to control specimens (Fisher’s 
exact test, ERVK IN+ > 8% CD3+CD8+ T cells, p < 0.05, 
2/13 controls vs. 9/14 patients with ALS, Fig. 1C). This 
ERVK INHigh(+) (cutoff > 25 puncta/cell, Fig. 1D) subset 
of cytotoxic CD3+CD8+ T exhibited elevation in cellular 
CD3 and CD8 marker levels in ALS, with a decrease in 
nuclear staining as measured by DAPI (Fig. 1E). No sta-
tistical differences in T cell markers or ERVK IN expres-
sion were apparent in ERVK INLow(−) CD3+CD8+ T cells 
between controls and patients with ALS. Additionally, 
when examining ERVK IN load in CD3+CD8− cells (likely 
regulatory T cells), there were no differences in ERVK 
expression between control and ALS cases, despite a 
clear increase in CD3 expression in ALS specimens (Fig. 
S2).

In addition, blood-borne CD14+CD11b+ monocytes 
exhibited a statistically higher ERVK load in ALS as 
compared to controls (Fig. S3), yet the sum grey staining 

(See figure on previous page.)
Fig. 1  Patients with ALS exhibit elevated ERVK integrase in their CD3+CD8+ T cells. ERVK integrase (IN) was quantified in CD3+CD8+ cells from patients 
with ALS and controls. A Representative micrographs of ERVK integrase (IN) expression in CD3+CD8+ T cells from control and ALS PBMC specimens. Scale 
bar is 10 μm. B Frequently in ALS specimens, CD3+CD8+ T cells exhibited filopodia extensions, with ERVK staining along projections (arrows). C No differ-
ence in CD3+ T cell counts or CD3+CD8+ T cell counts between control and ALS specimens; however, patients with ALS (9/14) more frequently expressed 
ERVK IN in their CD3+CD8+ T cells as compared to controls (2/13), with a cutoff of > 8% ERVK IN+ CD3+CD8+ T cells. D Representative micrographs of ERVK 
INLow(−) and ERVK INHigh(+) CD3+CD8+ T cells in controls and patients with ALS, respectively. Scale bar (white) is 5 μm. E For a given CD3+CD8+ T cell, an 
ROI was drawn to encompass the cell boundary (area), and the total sum intensity of immunostaining per marker was measured (sum gray intensity). 
Among ERVK INHigh(+) CD3+CD8+ T cells, specimens from ALS patients exhibited a decrease in nuclear DAPI staining with concomitant elevation in CD3 
(T cell marker), CD8 (cytotoxic T cell marker), and ERVK IN expression as compared to controls. No differences in T cell markers or ERVK IN expression were 
apparent in ERVK INLow(−) CD3+CD8+ T cells between clinical groups. Mann-Whitney non-parametric t-tests, **p < 0.01, ****p < 0.0001, n.s. = non-significant



Page 7 of 18Sharma et al. Journal of Neuroinflammation          (2026) 23:251 

intensity/area was 10-fold lower than in CD8+ T cells 
(Fig. 1). Nonetheless, notable morphological changes 
were apparent in ERVK IN+ CD14+CD11b+ monocytes 
within a subset of ALS patients (9 of 14), with evidence 
of membrane ruffling (Fig. S3A, C) and increased expres-
sion of CD11b and HLA-DR (Fig. S3D). Moreover, ERVK 
IN expression in monocytes was strongly correlated with 
the tetraspanin CD53 (Fig. S4), a known marker for intra-
cellular compartments containing retroviral assemblies 
beneath the cell membrane during viral egress [44]. Thus, 
despite a moderate abundance of viral proteins with 
an ERVK IN epitope in monocytic cells, the mobiliza-
tion of ERVK proteins may differ between controls and 
patients with ALS, impacting cellular activation and viral 
assembly.

CD3+CD8+ T cells in ALS exhibit enhanced number and size 
of ERVK IN aggregates
Viroplasms (aka. viral factories or inclusions) are mem-
braneless condensates within a host cell where viral repli-
cation and assembly occur. Similar to virological synapses 
in HIV infection [45], we observed polysynaptic ERVK 
IN+ puncta in cytotoxic T cells from select ALS cases, in 
greater number (p < 0.01) and frequency (Fisher’s exact 
test, p < 0.05) among patients with ALS compared with 
controls (Fig. 2A). The number of ERVK IN puncta per 
cell (p < 0.0001, range 1–58) and overall puncta size (p < 
0.05, range 0.33–20.25 µm2) were consistently elevated in 
CD8+ T cells from patients with ALS (Fig. 2B). The stain-
ing intensity of T cell markers was also elevated within 
ERVK IN aggregates in ALS. Within these viral protein 

condensates, ALS patients exhibited an immunologi-
cal signature of increased CD3 and CD8 (Figs. 2C and 
3). Representative intensity profiles are a useful tool to 
assess viral deposition and colocalization with cellular 
partners [46]. Within individual representative cells, an 
arbitrary line through each cell was used to quantify the 
degree of dispersion and colocalization of CD3, CD8, and 
ERVK IN signal intensity (Fig. 3). This analysis approach 
demonstrated that ERVK IN+ puncta accumulated on 
the plasma membrane of CD3+CD8+ T cells in controls, 
but in ALS-derived cytotoxic cells, ERVK IN deposits 
were evident in the nucleus (Fig. 3C, blue arrow) as well 
as more abundantly at the cell surface (Fig. 3C, green 
arrow). Notably, CD3 relocalization (red line) from the 
membrane to ERVK IN+ intracellular deposits (gray line) 
was also evident in CD3+CD8+ T cells in patients with 
ALS, but not in controls (Fig. 3C, red arrow).

ERVK IN load in CD3+CD8+ T cells is correlated with DNA 
damage
An overall increase in the expression of γH2AX, a DNA 
damage marker, is apparent in bulk PBMC from patients 
with ALS compared to controls (p < 0.05, Fig.  4AB, Fig. 
S6). As measured by western blot analysis, this suggests 
that a greater burden of DNA damage is carried within 
immune cells of patients with ALS, but this technique 
cannot identify the impacted cell subset. Microscopy 
revealed that ERVK IN expression was strongly corre-
lated with the extent of DNA damage (as measured by 
γH2AX) in CD8+ T cells of both controls and patients 
with ALS (Fig.  4C-E), indicating that the presence of 

Fig. 2  Cytotoxic CD3+CD8+ T cells in ALS harbour viroplasms with ERVK integrase deposition. A Representative micrograph of ERVK integrase (IN) puncta 
in the nucleus (white arrow) and at the cell surface (pink arrow). Scale bar is 10 μm. The average number of ERVK IN puncta is elevated in cells from 
patients with ALS as compared to controls. B The number and size of puncta are greater in ALS patient cells as compared to controls. C ERVK IN puncta 
exhibit evidence of virological synapse formation (↑CD3e & CD8 clustering). Mann-Whitney non-parametric t-tests, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, n.s. = non-significant
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Fig. 3 (See legend on next page.)
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this viral enzyme has pathological consequences for the 
immune system. Whether examining this association 
at the individual cell level (Fig.  4D) or based on aver-
age expression patterns within individual PBMC donors 
(Fig. 4E), ERVK IN load was strongly correlated with the 
measurement of γH2AX. Within individual represen-
tative CD8+ T cells, an arbitrary line through each cell 
was used to quantify the degree of dispersion and colo-
calization of CD8, ERVK IN, and γH2AX signal intensity 
(Fig. 5). Nuclear ERVK IN+ puncta colocalized with peak 
γH2AX signal (magenta line) in CD8+ T cells, most evi-
dent in ALS patient specimens (Fig.  5C). This indicates 
that ERVK IN is found at sites of nuclear DNA damage in 
CD8+ T cells, and that this occurrence is more frequent 
in ALS.

Age and sex-specific differences in ERVK burden in 
CD3+CD8+ T cells
Microscopy data of CD3+CD8+ T cells from Fig. 1 were 
stratified by age and sex of the PBMC donors. In the 
control group, ERVK load decreased (r = -0.62, p < 0.05) 
with age in cytotoxic T cells (Fig. 6A). In contrast, Fig. 6A 
shows that patients with ALS exhibited an enhancement 
of ERVK IN expression in their CD3+CD8+ T cells with 
increasing age (r = 0.54, p < 0.05). Moreover, females with 
ALS exhibited a trend (p = 0.0635) towards higher ERVK 
load than age-matched controls (Fig. 6B), alluding to sex 
differences in control over ERVK expression in females as 
compared to males. On average, females with ALS exhib-
ited 1.5-fold higher ERVK IN load than males with ALS, 
with a tighter coefficient of variation (9.5% vs. 60.6%), 
suggesting that elevated ERVK is a more consistent find-
ing in females with ALS.

ERVK IN load in CD3+CD8+ T cells is correlated with ALS 
severity
The revised ALS functional rating scale (ALSFRS-R) is 
a clinical rating scale to measure performance in four 
domains: (1) bulbar (representing speech, swallow, and 
saliva management), (2) respiratory, (3) upper limb, 
and (4) lower limb function [47]. The ALSFRS-R score 
declines with loss of function. Complementarily, the 
King’s staging system refers to the sequential involve-
ment of body regions, with scoring increasing by severity: 
first body region (stage 1), second and third body regions 
(stages 2 and 3), and need for gastrostomy or non-inva-
sive ventilation (stage 4) [47]. Elevation of both ERVK IN 

load and percentage of ERVK IN+ CD3+CD8+ T cells in 
ALS was strongly and significantly associated with lower 
ALS Functional Rating Scale-Revised (ALSFRS-R) scores 
and higher King’s scores (Fig. 7A, B), indicating that 
patients with higher ERVK activity in cytotoxic T cells 
exhibit more severe functional decline. Increased DNA 
damage in cytotoxic T cells was also associated with 
lower ALSFRS-R scores. Given that the King’s score was 
significantly elevated in patients with higher ERVK IN 
expression in their CD3+CD8+ T cells (Fig. 7B), this sug-
gests that ERVK burden in circulating T cells is closely 
linked to disease severity. In contrast, disease duration 
was weakly associated with ERVK load in CD3+CD8+ T 
cells in patients with ALS (Fig. 7C). Clinical parameters 
surrounding lung function (Forced Vital Capacity, Peak 
Cough Flow, and non-invasive ventilation use) showed a 
significant decline in patients with high ERVK activity in 
CD8+ T cells (Fig. 8).

As a comparator, an association with clinical severity 
was not observed in monocytic cells (Fig. S5). Together, 
this indicates that ERVK load in antiviral CD3+CD8+ T 
cells is a significant disease severity signature of ALS, 
especially in females.

ERVK IN is associated with T cell exhaustion markers in ALS
To examine if phenotypic changes were occurring in 
CD8+ T cells from patients with ALS, we performed 
western blot analysis on protein lysates from ex vivo 
PBMC specimens (Fig.  9, Fig. S6). No significant differ-
ence in ERVK IN load and modest 1.1-fold increase in 
γH2AX (p < 0.05, Fig.  4A) was observed between bulk 
PBMC control and ALS specimens as measured by west-
ern blot. However, markers of CD8+ T cell exhaustion, 
Programmed cell death protein 1 (PD-1) and Thymo-
cyte selection-associated high mobility group box pro-
tein (TOX), were found to be correlated with ERVK IN 
expression in PBMC (Fig.  9B,D). In both controls and 
patients with ALS, the levels of PD-1 were correlated 
with ERVK IN expression in PBMC (Fig.  9B), but not 
γH2AX (Fig.  9C). In contrast, ERVK IN expression was 
associated with TOX abundance in controls (Pearson 
r = 0.59, p < 0.05), but negatively associated in ALS speci-
mens (Pearson r= -0.42, p = n.s.) (Fig. 9D). No correlation 
between TOX and DNA damage was observed in this 
patient cohort (Fig. 9E). Together, this shows that a sub-
set of patients with ALS exhibit an ERVK viral signature 
in CD8+ T cells that is accompanied by T cell exhaustion 

(See figure on previous page.)
Fig. 3  Accumulation of ERVK IN puncta in nucleus and plasma membrane of CD3+CD8+ T cells in patients with ALS. A Representative micrographs of 
ERVK integrase (IN) in CD3+CD8+ T cells from controls and patients with ALS. Scale bar is 10 μm. B Representative magnified images depict ERVK integrase 
(IN) expression in CD3+CD8+ T cells obtained from control (1–3) and ALS (4–6) specimens. Arbitrary white arrows (directionality of analysis) were drawn 
for intensity profile analyses. C Intensity profiles (mean gray value of staining) for markers CD3 (red), CD8 (green), ERVK IN (gray) and DAPI (blue) across 
CD3+CD8+ T cells, with distance in pixels along the white arrow depicted in merged images from panel A. In panel C5, grey arrows indicate ERVK IN hot 
spots, with border colour representing co-localization with CD8 (green border), CD3 (red border), and DAPI (blue border)
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markers, suggesting that chronic viral antigenic stimula-
tion may impact immune competence in some patients 
with ALS.

Conclusions
In accordance with our findings, many groups have also 
reported substantive changes in both monocytes and 
cytotoxic T cell profiles in ALS, which have been closely 
linked with disease progression. We detected polysynap-
tic ERVK IN+ puncta in cytotoxic T cells from specific 
ALS cases, which displayed an immunological profile 
characterized by increased CD3 and CD8 and filopodia-
mediated viral transmission. Conversely, blood-borne 
monocytes showed a comparable ERVK load in both con-
trols and ALS patients, despite morphological changes in 
ALS. The expression of ERVK IN was also found to be 
significantly linked to the degree of DNA damage (evalu-
ated by γH2AX) in CD8+ T cells from both controls and 
ALS patients, signifying that the presence of this viral 
enzyme has detrimental effects on the immune sys-
tem via genotoxicity. Together, this suggests that ERVK 
activity occurs in select immune cells in the peripheral 
circulation of a subset of ALS patients exhibiting viral 
proteinopathy, and that these cells may facilitate viral 

transfer throughout the body and/or initiate neuropatho-
logical lesions, given the association with disease sever-
ity markers like ALSFRS-R and King’s score [48]. This 
demonstrates that ERVK can serve as a blood biomarker, 
carrying therapeutic implications for clinically profil-
ing patients with viral activity signatures and identifying 
those who may benefit from antiviral treatments.

In addition to neuron degeneration, neuroinflamma-
tion mediated by infiltrating immune cells contributes 
to disease progression in ALS and dementias. Yet, a 
conundrum is that ALS pathogenesis exhibits simultane-
ous and opposing immune dysfunctions, such as exces-
sive inflammation and features of autoimmunity coupled 
with inefficient immune responses. If viewed from an 
infectious disease stance, the relationship is blurred as 
viruses can drive immunodeficient states that manifest 
as hyperinflammation due to the host’s inability to con-
tain pathogens and cope with tissue damage [49, 50]. 
Thus, exploring ERVK as a pathological driver and bio-
marker of sporadic ALS and FTD may be quintessential 
to understanding why aspects of the disease are repeat-
edly associated with virus infection [51, 52]. This study 
points to CD8+ T cells (and to a lesser extent monocytes) 
as being an important reservoir for ERVK activity in ALS. 

Fig. 4  ERVK IN expression is strongly correlated with the extent of DNA damage in CD8+ T cells from controls and patients with ALS. A Representative 
western blot of ERVK integrase (IN), γH2AX, and CD3e levels in bulk PBMC from controls and patients with ALS. B Expression of DNA damage marker 
γH2AX is significantly elevated in bulk PBMC from patients with ALS compared to controls, as measured by western blot and indicated by Welch’s t-test, 
p < 0.05*. C Confocal image of a CD8+ T cell with elevated ERVK IN and γH2AX expression. Scale bar is 20 μm. D Expression of ERVK IN is strongly correlated 
with DNA damage marker γH2AX in CD8+ T cells from both healthy controls and patients with ALS, as measured by confocal microscopy analysis and 
indicated by Spearman’s correlations, p < 0.0001****. E Individual healthy controls and ALS patients exhibit increased DNA damage in CD8+ T cells with 
increasing ERVK IN load (average signal per cell per patient), as indicated by Pearson’s correlation, p < 0.0001****
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Fig. 5 (See legend on next page.)
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This may be possible in a subset of patients with ALS 
because ERVK is already endogenated into the target cell 
genome, thus bypassing cellular tropism, and these indi-
viduals may carry mutations in ALS-risk genes related 
to the antiviral network (such as TBK1, OPTN, SETX, 
TARDBP, UBQLN2, etc [18]). that normally restricts viral 
replication. ERVK IN-expressing CD8+ T cells exhib-
ited morphological changes associated with productive 
virion production [42, 43], such as aggregation of ERVK 
viral proteins at the immune cell membrane resembling 
virological synapses and viral protein deposits associ-
ated with filopodia membrane extensions. In some ALS 
cases, ERVK activity in monocytes was further linked to 
immune activation (membrane ruffling and heightened 
HLA-DR) and viral egress (association of ERVK proteins 
with tetraspanin CD53). This suggests that ERVK activ-
ity occurs in immune cells in the peripheral circulation of 
select ALS patients and that these cells may facilitate viral 
transfer throughout the body [48]. Conceptually, this is 
not dissimilar to how other human retroviruses spread 
from the periphery into the CNS [53].

Unlike monocytic cells, CD8+ T cells are not typically 
permissive host cells for viral replication, but there are 
reported exceptions in humans [54, 55]. HIV can also 
infect CD8+ T cells, albeit not as a primary reservoir [56, 
57]. Albalawi and colleagues have demonstrated that 
HIV infects a select subset of CD8+ T cells, that when 
activated by pathogens will begin to express low levels 
of CD4 on their cell surface, termed CD4dimCD8bright T 
cells [58]. Due to their hybrid nature, CD4dimCD8bright T 
cells support HIV infection and exhibit strong anti-HIV 
responses [58]. In addition, CD4dimCD8bright T cells medi-
ate HIV neuroinvasion in vivo, as shown in a humanized 
NOD SCID IL-2Rcγ−/− mouse model reconstituted with 

human CD8+T cells, followed by peripheral HIV infec-
tion [58]. This creates a productive viral reservoir in the 
brain and promote anti-HIV immune responses that con-
tribute to neuroinflammation and neuronal injury. There-
fore, it is possible that peripheral ERVK activity in CD8+ 
T cells serves as a vehicle to disperse virus in the brain 
of select patients with ALS, who seem able to support 
robust viral protein production in their CD8+ T cells.

Viruses that cause persistent infections can drive 
continuous immune activation, leading to CD8+ T cell 
exhaustion, a non-responsive state where they lose their 
ability to eliminate the virus. CD8+ T cells that have 
reached T cell exhaustion due to chronic antigen stimula-
tion begin to express the transcription factor TOX [59]. 
The activity of TOX helps maintain the dysfunctional 
state of these CD8+ T cells through epigenetic repro-
gramming, which leads to the upregulation of inhibi-
tory receptors (like PD-1) and dampened T cell function 
[59]. We measured both TOX and PD-1 expression in 
the PBMC compartment in this cohort and observed 
a correlation between ERVK IN load and PD-1 in both 
controls and patients with ALS. In contrast, only con-
trols exhibited a positive association between TOX 
abundance and ERVK IN, as in ALS there was a negative 
correlation between these two markers. An elevation in 
soluble PD-1 in sera and an association between PD-
1+CD4+ T cells and ALSFRS-R severity have previously 
been described in patients with ALS [60]. An altered 
CD8+ T cell immune phenotype has also been previously 
described in ALS4, a form of juvenile-onset motor neu-
ron disease with slow progression [11]. ALS4 is charac-
terized by a mutation in SETX, which encodes Senataxin, 
a nuclear ATP-dependent DNA/RNA helicase with cel-
lular roles in RNA metabolism and antiviral immunity 

(See figure on previous page.)
Fig. 5  ERVK IN colocalizes with DNA damage foci in the nucleus CD8+ T cells from patients with ALS. A Representative micrographs of ERVK integrase (IN) 
and DNA damage marker γH2AX in CD8+ T cells from controls and patients with ALS. Scale bar is 20 μm. B Representative magnified images depict ERVK 
integrase (IN) and γH2AX expression in CD8+ T cells obtained from control (1–3) and ALS (4–6) specimens. Arbitrary white arrows (directionality of analysis) 
were drawn for intensity profile analyses. C Intensity profiles (mean gray value of staining) for markers CD8 (green), ERVK IN (gray), γH2AX (magenta) and 
DAPI (blue) across CD8+ T cells, with distance in pixels along the white arrow depicted in merged images from panel A. In panel C5, grey arrows indicate 
ERVK IN hot spots, with border colour representing co-localization with CD8 (green border) and γH2AX (magenta border)

Fig. 6  Age and sex-specific differences in ERVK integrase expression in CD3+CD8+ T cells. A Microscopy data from Fig. 1 were re-analysed based on 
the age and sex of the PBMC donors. Expression of ERVK integrase (IN) decreases with age (in years) in CD8+ T cells from healthy controls, whereas it 
significantly increases with age in patients with ALS. B Females with ALS tend to express higher levels of ERVK IN in their CD8+ T cells compared with age-
matched controls. Spearman’s correlations and Mann-Whitney non-parametric t-tests, n.s. = non-significant
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[61, 62]. CD45RA+ CD28− CD27− terminally differenti-
ated effector memory (TEMRA) CD8+ T cells in ALS4 
patients exhibited elevated TOX, but an inconsistency in 
PD-1 expression [11]. TCR profiling suggested expansion 
of autoreactive TEMRA CD8+ T cells in ALS4 [11]. This 
autoreactive profile may be consistent with a response to 
a genome-derived virus, like ERVK. However, our results 
indicate a complex cytotoxic T cell exhaustion pattern, 
with only PD-1 levels, but not TOX, associated with 
ERVK activity in ALS. Nonetheless, further analysis of 

immune checkpoint markers and proteomic profiling of 
ERVK+ CD8+ T cells is warranted.

ERVK profiling in bulk PBMC from patients with ALS 
has previously been described by Arru et al. (2021) [63], 
albeit with methodological differences from this work. 
In their study, immune cell subsets were screened for 
expression of the ERVK envelope (Env) protein using 
flow cytometry, where they observed a greater percent-
age of B cells and NK cells expressing the viral protein in 
patients with ALS as compared to healthy controls [63]. 

Fig. 7  ERVK integrase expression in cytotoxic CD3+CD8+ T cells is associated with clinical disease severity in ALS. A The severity of Amyotrophic Lateral 
Sclerosis Functional Rating Scale-Revised (ALSFRS-R score, lower score is more severe disease status) is associated with elevated ERVK integrase (IN) levels 
in CD3+CD8+ T cells, increased number of circulating ERVK IN+ CD3+CD8+ T cells in blood (percentage of cells per micrograph), and nuclear DNA damage 
(γH2AX) within cytotoxic T cells from patients with ALS. B King’s score measures disease progression as related to anatomical spread and exhibits a strong 
association with ERVK load in CD3+CD8+ T cells. C Disease duration is weakly associated with ERVK levels in CD3+CD8+ T cells. Spearman’s correlations and 
Mann-Whitney non-parametric t-tests, *p < 0.05, ***p < 0.001, ****p < 0.0001, n.s. = non-significant
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Conversely, monocytes from patients with ALS exhibited 
reduced ERVK Env levels compared to controls [63]. No 
ERVK Env was detected on CD4+ or CD8+ T cells with 
this technique, although these cells produce cytokines 
and chemokines in response to stimulation with ERVK 
Env peptides [63]. These divergent datasets may be the 
result of differential detection of ERVK viral proteins 
(IN vs. Env), methodological approach, and/or patient 
cohorts. An improvement on both studies would be to 
isolate individual immune cell subsets and characterize 
them independently, with additional cell markers and 
expression patterns confirmed with proteomics profiling.

This study has additional limitations. The findings 
in this pilot study will need to be expanded into larger 

cohorts of patients with ALS and FTD. In addition, alter-
nate modes of screening specimens for ERVK activity 
in CD8+ T cells are warranted, such as flow cytometry 
or mass cytometry [64]. While the idea of virus-driven 
modulation of immune cells and their cargoes has yet to 
be adopted into the mainstream view of ALS blood bio-
markers [65], it has diagnostic and therapeutic implica-
tions derived from the field of infectious disease. The 
production of extracellular vesicles (EVs) from ERVK+ 
immune cells, through either virion or exosome secre-
tion [66], may allow these cells to propagate pathological 
proteins in ALS / FTD, such as viral proteins, TDP-43, 
and Tau, ultimately harming neurons [67–70]. Further 
exploration into this area is needed to comprehend the 

Fig. 8  ERVK integrase expression in CD3+CD8+ T cells is associated with impaired respiratory function in ALS. The load of ERVK integrase (IN) in CD3+CD8+ 
T cells and the frequency of ERVK IN+ cells (percentage of cells per micrograph) in patients with ALS are significantly negatively correlated with lung func-
tion metrics, such as Forced Vital Capacity (FVC, A), Peak Cough Flow (PCF, B), and whether the patient requires non-invasive ventilation tube usage or not 
(C). Spearman’s correlations and Mann-Whitney non-parametric t-tests, *p < 0.05, ****p < 0.0001, n.s. = non-significant
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consequences of ERVK activity in CD8+ T cells and its 
relationship with neurodegeneration.

Our work aligns with a growing recognition of hetero-
geneous molecular underpinnings in ALS and FTD [71]. 
One repeatedly recognized subtype of ALS and FTD is 
characterized by the reactivation of ERVK and other ret-
rotransposons. Given that viral mechanisms that may 
drive neuropathology in these cases (reviewed in [27, 72]), 
there has been keen interest in the possible use of antivi-
rals to treat ALS and FTD [73, 74]. However, there is no 
gold standard for identifying which ALS and FTD patients 
exhibit enhanced viral activity and may benefit from 
alternative therapeutic choices. A limitation of measur-
ing ERVK genome or RNA transcripts with PCR is that it 
does not prove that pathological ERVK proteins are being 
produced [73], only that viral nucleic acids are present 
(which is to be expected even in healthy individuals [75]). 
Thus, ALS clinical trials with antivirals may continue to 
fail without an improved patient-stratification strategy. 
The global Phase 3 placebo-controlled Lighthouse II study 
[27, 76] was stopped after interim analysis when it was 
shown that patients with ALS did not benefit from tak-
ing the antiviral combination therapy Triumeq in terms 
of survival (primary outcome measure), as compared with 
placebo [77]. While 29 centers recruited 400 participants 
for the study, the participants were not screened for pre-
existing ERVK expression before being placed on treat-
ment or placebo. Based on current knowledge of ERVK 
viral protein prevalence in ALS (estimated at > 30% in this 
study and others [28]), this would suggest that 2/3 of par-
ticipants in the trial were not likely to respond to treat-
ment. This demonstrates the need to first identify ERVK+ 
individuals prior to enrolling participants in clinical trials 
for antivirals. Our study provides viral and cellular pro-
tein biomarkers for the identification of ALS patients with 
elevated ERVK in blood, and may be useful in future trial 
designs. Moreover, these biomarkers correlate with clini-
cal severity and may be useful to monitor disease progres-
sion and response to therapeutic interventions.

Fig. 9  ERVK IN expression is correlated with immune checkpoint inhibitor 
PD-1 in PBMC, but not with T cell exhaustion marker TOX or the extent 
of DNA damage. A Representative western blot of PD-1, TOX, and CD3e 
levels in bulk PBMC from controls and patients with ALS. B ERVK integrase 
(IN) is strongly correlated with PD-1 levels in controls and is positively as-
sociated with PD-1 levels in patients with ALS. C Conversely, DNA damage 
marker γH2AX in PBMC is not correlated with PD-1. D ERVK IN is positively 
correlated with TOX levels in controls but is negatively associated with TOX 
in patients with ALS. E TOX was not associated with γH2AX in PBMC from 
controls and patients with ALS. All cell markers were normalized to total 
protein
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In conclusion, our work reinforces the notion of disease 
heterogeneity in ALS and points specifically to a subset 
of ALS patients with ERVK activity in CD8+ T cells. This 
work sets the stage for examining blood-based ERVK 
biomarkers as a novel approach to clinically characterize 
patients with viral activity signatures and identify those 
who may benefit from antiviral therapy.

Abbreviations
AD	� Alzheimer’s disease
ALS	� Amyotrophic Lateral Sclerosis
ALSFRS-R	� ALS Functional Rating Scale-Revised
CNS	� Central nervous system
DSB	� Double-stranded breaks
Env	� Envelope protein
ERVK	� Endogenous retrovirus-K (aka, HERV-K)
EVs	� Extracellular vesicles
FVC	� Forced Vital Capacity
FTD	� Frontotemporal dementia
γH2AX 	� Phosphorylated histone 2AX
HIV	� Human Immunodeficiency Virus
HLA-DR	� Human leukocyte antigen-DR
IN	� Integrase
PBMC	� Peripheral blood mononuclear cells
PCF	� Peak Cough Flow
PD-1	� Programmed cell death protein 1
ROI	� Region of interest
TCR	� T cell receptor
TOX	� Thymocyte selection-associated high mobility group box protein

Supplementary Information
The online version contains supplementary material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​1​8​6​/​s​1​2​9​7​4​-​0​2​6​-​0​3​8​7​1​-​7​​​​​.​​

Supplementary Material 1.

Acknowledgements
The authors would like to thank Twyla Bode for blood specimen collection 
and Terry Enno for her support in PBMC processing. Graphical abstract was 
generated using clipart from BioRender. We apologize to all colleagues whose 
work was not cited due to space limitations or any oversights on our part.

Dedication
This study is dedicated to patients with ALS—we are working on it!

Authors’ contributions
Data curation, methodology, validation, investigation, and formal analysis 
by SS, CCP, SB, DDC, AV, and RND. Conceptualization, supervision, project 
administration, resources, and funding acquisition by KS and RND. 
Visualization and writing original draft preparation by SS and RND, review & 
editing by all authors.

Funding
This study was funded largely by an ALS Association grant (19-IIA-489). SS, SB 
and AV held BioTalent awards.

Data availability
The datasets generated and analyzed in the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All research involving human-derived samples was approved under a 
multi-site protocol by the University of Winnipeg Human Research Ethics 

Board (14921), St. Boniface Hospital (RRC/2021/2050), and the University of 
Saskatchewan Biomedical Research Ethics Board under protocol 1885.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Division of Neurodegenerative and Neurodevelopmental Disorders, St. 
Boniface Hospital Albrechtsen Research Centre, 351 Taché Ave, Winnipeg, 
MB R2H 2A6, Canada
2Department of Pharmacology and Therapeutics, University of Manitoba, 
753 McDermot Ave, Winnipeg, MB R3E 0T6, Canada
3Division of Neurology, University of Saskatchewan, 3-616 10th St E, 
Saskatoon, SK S7H 0G9, Canada

Received: 17 March 2026 / Accepted: 9 May 2026

References
1.	 Zondler L, Muller K, Khalaji S, Bliederhauser C, Ruf WP, Grozdanov V, Thiemann 

M, Fundel-Clemes K, Freischmidt A, Holzmann K, et al. Peripheral monocytes 
are functionally altered and invade the CNS in ALS patients. Acta Neuro-
pathol. 2016;132:391–411.

2.	 Murdock BJ, Zhou T, Kashlan SR, Little RJ, Goutman SA, Feldman EL. Cor-
relation of Peripheral Immunity With Rapid Amyotrophic Lateral Sclerosis 
Progression. JAMA Neurol. 2017;74:1446–54.

3.	 McGill RB, Steyn FJ, Ngo ST, Thorpe KA, Heggie S, Henderson RD, McCombe 
PA, Woodruff TM. Monocyte CD14 and HLA-DR expression increases with 
disease duration and severity in amyotrophic lateral sclerosis. Amyotroph 
Lateral Scler Frontotemporal Degener. 2022;23:430–7.

4.	 McGill RB, Steyn FJ, Ngo ST, Thorpe KA, Heggie S, Ruitenberg MJ, Henderson 
RD, McCombe PA, Woodruff TM. Monocytes and neutrophils are associ-
ated with clinical features in amyotrophic lateral sclerosis. Brain Commun. 
2020;2:fcaa013.

5.	 Yang J, Liu T, Zhang L, Li X, Du FP, Liu Q, Dong H, Liu Y. Eosinophils at 
diagnosis are elevated in amyotrophic lateral sclerosis. Front Neurol. 
2023;14:1289467.

6.	 Zhao W, Beers DR, Hooten KG, Sieglaff DH, Zhang A, Kalyana-Sundaram S, 
Traini CM, Halsey WS, Hughes AM, Sathe GM, et al. Characterization of Gene 
Expression Phenotype in Amyotrophic Lateral Sclerosis Monocytes. JAMA 
Neurol. 2017;74:677–85.

7.	 Rolfes L, Schulte-Mecklenbeck A, Schreiber S, Vielhaber S, Herty M, Marten 
A, Pfeuffer S, Ruck T, Wiendl H, Gross CC, et al. Amyotrophic lateral sclerosis 
patients show increased peripheral and intrathecal T-cell activation. Brain 
Commun. 2021;3:fcab157.

8.	 Itou T, Fujita K, Okuzono Y, Warude D, Miyakawa S, Mihara Y, Matsui N, Morino 
H, Kikukawa Y, Izumi Y. Th17 and effector CD8 T cells relate to disease progres-
sion in amyotrophic lateral sclerosis: a case control study. J Neuroinflamma-
tion. 2024;21:331.

9.	 Kim HJ, Ban JJ, Kang J, Im HR, Ko SH, Sung JJ, Park SH, Park JE, Choi SJ. Single-
cell analysis reveals expanded CD8(+) GZMK (high) T cells in CSF and shared 
peripheral clones in sporadic amyotrophic lateral sclerosis. Brain Commun. 
2024;6:fcae428.

10.	 Hobson R, Levy SHS, Flaherty D, Xiao H, Ciener B, Reddy H, Singal C, Kim CY, 
Teich AF, Shneider NA et al. Clonal CD8 T Cells Accumulate in the Leptomen-
inges and Communicate with Microglia in Human Neurodegeneration. Res 
Sq. 2024:rs.3.rs-3755733. https:/​/doi.or​g/10.21​203/​rs.3.rs-3755733/v1.

11.	 Campisi L, Chizari S, Ho JSY, Gromova A, Arnold FJ, Mosca L, Mei X, Fstkchyan 
Y, Torre D, Beharry C, et al. Clonally expanded CD8 T cells characterize amyo-
trophic lateral sclerosis-4. Nature. 2022;606:945–52.

12.	 Chizari S, Zanovello M, Kong S, Saigal V, Brown AL, Turchetti V, Zampe-
dri L, Skorupinska I, Minicuci GM, Paron F et al. TDP-43 pathology 
induces CD8(+) T cell activation through cryptic epitope recognition. 
bioRxiv.2025.06.22.660773. 2025. https:/​/doi.or​g/10.11​01/2​025.06.22.660773.

13.	 Deecke L, Ohlei O, Goldeck D, Homann J, Toepfer S, Demuth I, Bertram L, 
Pawelec G, Lill CM. Peripheral Immune Profiles in Individuals at Genetic 

https://doi.org/10.1186/s12974-026-03871-7
https://doi.org/10.1186/s12974-026-03871-7
https://doi.org/10.21203/rs.3.rs-3755733/v1
https://doi.org/10.1101/2025.06.22.660773


Page 17 of 18Sharma et al. Journal of Neuroinflammation          (2026) 23:251 

Risk of Amyotrophic Lateral Sclerosis and Alzheimer’s Disease. Cells. 
2025;14(4):250. https:/​/doi.or​g/10.33​90/c​ells14040250.

14.	 Yang W, Liu X, Fan D. Low CD3 level is a risk factor for amyotrophic lateral 
sclerosis: a Mendelian randomization study. Amyotroph Lateral Scler Fronto-
temporal Degener. 2025;26:64–72.

15.	 Fiala M, Chattopadhay M, La Cava A, Tse E, Liu G, Lourenco E, Eskin A, Liu PT, 
Magpantay L, Tse S, et al. IL-17A is increased in the serum and in spinal cord 
CD8 and mast cells of ALS patients. J Neuroinflammation. 2010;7:76.

16.	 Kawamata T, Akiyama H, Yamada T, McGeer PL. Immunologic reactions 
in amyotrophic lateral sclerosis brain and spinal cord tissue. Am J Pathol. 
1992;140:691–707.

17.	 Engelhardt JI, Tajti J, Appel SH. Lymphocytic infiltrates in the spinal cord in 
amyotrophic lateral sclerosis. Arch Neurol. 1993;50:30–6.

18.	 Beland LC, Markovinovic A, Jakovac H, De Marchi F, Bilic E, Mazzini L, Kriz J, 
Munitic I. Immunity in amyotrophic lateral sclerosis: blurred lines between 
excessive inflammation and inefficient immune responses. Brain Commun. 
2020;2:fcaa124.

19.	 McCombe PA, Lee JD, Woodruff TM, Henderson RD. The Peripheral Immune 
System and Amyotrophic Lateral Sclerosis. Front Neurol. 2020;11:279.

20.	 Vahsen BF, Gray E, Thompson AG, Ansorge O, Anthony DC, Cowley SA, Talbot 
K, Turner MR. Non-neuronal cells in amyotrophic lateral sclerosis - from 
pathogenesis to biomarkers. Nat Rev Neurol. 2021;17:333–48.

21.	 De Marchi F, Franjkic T, Schito P, Russo T, Nimac J, Chami AA, Mele A, Vidatic 
L, Kriz J, Julien JP et al. Emerging Trends in the Field of Inflammation and 
Proteinopathy in ALS/FTD Spectrum Disorder. Biomedicines. 2023;11(6):1599. 
https:/​/doi.or​g/10.33​90/b​iomedicines11061599.

22.	 Wang J, Lu X, Zhang W, Liu GH. Endogenous retroviruses in development and 
health. Trends Microbiol. 2024;32:342–54.

23.	 Jarosz AS, Halo JV. Transcription of Endogenous Retroviruses: Broad and 
Precise Mechanisms of Control. Viruses. 2024;16(8):1312. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​
9​0​/​v​1​6​0​8​1​3​1​2​​​​​.​​​

24.	 Manghera M, Ferguson-Parry J, Lin R, Douville RN. NF-kappaB and IRF1 
Induce Endogenous Retrovirus K Expression via Interferon-Stimulated 
Response Elements in Its 5’ Long Terminal Repeat. J Virol. 2016;90:9338–49.

25.	 Brutting C, Narasimhan H, Hoffmann F, Kornhuber ME, Staege MS, Emmer 
A. Investigation of Endogenous Retrovirus Sequences in the Neighborhood 
of Genes Up-regulated in a Neuroblastoma Model after Treatment with 
Hypoxia-Mimetic Cobalt Chloride. Front Microbiol. 2018;9:287.

26.	 Evans EF, Saraph A, Tokuyama M. Transactivation of Human Endogenous 
Retroviruses by Viruses. Viruses. 2024;16(11):1649. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​9​0​/​v​1​6​
1​1​1​6​4​9​​​​​.​​​

27.	 Dubowsky M, Theunissen F, Carr JM, Rogers ML. The Molecular Link Between 
TDP-43, Endogenous Retroviruses and Inflammatory Neurodegeneration in 
Amyotrophic Lateral Sclerosis: a Potential Target for Triumeq, an Antiretroviral 
Therapy. Mol Neurobiol. 2023;60:6330–45.

28.	 Douville R, Liu J, Rothstein J, Nath A. Identification of active loci of a human 
endogenous retrovirus in neurons of patients with amyotrophic lateral 
sclerosis. Ann Neurol. 2011;69:141–51.

29.	 Arru G, Mameli G, Deiana GA, Rassu AL, Piredda R, Sechi E, Caggiu E, Bo M, 
Nako E, Urso D, et al. Humoral immunity response to human endogenous ret-
roviruses K/W differentiates between amyotrophic lateral sclerosis and other 
neurological diseases. Eur J Neurol. 2018;25:1076–e1084.

30.	 Dembny P, Newman AG, Singh M, Hinz M, Szczepek M, Kruger C, Adalbert R, 
Dzaye O, Trimbuch T, Wallach T et al. Human endogenous retrovirus HERV-
K(HML-2) RNA causes neurodegeneration through Toll-like receptors. JCI 
Insight. 2020;5(7):e131093. https:/​/doi.or​g/10.11​72/j​ci.insight.131093.

31.	 Dawson T, Rentia U, Sanford J, Cruchaga C, Kauwe JSK, Crandall KA. Locus 
specific endogenous retroviral expression associated with Alzheimer’s 
disease. Front Aging Neurosci. 2023;15:1186470.

32.	 Bray S, Turnbull M, Hebert S, Douville RN. Insight into the ERVK Integrase - 
Propensity for DNA Damage. Front Microbiol. 2016;7:1941.

33.	 Penndorf D, Witte OW, Kretz A. DNA plasticity and damage in amyotrophic 
lateral sclerosis. Neural Regen Res. 2018;13:173–80.

34.	 Gao FB, Almeida S, Lopez-Gonzalez R. Dysregulated molecular pathways in 
amyotrophic lateral sclerosis-frontotemporal dementia spectrum disorder. 
EMBO J. 2017;36:2931–50.

35.	 Lesbats P, Engelman AN, Cherepanov P. Retroviral DNA Integration. Chem 
Rev. 2016;116:12730–57.

36.	 Daniel R, Ramcharan J, Rogakou E, Taganov KD, Greger JG, Bonner W, Nus-
senzweig A, Katz RA, Skalka AM. Histone H2AX is phosphorylated at sites of 
retroviral DNA integration but is dispensable for postintegration repair. J Biol 
Chem. 2004;279:45810–4.

37.	 Di Primio C, Quercioli V, Allouch A, Gijsbers R, Christ F, Debyser Z, Arosio D, 
Cereseto A. Single-cell imaging of HIV-1 provirus (SCIP). Proc Natl Acad Sci U 
S A. 2013;110:5636–41.

38.	 Wang H, Adhikari S, Butler BE, Pandita TK, Mitra S, Hegde ML. A Perspective 
on Chromosomal Double Strand Break Markers in Mammalian Cells. Jacobs J 
Radiat Oncol. 2014;1(1):003.

39.	 Valdiglesias V, Giunta S, Fenech M, Neri M, Bonassi S. gammaH2AX as a 
marker of DNA double strand breaks and genomic instability in human 
population studies. Mutat Res. 2013;753:24–40.

40.	 Ellwanger JH, Kulmann-Leal B, Ziliotto M, Chies JAB. HIV Infection, Chromo-
some Instability, and Micronucleus Formation. Viruses. 2023;15(1):155. ​h​t​t​​p​s​:​/​​/​
d​o​​i​.​​o​r​g​/​1​0​.​3​3​9​0​/​v​1​5​0​1​0​1​5​5​​​​​​​

41.	 Douville RN, Lissitsyn Y, Hirschfeld AF, Becker AB, Kozyrskyj AL, Liem J, Bastien 
N, Li Y, Victor RE, Sekhon M, et al. TLR4 Asp299Gly and Thr399Ile polymor-
phisms: no impact on human immune responsiveness to LPS or respiratory 
syncytial virus. PLoS ONE. 2010;5:e12087.

42.	 Sandmeyer A, Wang L, Hubner W, Muller M, Chen BK, Huser T. Cost-effective 
high-speed, three-dimensional live-cell imaging of HIV-1 transfer at the T cell 
virological synapse. iScience. 2022;25:105468.

43.	 Calado M, Pires D, Conceicao C, Santos-Costa Q, Anes E, Azevedo-Pereira 
JM. Human immunodeficiency virus transmission-Mechanisms underlying 
the cell-to-cell spread of human immunodeficiency virus. Rev Med Virol. 
2023;33:e2480.

44.	 Deneka M, Pelchen-Matthews A, Byland R, Ruiz-Mateos E, Marsh M. In 
macrophages, HIV-1 assembles into an intracellular plasma membrane 
domain containing the tetraspanins CD81, CD9, and CD53. J Cell Biol. 
2007;177:329–41.

45.	 Okutomi T, Minakawa S, Hirota R, Katagiri K, Morikawa Y. HIV Reactivation in 
Latently Infected Cells With Virological Synapse-Like Cell Contact. Viruses. 
2020;12(4):417. https:/​/doi.or​g/10.33​90/v​12040417.

46.	 Guedan A, Burley M, Caroe ER, Bishop KN. HIV-1 Capsid Rapidly Induces Long-
Lived CPSF6 Puncta in Non-Dividing Cells, but Similar Puncta Already Exist in 
Uninfected T-Cells. Viruses. 2024;16(5):670. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​9​0​/​v​1​6​0​5​0​6​7​
0​​​​​.​​​

47.	 Corcia P, Beltran S, Lautrette G, Bakkouche S, Couratier P. Staging amyo-
trophic lateral sclerosis: A new focus on progression. Rev Neurol (Paris). 
2019;175:277–82.

48.	 Murooka TT, Deruaz M, Marangoni F, Vrbanac VD, Seung E, von Andrian UH, 
Tager AM, Luster AD, Mempel TR. HIV-infected T cells are migratory vehicles 
for viral dissemination. Nature. 2012;490:283–7.

49.	 Fodil N, Langlais D, Gros P. Primary Immunodeficiencies and Inflammatory 
Disease: A Growing Genetic Intersection. Trends Immunol. 2016;37:126–40.

50.	 Appay V, Kelleher AD. Immune activation and immune aging in HIV infection. 
Curr Opin HIV AIDS. 2016;11:242–9.

51.	 Celeste DB, Miller MS. Reviewing the evidence for viruses as environmental 
risk factors for ALS: A new perspective. Cytokine. 2018;108:173–8.

52.	 Jacob S, Kapadia R, Soule T, Luo H, Schellenberg KL, Douville RN, Pfeffer G. 
Neuromuscular Complications of SARS-CoV-2 and Other Viral Infections. 
Front Neurol. 2022;13:914411.

53.	 Wahl A, Al-Harthi L. HIV infection of non-classical cells in the brain. Retrovirol-
ogy. 2023;20:1.

54.	 Liu R, Ma R, Liu Z, Hu H, Shu J, Hu P, Kang J, Zhang Y, Han M, Zhang X, et al. 
HTNV infection of CD8(+) T cells is associated with disease progression in 
HFRS patients. Commun Biol. 2021;4:652.

55.	 Melamed A, Laydon DJ, Al Khatib H, Rowan AG, Taylor GP, Bangham CR. 
HTLV-1 drives vigorous clonal expansion of infected CD8(+) T cells in natural 
infection. Retrovirology. 2015;12:91.

56.	 De Maria A, Pantaleo G, Schnittman SM, Greenhouse JJ, Baseler M, Orenstein 
JM, Fauci AS. Infection of CD8 + T lymphocytes with HIV. Requirement for 
interaction with infected CD4 + cells and induction of infectious virus from 
chronically infected CD8 + cells. J Immunol. 1991;146:2220–6.

57.	 Gulzar N, Balasubramanian S, Harris G, Sanchez-Dardon J, Copeland KF. 
Infection of CD8 + CD45RO+ memory T-cells by HIV-1 and their proliferative 
response. Open AIDS J. 2008;2:43–57.

58.	 Albalawi YA, Narasipura SD, Olivares LJ, Al-Harthi L. CD4(dim) CD8(bright) 
T Cells Home to the Brain and Mediate HIV Neuroinvasion. J Virol. 
2022;96:e0080422.

59.	 Huang YJ, Ngiow SF, Baxter AE, Manne S, Park SL, Wu JE, Khan O, Giles JR, 
Wherry EJ. Continuous expression of TOX safeguards exhausted CD8 T cell 
epigenetic fate. Sci Immunol. 2025;10:eado3032.

https://doi.org/10.3390/cells14040250
https://doi.org/10.3390/biomedicines11061599
https://doi.org/10.3390/v16081312
https://doi.org/10.3390/v16081312
https://doi.org/10.3390/v16111649
https://doi.org/10.3390/v16111649
https://doi.org/10.1172/jci.insight.131093
https://doi.org/10.3390/v15010155
https://doi.org/10.3390/v15010155
https://doi.org/10.3390/v12040417
https://doi.org/10.3390/v16050670
https://doi.org/10.3390/v16050670


Page 18 of 18Sharma et al. Journal of Neuroinflammation          (2026) 23:251 

60.	 Chen S, Xu C, Liu C, Li J, Ke S, Lu Y, Huang Y, Chen J, Lin F, Huang H, Zou Z. 
Immune checkpoint changes correlate with the progression and prognosis 
of amyotrophic lateral sclerosis. Ann Med. 2025;57:2540023.

61.	 Giannini M, Porrua O. Senataxin: A key actor in RNA metabolism, genome 
integrity and neurodegeneration. Biochimie. 2024;217:10–9.

62.	 Miller MS, Rialdi A, Ho JS, Tilove M, Martinez-Gil L, Moshkina NP, Peralta 
Z, Noel J, Melegari C, Maestre AM, et al. Senataxin suppresses the antivi-
ral transcriptional response and controls viral biogenesis. Nat Immunol. 
2015;16:485–94.

63.	 Arru G, Galleri G, Deiana GA, Zarbo IR, Sechi E, Bo M, Cadoni MPL, Corda DG, 
Frau C, Simula ER et al. HERV-K Modulates the Immune Response in ALS 
Patients. Microorganisms. 2021;9(8):1784. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​9​0​/​m​i​c​r​o​o​r​g​a​n​
i​s​m​s​9​0​8​1​7​8​4​​​​​.​​​

64.	 Hartmann FJ, Babdor J, Gherardini PF, Amir ED, Jones K, Sahaf B, Mar-
quez DM, Krutzik P, O’Donnell E, Sigal N, et al. Comprehensive Immune 
Monitoring of Clinical Trials to Advance Human Immunotherapy. Cell Rep. 
2019;28:819–e831814.

65.	 Pansarasa O, Garofalo M, Scarian E, Dragoni F, Garau J, Di Gerlando R, 
Diamanti L, Bordoni M, Gagliardi S. Biomarkers in Human Peripheral Blood 
Mononuclear Cells: The State of the Art in Amyotrophic Lateral Sclerosis. Int J 
Mol Sci. 2022;23(5):2580. https:/​/doi.or​g/10.33​90/i​jms23052580.

66.	 Moulin C, Crupi MJF, Ilkow CS, Bell JC, Boulton S. Extracellular Vesicles and 
Viruses: Two Intertwined Entities. Int J Mol Sci. 2023;24(2):1036. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​3​3​9​0​/​i​j​m​s​2​4​0​2​1​0​3​6​​​​​.​​​

67.	 Chatterjee M, Ozdemir S, Fritz C, Mobius W, Kleineidam L, Mandelkow E, Bier-
nat J, Dogdu C, Peters O, Cosma NC, et al. Plasma extracellular vesicle tau and 
TDP-43 as diagnostic biomarkers in FTD and ALS. Nat Med. 2024;30:1771–83.

68.	 McCluskey G, Morrison KE, Donaghy C, Rene F, Duddy W, Duguez S. Extracel-
lular Vesicles in Amyotrophic Lateral Sclerosis. Life (Basel). 2022;13(1):121. 
https:/​/doi.or​g/10.33​90/l​ife13010121.

69.	 Ciccocioppo F, Bologna G, Ercolino E, Pierdomenico L, Simeone P, Lanuti 
P, Pieragostino D, Del Boccio P, Marchisio M, Miscia S. Neurodegenerative 
diseases as proteinopathies-driven immune disorders. Neural Regen Res. 
2020;15:850–6.

70.	 Coque E, Salsac C, Espinosa-Carrasco G, Varga B, Degauque N, Cadoux M, 
Crabe R, Virenque A, Soulard C, Fierle JK, et al. Cytotoxic CD8(+) T lympho-
cytes expressing ALS-causing SOD1 mutant selectively trigger death of spinal 
motoneurons. Proc Natl Acad Sci U S A. 2019;116:2312–7.

71.	 Tzeplaeff L, Jurs AV, Wohnrade C, Demleitner AF. Unraveling the Heterogene-
ity of ALS-A Call to Redefine Patient Stratification for Better Outcomes in 
Clinical Trials. Cells. 2024;13(5):452. https:/​/doi.or​g/10.33​90/c​ells13050452.

72.	 Frost B, Dubnau J. The Role of Retrotransposons and Endogenous Retrovi-
ruses in Age-Dependent Neurodegenerative Disorders. Annu Rev Neurosci. 
2024;47:123–43.

73.	 Garcia-Montojo M, Fathi S, Norato G, Smith BR, Rowe DB, Kiernan MC, Vucic 
S, Mathers S, van Eijk RPA, Santamaria U, et al. Inhibition of HERV-K (HML-2) in 
amyotrophic lateral sclerosis patients on antiretroviral therapy. J Neurol Sci. 
2021;423:117358.

74.	 Pandya DK, Montojo J, Smith MG, Norato B, Jones G, Nath M. HERV-K/HML-2 
Suppression using antiretroviral therapy in amyotrophic lateral sclerosis. 
Amyotroph Lateral Scler Frontotemporal Degeneration. 2024;25:19.

75.	 Flockerzi A, Ruggieri A, Frank O, Sauter M, Maldener E, Kopper B, Wullich B, 
Seifarth W, Muller-Lantzsch N, Leib-Mosch C, et al. Expression patterns of 
transcribed human endogenous retrovirus HERV-K(HML-2) loci in human 
tissues and the need for a HERV Transcriptome Project. BMC Genomics. 
2008;9:354.

76.	 Gold J, Rowe DB, Kiernan MC, Vucic S, Mathers S, van Eijk RPA, Nath A, Garcia 
Montojo M, Norato G, Santamaria UA, et al. Safety and tolerability of Triumeq 
in amyotrophic lateral sclerosis: the Lighthouse trial. Amyotroph Lateral Scler 
Frontotemporal Degener. 2019;20:595–604.

77.	 TRICALS. 2025. ​h​t​t​​​​p​​s​:​/​/​​w​​w​w​​​.​t​​r​i​c​​​a​​l​s​​.​​o​​r​g​/​n​​e​w​​s​/​l​i​​g​h​t​h​o​u​s​e​-​i​i​-​s​t​u​d​y​-​t​e​r​m​i​n​a​t​e​
d​-​a​f​t​e​r​-​i​n​t​e​r​i​m​-​a​n​a​l​y​s​i​s​​​​​.​​​

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

https://doi.org/10.3390/microorganisms9081784
https://doi.org/10.3390/microorganisms9081784
https://doi.org/10.3390/ijms23052580
https://doi.org/10.3390/ijms24021036
https://doi.org/10.3390/ijms24021036
https://doi.org/10.3390/life13010121
https://doi.org/10.3390/cells13050452
https://www.tricals.org/news/lighthouse-ii-study-terminated-after-interim-analysis
https://www.tricals.org/news/lighthouse-ii-study-terminated-after-interim-analysis

	﻿ERVK activity in CD8﻿+﻿ T cell immune cell compartment in patients with ALS
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Ethics statement
	﻿Diagnosis and demographics of participant samples
	﻿PBMC isolation and specimen preparation
	﻿Immunostaining
	﻿Confocal microscopy and image analysis
	﻿Western blots
	﻿Statistical analysis

	﻿Results
	﻿CD3﻿+﻿CD8﻿+﻿ T cells in ALS exhibit enhanced ERVK IN expression
	﻿CD3﻿+﻿CD8﻿+﻿ T cells in ALS exhibit enhanced number and size of ERVK IN aggregates
	﻿ERVK IN load in CD3﻿+﻿CD8﻿+﻿ T cells is correlated with DNA damage
	﻿Age and sex-specific differences in ERVK burden in CD3﻿+﻿CD8﻿+﻿ T cells
	﻿ERVK IN load in CD3﻿+﻿CD8﻿+﻿ T cells is correlated with ALS severity
	﻿ERVK IN is associated with T cell exhaustion markers in ALS

	﻿Conclusions
	﻿References


