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Targeted knockdown of Kv1.3 channels in  
T lymphocytes corrects the disease manifestations 
associated with systemic lupus erythematosus
Marat Khodoun1,2*, Ameet A. Chimote3*, Farhan Z. Ilyas3, Heather J. Duncan3, 
Halima Moncrieffe4,5, K. Shashi Kant3, Laura Conforti3†

Lupus nephritis (LN) is an autoimmune disease with substantial morbidity/mortality and limited efficacy of avail-
able therapies. Memory T (Tm) lymphocytes infiltrate LN kidneys, contributing to organ damage. Analysis of LN, 
diabetic nephropathy, and healthy donor kidney biopsies revealed high infiltration of active CD8+ Tm cells ex-
pressing high voltage-dependent Kv1.3 potassium channels—key T cell function regulators—in LN. Nanoparticles 
that selectively down-regulate Kv1.3 in Tm cells (Kv1.3-NPs) reduced CD40L and interferon-γ (IFNγ) in Tm cells 
from LN patients in vitro. Kv1.3-NPs were tested in humanized LN mice obtained by engrafting peripheral blood 
mononuclear cells (PBMCs) from LN patients into immune-deficient mice. LN mice exhibited features of the 
disease: increased IFNγ and CD3+CD8+ T cell renal infiltration, and reduced survival versus healthy donor PBMC 
engrafted mice. Kv1.3-NP treatment of patient PBMCs before engraftment decreased CD40L/IFNγ and prolonged 
survival of LN mice. These data show the potential benefits of targeting Kv1.3 in LN.

INTRODUCTION
Systemic lupus erythematosus (SLE) is a devastating autoimmune 
disorder with a wide variety of clinical symptoms predominantly 
affecting cutaneous, musculoskeletal, cardiovascular, and respiratory 
systems. SLE-related complications result in more than 10,000 hos-
pitalizations per year. Lupus nephritis (LN) occurs in up to 60% of 
patients with SLE and results in significant mortality and morbidity; 
10 to 30% of patients with LN develop end-stage renal disease re-
quiring dialysis or a kidney transplant (1). As of today, there are 
limited therapeutic options for SLE. Current available therapies 
comprise nonsteroid anti-inflammatory drugs, corticosteroids, and 
immune suppressants. Most of these therapies have serious side ef-
fects and limited efficacy. While many new therapeutics will soon 
enter phase 3 clinical trials, only one new biologic (Belimumab) has 
been approved by the Food and Drug Administration since 1955 
(2). Therefore, new safe and effective treatments are in need.

SLE is characterized by significant inflammatory immune re-
sponses due to the loss of tolerance to multiple self-antigens, pro-
duction of autoantibodies, and extensive infiltration of pathogenic 
T lymphocytes into the skin, kidney, brain, joints, and other organs 
(3, 4). Targeted correction of specific dysfunctional immune cells 
is an attractive approach for SLE treatment. T lymphocytes, and 
particularly memory T (Tm) cells, are important players in the pa-
thology of SLE as they are more abundant than in healthy individuals 
and display an abnormal behavior (3, 5, 6). Circulating T cells of pa-
tients with SLE show a characteristic combination of hyperactivity 
[with high interferon- (IFN), interleukin-17 (IL-17), chemokine 
receptors such as CXCR3, and CD40 ligand] and anergy (with low 

IL-2 production) (4, 7). These are key proteins that facilitate the 
stimulation of B cells, infiltration into target tissues, and inflamma-
tion. T cells stimulate B cells to produce autoantibodies that result 
in activation of complement and deposition of immunocomplexes 
that lead to organ damage and eventual failure. Activated T and 
B cells produce proinflammatory cytokines. Furthermore, patho-
genic Tm cells infiltrate organs and tissues and directly contribute 
to disease development (4, 8). Specific suppression of Tm cells would 
thus be advantageous in SLE.

Ca2+ signaling plays a critical role in many inflammatory and 
autoimmune diseases. Circulating T cells in SLE demonstrated 
altered Ca2+ signaling with a characteristic enhanced Ca2+ response 
to T cell receptor stimulation and, ultimately, enhanced activation 
of Ca2+- dependent transcription factors, such as the nuclear factor 
of activated T cells (NFAT) and cyclic adenosine monophosphate 
response element modulator, that control the expression of genes 
encoding many of the key proteins responsible for the altered func-
tionality of SLE T cells (3, 5). Ca2+ signaling in T cells is generated 
by the concerted function of ion channels, transporters, and pumps 
(9–11). In particular, voltage-dependent Kv1.3 potassium channels 
are highly expressed in activated effector Tm cells where they con-
trol the Ca2+ influx through Ca2+ release–activated Ca2+ channels 
by maintaining a hyperpolarized membrane potential (9). Effector 
Tm cells constitute the majority of CD4+ T cells infiltrating the kid-
ney in a mouse model of kidney disease (12). It is well established 
that inhibition of Kv1.3 suppresses the Ca2+ response of T lympho-
cytes to antigen stimulation and downstream effector functions 
(9, 13). Thus, Kv1.3 channels are attractive immunosuppressive 
therapeutic targets (14–16). The curative efficacy of K+ channel 
pharmacological blockers including Kv1.3 blockers was demon-
strated in a model of renal disease where they decreased proteinuria 
and reduced the glomerular crescents, compared to placebo (17–19). 
Targeting Kv1.3 in Tm cells is thus attractive in SLE as this inter-
vention will suppress multiple Ca2+-dependent mechanisms impli-
cated in the progression of this complex disease. We have developed 
nanoparticles (NPs) that selectively target Tm cells and knockdown 
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Kv1.3 channels (Kv1.3-NPs) in these cells effectively reducing Ca2+ 
signaling, IFN, and CD40L in vitro in Tm cells from healthy do-
nors (HDs)(20, 21).

In this study, we performed a comparative analysis of kidney bi-
opsies from patients with LN, patients with diabetic nephropathy 
(DN), and healthy controls and demonstrated that the kidneys of 
patients with LN are highly infiltrated with active CD8+ Tm cells 
with increased Kv1.3 expression. Furthermore, we generated hu-
manized mice that resembled the pathology observed in patients 
with LN and demonstrated that selective knockdown of Kv1.3 in 
Tm cells suppressed proinflammatory IFN and CD40L and, ulti-
mately, increased survival.

RESULTS
Kidneys of patients with LN show increased  
CD8+ Tm cell infiltration
Experiments were performed to determine the abundance of differ-
ent immune cells in kidney biopsies from patients with stage IV 
LN. Kidney biopsies from living donors for renal transplant [normal 
kidneys (NKs)] and patients with DN were used as controls. The 
clinical, as well as histopathological, features of the patients with LN 
and DN included in the study are outlined in tables S1 and S2, re-
spectively. We performed immunohistochemical experiments to 
quantify the infiltration of T lymphocytes in the kidneys of patients 
with LN and DN compared to NKs. We observed increased infiltra-
tion of CD8+ (Fig. 1, A and B) and CD4+ T lymphocytes (Fig. 1, 
A and C) in LN and DN. Notably, we observed that the ratio of 
CD8+ to CD4+ T cells was increased in the kidneys of patients with 
LN as compared to the kidneys of patients with DN (Fig. 1D). We 

conducted further immunofluorescence studies to evaluate the 
memory phenotype of the CD8+ kidney infiltrating T cells (KITs) in 
patients with LN. We did not study CD4+ T cells as they are a more 
complex population that composes also of regulatory T (Treg) cells. 
Immunofluorescence staining indicated a threefold higher number 
of memory (CD45RO+) cells in LN kidneys as compared to DN kid-
neys (Fig. 1, E and F). Of these memory cells, 57% were CD8+ Tm 
(CD8+CD45RO+) cells in LN compared to only 39% in DN. The tissue 
density of CD8+CD45RO+ cells was fourfold higher in LN as com-
pared to DN (Fig. 1G). We also used the NanoString platform to 
profile the relative abundance of other immune cell populations at 
the mRNA level in LN, DN, and NK kidney biopsy tissues, which is 
performed by measuring the abundance of marker genes (outlined 
in table S3) that are stably and specifically expressed in an immune 
cell type (22). We did a pairwise comparison between LN versus NK 
and DN versus NK for the relative immune cell type abundance, 
and the data are presented in Fig. 2. We observed that as compared 
to NK, the LN and DN kidneys showed a significant increase in the 
total tissue-infiltrating leukocytes, cytotoxic cells, T helper 1 (TH1) 
cells, Treg cells, and macrophages. Furthermore, there was also an 
increase in CD45 cells and T lymphocytes in both LN and DN, 
albeit with a borderline significance for LN, with DN kidneys ad-
ditionally showing an increase in CD8+ T cells, exhausted CD8+ 
T cells, B cells, dendritic cells, mast cells, and neutrophils. We did 
not observe a significant increase in CD8+ T cells in LN in the 
NanoString experiments. This was possibly due to the small 
number of samples tested and clustering of the patients with LN 
in two groups (high and low CD8). The latter was confirmed in 
the immunohistochemistry (IHC) analysis, as shown in fig. S1, 
where the LN patient samples of the IHC experiments that were 

Fig. 1. LN kidneys show increased infiltration with CD8+ T cells with a predominantly memory phenotype. (A) IHC of CD8 (brown signal) and CD4 (pink signal) ex-
pression in representative kidney biopsies from LN, DN, and NK individuals. Scale bar, 100 m. Magnified tissue from the highlighted area (yellow rectangles) is presented 
in the bottom panels. (B to D) Number of CD8+ T cells (B) and CD4+ T cells (C) in LN, DN, and NK were quantitated as described in Materials and Methods. (D) The ratio of 
CD8+ T cells to CD4+ T cells measured in LN kidneys, DN kidneys, and NKs. (E) Representative confocal images of kidney biopsy sections stained for CD8 (green) and 
CD45RO channels (magenta) in patients with LN and DN. Scale bar, 50 m. (F and G) Number of CD45RO+ cells (F) and CD8+CD45RO+ cells (G) were quantitated as de-
scribed in Materials and Methods. In (B) to (D), data are presented as box and whisker plots. The data are reported as the median (horizontal line), first (top box), and third 
(bottom box) quartiles in biopsy samples from 10 LN kidneys, 10 DN kidneys, and 10 NKs. In (F) and (G), the data are presented as box and whisker plots in biopsy samples 
from four LN kidneys and four DN kidneys where at least five fields were imaged per patient. Data in (B) to (D) were analyzed by one-way analysis of variance (ANOVA) 
(P < 0.001), and post hoc testing was performed by Tukey’s test, while data in (F) and (G) were analyzed by Student’s t test.
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used in the NanoString analysis are marked. However, the overall 
IHC analysis of 10 patients with LN (Fig. 1B and fig. S1) did not 
demonstrate any separation in two distinct groups based on CD8 
infiltration.

CD8+ T cells in LN kidneys show increased cytotoxicity 
and proliferation
Studies have shown that infiltration by hyperactive CD8+ T cells 
plays a pivotal role in the kidney damage in LN (8, 23, 24). The hy-
peractive nature of these CD8+ T cells may due to increased Ca2+ 
signaling, which, in turn, is regulated by Kv1.3 channels (9). While 
Kv1.3 channels display an abnormal behavior in circulating SLE 
T cells, their expression and function in KITs are poorly understood 
(25–27). Kv1.3 regulates granzyme B (GrB) production and prolif-
eration of T cells (28, 29). We performed immunofluorescence 
staining for Kv1.3, GrB, and the proliferation marker Ki-67 on kidney 
biopsy specimens from LN, DN, and NK (Fig. 3A). We observed 
that the surface abundance of Kv1.3 proteins within the CD8+ KITs 

was higher in LN and DN kidneys as compared to NK, albeit lower 
in LN than DN (Fig. 3B). Nevertheless, CD8+ T cells from LN kid-
neys had increased GrB (Fig. 3C) and Ki-67 (Fig. 3D) as compared 
to DN kidney and NK. These results showed that high Kv1.3 
expression in LN KITs occurs with increased cytotoxicity and cell 
proliferation. Therefore, a therapy that blocks Kv1.3 channels in Tm 
cells of patients with LN could reduce the activity of KITs. Probing the 
potential for therapeutic agents, our laboratory has developed Kv1.3-NPs 
(20, 21), lipid nanovesicles enclosing small interfering RNA (siRNA) 
against Kv1.3 and coated with a fluorescent monoclonal antibody against 
the CD45RO marker of Tm lymphocytes (Fig. 4A). We conducted in vitro 
and in vivo experiments to test the efficacy of these NPs in SLE/LN.

In vitro treatment with Kv1.3 NPs decreases CD40L expression 
and IFN production in Tm cells of patients with LN
T cell activation is accompanied by an increase in the cytosolic Ca2+, 
which activates calcineurin thus inducing NFAT nuclear translocation 
and downstream transcription of CD40L and inflammatory cytokines, 

Fig. 2. Immune cell profiling of kidney biopsies from LN, DN, and healthy individuals (NK) with NanoString nCounter Autoimmune Profiling panel. Shown here 
is the pairwise comparison of the abundance of the total tissue-infiltrating leukocytes (TILs) and the individual immune cell types between for (A) LN (n = 4 patients) and 
NK (n = 7 individuals) samples and (B) DN (n = 7 patients) and NK (n = 7 individuals) samples. The abundance of the different immune cell types (at the RNA level) in the 
kidney biopsies was calculated as log2 cell type scores (see Materials and Methods) and is presented as box and whisker plots. The data are reported as the median (hor-
izontal line), first (top box), and third (bottom box) quartiles, and each symbol represents a single LN, DN, and NK individual. Statistical significance for the comparative 
cell type abundance was calculated using two-tailed Student’s t test. The cell scores for a specific cell type can only be compared between two groups (such as NK and 
LN) but do not support claims that a cell type is more abundant than another cell type within the same group.
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both contributing to the pathogenesis of LN (5, 30). We have pre-
viously shown that treatment with Kv1.3-NPs selectively blocks 
the activation-induced increase in intracellular Ca2+, CD40L ex-
pression, and IFN production in Tm cells from HDs (20, 21). Here, 
we conducted experiments to test whether, similar to our findings 
in HDs, Kv1.3-NPs inhibited the expression of CD40L and IFN 
in vitro in Tm cells from patients with LN (Fig. 4) (21). CD3+ T cells 
isolated from patients with LN were incubated overnight with fluo-
rescent Kv1.3-NPs. In all of the flow cytometry analyses, the proteins 
of interest were measured in the cells that bound and incorporated 
the fluorescent NPs, which were indicative of the CD45RO+ Tm 
population (21). We observed that the percentage of CD45RO+ LN 
T cells that expressed CD40L was reduced by 73% in cells treated 
with Kv1.3-NPs as compared to cells treated with control NPs con-
taining scramble sequence RNA (scr-NPs; Fig. 4, B and C). The mean 
fluorescence intensity (MFI) of CD40L in the LN Tm cells trans-
duced with Kv1.3-NPs was reduced by 70% as compared to scr-NP–
treated controls (Fig. 4, D and E). Furthermore, Kv1.3-NPs also 
decreased the percentage of LN IFN-producing T cells by 35% 
(Fig. 4, F and G) and reduced the IFN MFI in these cells by 36% 
(Fig. 4, H and I). We also observed that Kv1.3-NPs brought about a 
30% reduction, albeit nonstatistically significant, in the proliferating 
LN Tm cells (Fig. 4, J and K). Overall, these data show the in vitro 
efficacy of the Kv1.3-NPs in LN Tm cells.

Humanized mouse generated by engraftment of  
LN peripheral blood mononuclear cells exhibits  
LN-like phenotype
Our next step was to test the immunomodulatory effects and efficacy 
of the Kv1.3-NPs in vivo using a murine model for SLE. However, 
mouse T cells have a different ion channel composition than human 

T cells and differ in the way Kv1.3 regulates membrane potential and 
Ca2+ signaling (31). Murine T cells express other Kv channels besides Kv1.3, 
while in human T cells, Kv1.3 is the only Kv channel present (31, 32). 
We thus generated a humanized mouse model of SLE/LN. We engrafted 
peripheral blood mononuclear cells (PBMCs) from patients with LN in 
severely immunodeficient NOD/LtSz-SCID IL-2RG−/− (NSG) mice 
(LN mice) and evaluated the immune phenotype and kidney pathology 
6 weeks after engraftment (Fig. 5A). NSG mice engrafted with HDs 
PBMC mice (HDs mice) and nonengrafted mice (NE mice) were used 
as controls. LN mice displayed an increased abundance of human 
CD8+, CD3+, CD4+, and CD45+ cells in the spleen (Fig. 5B), accom-
panied by a significantly higher CD8/CD4 ratio (Fig. 5C) and in-
creased serum human immunoglobulin G (IgG) antibodies (Fig. 5D) 
as compared to HDs and NE mice. However, in LN mice, we did not 
see any increase in the levels of autoantibodies against double-
stranded DNA (anti-dsDNA) (fig. S2). Six weeks after engraftment, 
we observed increased infiltration of CD3+ and CD8+ T cells in the 
kidneys of LN mice, while the abundance of CD38+ plasma cells and 
IgG in the kidneys of LN mice did not differ significantly from HDs 
mice (Fig. 5E and fig. S3). Furthermore, LN mice also demonstrated 
evidence of kidney damage such as proteinuria (Fig. 5F), and the life 
span of LN mice was significantly shorter than HDs and NE mice 
(Fig. 5G). On profiling the immune cell populations on days 2 and 
7 after engraftment, we observed a significant increase in the abun-
dance of naïve and memory populations of human CD4+ and CD8+ 
T cells in the spleens of LN mice at day 7, but not their bone marrow 
or lungs (Table 1). Furthermore, while we detected CD38+ plasma 
cells in the spleen on day 2, they were significantly reduced by day 7, 
which may explain why we did not detect any plasma cells in the 
kidneys at 6 weeks (fig. S3) while we observed IgG in the serum 
(Fig. 5D). Similar to the PBMCs from patients with LN, the 

Fig. 3. CD8+ T cells in LN kidneys show increased cytotoxicity and proliferation. (A) Representative merged confocal images of kidney biopsy sections stained for CD8 
(green), Kv1.3 (magenta), GrB (cytotoxicity marker; orange,), and Ki-67 (proliferation marker; blue) in LN, DN, and NK individuals. Scale bar, 25 m. (B to D) Fluorescence 
intensities (measured as mean gray values) of Kv1.3 (B), GrB (C), and Ki-67 (D) in CD8+ T cells in kidney biopsies from LN, DN, and NK individuals. In (B) to (D), data are 
presented as box and whisker plots. The data are reported as the median (horizontal line), first (top box), and third (bottom box) quartiles for 675 CD8+ T cells from 10 LN 
kidneys, 520 cells from 10 DN kidneys, and 36 cells from 10 NK kidney biopsies. Data were analyzed by one-way ANOVA [P < 0.001 for (B) to (D)]. Post hoc testing was 
performed by Dunn’s test.
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splenocytes of LN mice demonstrated a robust production of 
IFN before and after stimulation, indicating that their patho-
logical properties were maintained after engraftment (Fig. 6). 
We then performed immunofluorescence experiments to evaluate 
whether the KITs in LN mice exhibit an altered Kv1.3 phenotype 
compared to peripheral T cells. We observed that, compared to 
splenic CD8+ T cells, the CD8+ T cells from the kidneys of the same 
mice from which the spleens were taken showed significantly higher 
Kv1.3 protein abundance (Fig. 7). Overall, these LN mice demon-
strated robust engraftment of donor cells and developed features 
resembling lupus pathology. Furthermore, LN KITs showed a Kv1.3high 
phenotype raising the importance of this channel as a targetable 
moiety to control KIT hyperfunctionality in LN. We then used this 
humanized LN mouse model to study whether targeted treatment 
of donors’ PBMCs by Kv1.3-NPs before engraftment would alter 
the disease development. 

Kv1.3-NPs decrease CD40L and IFN ultimately increasing 
survival in the humanized LN mice
We pretreated PBMCs from patients with LN with either scr-NPs 
or Kv1.3-NPs, engrafted them in NSG mice, and then evaluated the 
expression of CD40L and IFN in splenocytes, peripheral blood 
T cells, and single cells from the bone marrow and lungs after stimu-
lation ex vivo (Fig. 8A). We observed that preincubation of LN 
PBMCs with Kv1.3-NPs did not affect the engraftment. We measured 
the same number of T cells in the spleens and lungs of LN mice 
engrafted with untreated PBMCs and with PBMCs that were pre-
treated with scr-NPs and Kv1.3-NPs (fig. S4). Similar to our obser-
vations from our in vitro studies on LN T cells transduced with scr-NPs 
and Kv1.3-NPs (Fig. 4), we observed that the splenocytes isolated 
from LN mice whose engrafting PBMCs were pretreated with Kv1.3-
NPs showed a reduced abundance of CD40L (Fig. 8B) and IFN 
(Fig. 8C) on day 7 after engraftment, whereas the cell proliferation 

Fig. 4. In vitro treatment with Kv1.3-NPs decreases CD40L expression and IFN production in CD45RO+ T cells from patients with LN. (A) Schematic represen-
tation of the structure of a lipid NP used to deliver siRNA against Kv1.3 (Kv1.3-NPs) or scramble sequence RNA (scr-NP). PE-PEG-biotin, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000]; Ab, antibody. (B) Representative flow cytometry plots gated on SLE CD3+ T cells incubated overnight with 
either scr-NPs or Kv1.3-NPs showing CD40L expression after stimulation with thapsigargin (TG) for 3 hours. CD45RO+ population was identified by gating on the live CD3+ 
T cell population expressing NP fluorescence [Alexa Fluor 488 streptavidin (SAV) was used for functionalization of the NPs]. (C) Quantification of CD40L abundance in 
activated, scr-NP– or Kv1.3-NP–treated CD3+ T cells in five patients with SLE. (D) Representative histogram showing CD40L expression in activated NP+ CD3+ T cells from 
a patient with SLE incubated with either scr-NPs or Kv1.3-NPs. (E) Average geometric MFI (gMFI) of CD40L expression in activated, scr-NP– or Kv1.3-NP–treated CD3+ 
T cells in five patients with SLE. Data were normalized to MFI of scr-NPs. (F) Representative flow cytometry plots gated on activated NP+ CD3+ T cells from a patient with 
SLE incubated with either scr-NPs or Kv1.3-NPs showing IFN production. (G) Quantification of IFN induction in activated, scr-NP– or Kv1.3-NP–treated CD3+ T cells in 
three patients with SLE. (H) Representative histogram showing IFN production in activated NP+ CD3+ T cells from a patient with SLE incubated with either scr-NPs or 
Kv1.3-NPs. (I) gMFI of IFN abundance in activated, scr-NP– or Kv1.3-NP–treated CD3+ T cells in three patients with SLE. (J) Representative flow cytometry plots gated on 
SLE CD3+ T cells incubated overnight with either scr-NPs or Kv1.3-NPs showing Ki-67 expression. (K) Quantification of Ki-67 in activated, scr-NP– or Kv1.3-NP–treated CD3+ 
T cells in three patients with SLE. Bars represent means ± SEM. Data were analyzed by paired Student’s t test.
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was reduced although this effect was not statistically significant 
(Fig. 8D). However, the peripheral blood T cells and single cells iso-
lated from the bone marrow and lungs of LN mice transduced with 
either scr-NPs or Kv1.3-NPs did not show any significant differences 
in CD40L, IFN, or Ki-67 (fig. S5). Furthermore, we observed that 
pretreatment with Kv1.3-NPs before engraftment increased the sur-
vival of LN mice by 66% (Fig. 8E). These results provide mechanistic 
insights into targeting Kv1.3 channels in SLE/LN and its benefits.

DISCUSSION
Several human studies have underscored the contribution of T cells, 
including CD8+ T cells, to the pathogenesis of LN (4, 8, 23, 24, 33–37). 
In this study, we showed that the kidneys of patients with LN are highly 
infiltrated with active CD8+ Tm cells and demonstrated, in a human-
ized LN mouse model, that selective down-regulation of Kv1.3 in 
Tm cells has beneficial effects such as suppression of proinflammatory 
IFN, CD40L, and increased host survival.

Using NanoString RNA profiling analysis, we evaluated the im-
mune cell distribution in the kidneys of patients with LN as com-
pared to DN and healthy kidneys. DN was chosen as disease control 
wherein nonimmune–mediated processes drive the nephropathy, 
while a Tm dysregulation plays a major role in LN kidney defect 
causation (4, 8, 38, 39). We observed a high infiltration of lympho-
cytes, cytotoxic cells, and Tm cells in both LN and DN kidneys as 
compared to HDs. Moreover, IHC analysis revealed that the LN 
kidney displayed a higher CD8+/CD4+ ratio and memory (CD45RO+) 
phenotype than DN. These findings are in accordance with published 
reports of a predominant infiltration of CD8+ T cells over CD4+ 
T cells in LN kidneys, features that correlate with poor treatment 
response and poor patient prognosis (24, 33, 36). Furthermore, a 
CD8+/CD4+ T cell ratio shifted in favor of CD8+ Tm cells was 
reported in the urine of patients with SLE, which led to the specula-
tion that in LN effector memory CD8+ cells migrate from the pe-
ripheral blood to the kidneys and appear in the urinary sediment 
(6, 34). In agreement with this result, we found that more than 50% 

Fig. 5. Humanized mouse generated by engraftment of LN PBMCs exhibits LN-like phenotype. (A) Schematic of humanized mouse model generation by engraft-
ment of a NSG mouse with PBMCs from either a patient with LN or an HDs. (B) Left: Splenic T cell abundance in LN and HDs engrafted, as well as NE, mice measured by flow cy-
tometry 6 to 8 weeks after engraftment. Human-specific antibodies were used to detect the T lymphocyte markers presented in the figure. (C) The ratio of CD8+ T cells to 
CD4+ T cells measured in splenocytes from LN and HDs mice. (D) Serum IgG levels (human) measured 6 weeks after engraftment in LN, HDs, and NE mice. (E) IHC of CD3 and 
CD8 expression (brown signal) in kidney tissues harvested from LN, HDs, and NE mice 6 weeks after engraftment. Representative image is shown here. Scale bar, 100 m. 
(F) Urine protein measured in LN and HDs engrafted, as well as NE, mice. (G) Survival in LN, HDs, and NE mice presented as Kaplan-Meier Survival curve. Significance was 
evaluated by a log-rank test. All experiments were performed 6 to 8 weeks after engraftment. PBMCs from three SLE/LN individuals and two HDs were used for engrafting 
4 to 12 mice per group. Bars represent means ± SEM, and each symbol represents an individual mouse. In (B), the CD4, CD8, CD3, and CD45 abundances were compared 
between the NE, HDs, and LN groups by one-way ANOVA (P < 0.001 for all groups). Data in (C) were analyzed by Student’s t test, while data in (D) and (F) were analyzed by 
one-way ANOVA (P < 0.05) and post hoc testing was performed by Holm-Sidak method.
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of the CD8+ KITs in patients with LN had a memory phenotype. 
Similar findings were reported in a recent single-cell transcriptomic 
analysis of LN and NK biopsies where the authors detected an 
abundance of cytotoxic T cells, lack of exhausted CD8+ T cells, and 
lack of TH1 CD4+ T cells in LN kidneys (40). In addition to the prev-
alence of T cells, histological studies in LN kidneys also report the 
presence of macrophages, B cells, and plasmablasts (40, 41). We ob-
served an increased abundance of macrophages in LN and DN as 
compared to healthy kidneys but in DN, it was accompanied by a 
higher abundance of neutrophils, mast cells, and dendritic cells, which 
is in agreement with an increase in innate inflammatory cells reported 
in DN kidneys (39). Ultimately, LN kidney biopsies did not show 
exhausted CD8+ T cells, suggesting more active KITs in LN. Immuno
histochemical studies confirmed the activated phenotype of CD8+ 
KITs in LN as these cells showed higher GrB production and cell 
proliferation. The presence of CD8+ T cells in the peripheral blood of 
patients with SLE with increased cytotoxic and IFN-producing ca-
pacities has been associated with the clinical presentation of LN (42).

GrB and IFN production are regulated by Kv1.3 channels 
(9, 13, 16, 28, 29). In agreement with our findings on the active state 
of CD8+ KITs in LN, we observed an increase in Kv1.3 channel 
expression in these cells as compared to HDs. However, the Kv1.3 
levels in LN were lower than in DN KITs, albeit the latter showed 
lower functional capabilities than LN. We cannot exclude that 
Kv1.3 function may be higher in LN KITs as posttranslational mod-
ifications affect Kv1.3 activity. Overall, these data show a character-
istic increase in Tm cells, Kv1.3, and Ca2+-dependent functions 
(such as IFN and CD40L) in KITs of patients with LN raising the 
possibility that a targeted down-regulation of Kv1.3 in Tm cells 
could ameliorate these alterations that have been associated with 
the manifestations of the disease (5).

Here, we showed that targeted knockdown of Kv1.3 with Kv1.3-
NPs, whose selectivity and specificity were demonstrated previously 
by us, was effective in reducing IFN and CD40L of circulating Tm 
cells from patients with LN in vitro, thus confirming what already 
reported for HDs (20, 21). Testing the Kv1.3-NPs in vivo was chal-
lenging and required the development of a humanized mouse model 
of LN because the Kv1.3 phenotype of human T cells is different 
from in mice, who express other redundant Kv channels (31, 32, 43). 
To meet this challenge, we generated humanized LN-like mice by 
engrafting PBMCs from patient with LN into NSG mice. Similar 
models were successfully used by other groups (44). The humanized 
LN mice we generated demonstrated lupus-like characteristics such 
as increased CD8/CD4 ratio, proteinuria, and decreased survival. 
Furthermore, as compared to HDs mice, the kidneys of LN mice 
were highly infiltrated with human CD3+CD8+ T cells (34). These 
human CD3+ T cells from LN mice conserved the ability to produce 
high amount of IFN when stimulated ex vivo similar to T cells cir-
culating in the blood of patients with LN (8). The CD8+ KITs in 
these mice showed higher Kv1.3 expression than splenocytes. In-
creased expression of Kv1.3 may be explained by the kidney-specific 
microenvironment as suggested by Chen et al. (45) that attributed 
increased KIT functionality in LN prone mice to reprogramming 
by hypoxia-inducible factor 1. However, a role for hypoxia in the 
increased Kv1.3 that we observed in KITs is unlikely as we have 
previously shown that hypoxia reduces Kv1.3 surface expression in 
T lymphocytes (46). Still, the increased Kv1.3 in KITs of LN mice 
makes this channel a relevant target for the development of new 
immunosuppressive therapies. However, a limitation of this model 
is that the splenocyte population of CD38+ plasma cells was reduced 
by day 7 after engraftment and, accordingly, we did not observe 
plasma cells infiltrating the kidneys. We observed systemic human 

Table 1. Immune cell population in LN mice on days 2 and 7 after engraftment. PBMCs from two patients with LN were engrafted in four NSG mice, and 
immune cell populations were profiled on days 2 and 7 by flow cytometry and are presented as percentages of total live cells. Naïve T cells were defined as 
CD3+CD45RO−CD38−FSCintermediate; Tm cells were defined as CD3+CD45RO+CD38−FScintermediate; plasma cells were defined as CD3−CD38+. Data were analyzed by 
Student’s t test. 

% of total live cells

Day 2 Day 7 P N

Spleen CD4+ Tnaive 0.17 ± 0.002 2.18 ± 0.001 <0.001 4

CD4+ Tm 0.04 ± 0.0001 1.24 ± 0.001 <0.001 4

CD8+ Tnaive 0.21 ± 0.001 1.84 ± 0.0001 <0.001 4

CD8+ Tm 0.01 ± 0.0002 0.8 ± 0.011 <0.001 4

CD38+ plasma 0.87 ± 0.0007 0.27 ± 0.001 <0.001 4

Bone marrow CD4+ T 0.23 ± 0.001 0.17 ± 0.003 <0.001 4

CD4+ Tm 0.1 ± 0.001 0.04 ± 0.0001 <0.001 4

CD8+ T 0.23 ± 0.001 0.14 ± 0.002 <0.001 4

CD8+ Tm 0.03 ± 0.0002 0.001 ± 0.0001 <0.001 4

CD38+ plasma 0.06 ± 0.0001 0.07 ± 0.003 0.016 4

Lung CD4+ T 1.16 ± 0.007 1.4 ± 0.002 <0.001 4

CD4+ Tm 0.25 ± 0.008 0.24 ± 0.0009 <0.001 4

CD8+ T 0.35 ± 0.0012 0.32 ± 0.001 <0.001 4

CD8+ Tm 0.11 ± 0.001 0.11 ± 0.002 1.000 4

CD38+ plasma 0.12 ± 0.0009 0.22 ± 0.002 <0.001 4



Khodoun et al., Sci. Adv. 2020; 6 : eabd1471     18 November 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 14

IgG, but at levels significantly lower than those reported in patients 
with LN, and no detectable circulating anti-dsDNA antibodies. The 
lack of anti-dsDNA antibodies may be explained by the possibility 
that we may have only a few (or none) auto-antibody–producing 
plasma cells in the PBMC samples used for engraftment. We could 
not detect B cells in the LN kidney at late time points (6 weeks) after 
engraftment. However, we detected plasma cells in the spleen at 
early time points (2 to 7 days after engraftment), albeit declining 
over time and circulating human IgG at week 6 after engraftment. 
These factors, together with the absence of complement in the NSG 
mice, diminish the contribution of immunocomplexes and comple-
ment deposition to kidney damage in this mouse model (47). How-
ever, at the same time, it provides us with a unique opportunity to 
segregate and confirm the contribution of T cells to kidney damage 
similar to previously postulated (4, 8). Furthermore, we acknowl-
edge the potential contribution of graft versus host (GvH) disease to 
the pathology of our LN mouse model due to engraftment of hu-

man PBMCs into the NSG mice. However, in this study, we engrafted 
NSG mice with equal numbers of cells from patients with either HDs 
or LN under the same experimental conditions, yet the LN mice 
demonstrated enhanced pathogenic effects. In addition, we did not 
observe significant weight loss in LN mice (until the end stage of the 
disease) or diarrhea that is a common sign of GvH. Hence, because 
of the controlled nature of the experiments, this mouse model was 
an adequate preclinical model for Kv1.3-NP testing.

Using this mouse model, we found that, similar to our observa-
tion in vitro in circulating Tm cells derived from patients with LN, 
Kv1.3-NPs induced a time-dependent decrease in CD40L and IFN 
expression and proliferative capacity of spleen cells. CD40L has been a 
therapeutic target in SLE for quite some time as it regulates T cell/ 
B cell/dendritic cell interactions (37, 48). However, clinical trials with 
antibodies against CD40L have been halted because of thromboembolic 
complications (CD40L is present in platelets) (49, 50). Recently, a 
phase 2 trial in patients with SLE with an investigational anti-CD40L 

Fig. 6. The ability of LN T cells to produce increased IFN is conserved in splenocytes of LN engrafted mice. (A) Experimental protocol to measure IFN levels in peripheral 
blood T cells from patients with LN. (B to D) IFN levels in unstimulated (B), Phytohemagglutinin (PHA)–stimulated (C), and anti-CD3/CD28–stimulated (D) peripheral 
blood CD3+ T cells from four patients with LN (SLE). (E) Experimental protocol for ex vivo measurement of IFN levels in LN mice. Single cells from the bone marrow, 
lungs, and spleens of the LN mice were stimulated ex vivo, and IFN levels were measured. (F to H) IFN levels in unstimulated (F), PHA-stimulated (G), and anti-CD3/
CD28–stimulated (H) single cells from the bone marrows, lungs, and spleens from four LN mice on day 7 after engraftment. The in vitro and ex vivo cell activations were 
performed for 48 hours. Bars represent means ± SEM, and each symbol represents an individual patient/mouse. Data in (B) to (D) were analyzed by Student’s t test, while 
data in (F) to (H) were analyzed by one-way ANOVA [P < 0.001 for (F), P < 0.001 for (G), and P < 0.001 for (H)] and post hoc testing was performed by Holm-Sidak method.
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antibody, dapirolizumab pegol, showed promising initial results as well 
but was halted as it failed to meet its primary end point of a signifi-
cant reduction in disease activity (51). Here, we succeeded in inhibiting 
CD40L expression and, concomitantly IFN, in Tm cells by Kv1.3 
knockdown, thus achieving multiple beneficial effects through a single 
target and, ultimately, prolonging survival of LN mice. Dalazatide, 
an inhibitor of the Kv1.3 channel, has been reported to reduce IFN, 
IL-17, and tumor necrosis factor– in CD4+ and CD8+ T cells from 
patients with SLE (52). Kv1.3-NPs provide the advantage over phar-
macological blockers of cell-specific delivery, which limits off-target 
effects, and, possibly, a better safety profile due to their natural lipid–
based composition (53). NPs with similar lipid composition have been 
previously used safely in vivo (54, 55). However, only in vivo treat-
ment of mice with established pathology will ultimately show if these 
Kv1.3-NPs are of therapeutic value in SLE/LN. These are long-term 
studies that require carefully controlled toxicological as well as dose-
response and kinetics experiments. Overall, the findings presented 
herein provide mechanistic insights regarding the benefits of targeted 
down-regulation of Kv1.3 in Tm cells in SLE.

MATERIALS AND METHODS
Experimental design
This study was designed to investigate the immune cell infiltration 
in LN kidneys, develop a humanized mouse model for LN, and use 

it to study the effects of Kv1.3-NPs in vivo. The NanoString and 
immunofluorescence experiments allowed us to assess the func-
tional status of the LN CD8+ T cells, especially in the context of 
Kv1.3 channel function. We developed a humanized mouse model 
of LN by engrafting PBMCs from a patient with LN into a NSG 
mouse (LN mice), which was validated by staining the kidneys to 
study immune cell infiltration, IFN production, and measuring 
proteinuria. We then studied the effects of targeted suppression 
of Kv1.3  in Tm cells in the LN mice by engrafting them with 
PBMCs pretreated with Kv1.3-NPs (scr-NPs were used as control). 
We then assessed the T cell activity in vivo by measuring CD40L 
abundance, IFN production, and cell proliferation (all Kv1.3-
dependent processes) in the human T cells isolated from these mice 
and the survival of the LN mice. These results provided us with an 
understanding of the functional consequences of targeting Kv1.3 
channels in Tm cells in LN. The mice were randomly assigned be-
tween the control and experimental groups. The criteria for patient 
inclusion are described in detail below. The sample size for the 
experiments was selected on the basis of pilot experiments and 
was sufficient to detect statistical significance between the treat-
ments; samples were not excluded, and investigators were not 
blinded during experiments. Statistical methods are summarized in 
the “Statistical analysis” section, and the P values and statistical 
methods used for each experiment are provided in the individual 
figures and legends.

Fig. 7. CD8+ T cells in the kidneys of LN mice show increased Kv1.3 expression. (A) Representative confocal images of kidney and spleen tissues harvested 6 weeks 
after engraftment from LN mice that were stained for CD8 (yellow), Kv1.3 (magenta), and nuclei [4′,6-diamidino-2-phenylindole (DAPI); cyan]. Scale bar, 50 m. (B) Left: 
Merged images of CD8 and Kv1.3 channels in the kidney and spleen from LN mice showing Kv1.3 staining in the CD8+ T cells. Right: Fluorescence intensities (measured 
as mean gray values) of Kv1.3 in CD8+ T cells in the kidneys and spleens from LN mice. Data are presented as box and whisker plots. The data are reported as the median 
(horizontal line), first (top box), and third (bottom box) quartiles for 134 CD8+ T cells from two LN mice kidneys and 400 CD8+ T cells from two LN mice spleens. Significance 
was determined by Mann-Whitney rank sum test.
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Human samples
Five-micrometer-thick tissue scrolls and tissue sections prepared from 
formalin-fixed paraffin-embedded (FFPE) kidney biopsy specimens 
from 10 patients with LN in the age range of 20 to 68 years, 15 pa-
tients with DN in the age range of 32 to 63 years, and 10 living kidney 
donors (NKs) in the age range of 29 to 62 years were provided by 
the University of Cincinnati Biorepository (P = 0.17 between the 
age range of patients with LN and DN). The patients with LN had a 
confirmed diagnosis of stage IV LN based on the International Society 
of Nephrology/Renal Pathology Society lesion definition (56). These 
patients were de-identified by the biorepository, and the complete 
clinical information of these patients, along with a comprehensive 
histopathology report, were provided (see tables S1 and S2). For the 
in vitro and humanized mouse studies, peripheral blood was ob-
tained from patients with de-identified SLE from the University of 
Cincinnati Medical Center under standard-of-care conditions in the 
age range of 22 to 64 years. The inclusion criteria for patients were 
a positive diagnosis for LN and fulfillment of the American College 
of Rheumatology classification criteria for SLE. Our study included 

13 patients with SLE: 2 males and 11 females, 9 African-American 
and 4 Caucasian; 77% of whom were on dialysis. Peripheral blood 
was also drawn from seven age-matched (±5 years) healthy volunteers 
(HDs). Informed consent was obtained from all patients with SLE 
and HDs. Discarded blood units from Hoxworth Blood Center 
(University of Cincinnati) were also used as healthy controls for our 
study. The age and demographic information for these blood units 
are not available. The study protocols and the informed consent forms 
for all the studies were approved by the University of Cincinnati 
Institutional Review Board (IRB nos. 2017-3186 and 2013-1950).

Cell isolation and in vitro activation
PBMCs were isolated from whole blood by Ficoll-Paque density gradient 
centrifugation (GE Healthcare Biosciences) as described previously (21). 
CD3+ T cells were isolated from PBMCs by negative selection using the 
EasySep Human T Cell Enrichment Kit (STEMCELL Technologies Inc.). 
Cells were maintained in RPMI 1640 medium supplemented with 10% 
human serum, penicillin (200 U/ml), streptomycin (200 g/ml), 
1 mM l-glutamine, and 10 mM Hepes (Thermo Fisher Scientific).

Fig. 8. Pretreatment of PBMCs from patients with LN with Kv1.3-NPs before engraftment decreases CD40L and IFN production and increases survival in the 
humanized LN mice. (A) PBMCs from patients with LN were preincubated overnight with either scr-NPs or Kv1.3-NPs and engrafted in NSG mice. Ex vivo flow cytometry 
experiments were performed on these mice, and survival was recorded in a separate set of experiments. (B to D) Fluorescence intensities of CD40L (B), IFN (C), and Ki-67 
(D) in splenocytes of LN mice pretreated with either scr-NPs or Kv1.3-NPs before engraftment, as shown in (A). Cells were stimulated with TG for 3 hours. Shown here are 
fluorescence intensities measured on days 2 and 7 after engraftment. Four to six mice were engrafted per group with PBMCs from two to three patients with LN. Each 
symbol represents an individual mouse. Horizontal red lines represent the means for each group. Significance was calculated by Student’s t test. (E) Survival in LN mice: 
PBMCs from patients with LN were treated with either scr-NPs or Kv1.3-NPs before engraftment. Kaplan-Meier survival curve is shown. Data are from 10 to 11 mice per 
group engrafted with PBMCs from two patients with LN. Significance was calculated by a log rank test.
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T cell activation
T cells were activated using 2 M thapsigargin (TG; MilliporeSigma) 
or with plate-bound mouse anti-human CD3 (10 g/ml) and mouse 
anti-human CD28 (10 g/ml) antibodies (BioLegend) as previously 
described (21). In experiments where IFN was measured using 
enzyme-linked immunosorbent assay (ELISA), some cells were ac-
tivated with phytohemagglutinin (10 g/ml). The activation protocol 
and activation times for each experiment are described in the individual 
figure legends.

Humanized LN mouse model generation and validation
Immunodeficient NOD/LtSz-SCID IL-2RG−/− (NSG) background 
mice were obtained from the Comprehensive Mouse and Cancer 
Core (Division of Experimental Hematology and Cancer Biology) 
at Cincinnati Children’s Hospital Medical Center. To generate 
humanized LN mice, NSG mice were intravenously engrafted with 
8 × 106 PBMCs derived from patients with SLE/LN (LN mice) or 
healthy individuals (HDs mice), while nonengrafted mice were used 
as controls (NE mice) (57, 58). Eight- to 12-week-old mice of both 
sexes were used. All animals were matched by age and sex between 
the experimental groups. Animal work was approved by the Cincinnati 
Children’s Hospital Research Foundation’s Institutional Animal 
Care and Use Committee. The peripheral blood was drawn from 
the engrafted mice, and T cells were enriched using a Ficoll density 
gradient. Serum IgG was measured using the IgG (total) Human 
ELISA Kit (Thermo Fisher Scientific) as per the manufacturer’s in-
structions. Proteinuria was assessed visually using Multistix 10 SG 
Urine Test Strips (Siemens Medical Solutions) as per the manufacturer’s 
instructions. Antibodies against ds-DNA in the sera of LN, HDs, and 
NE mice and in the sera of patients with LN and HDs were measured 
by ELISA (EUROIMMUN AG) as per the manufacturer’s instructions. 
Mice were euthanized at times mentioned in the figure legends, and 
splenocytes, as well as single-cell suspension from the lungs and bone 
marrow, were isolated using standard isolation protocols, maintained 
in T cell medium, activated, and used for downstream experiments. 
Kidneys and spleens were harvested, fixed in 10% neutral-buffered 
formalin, and paraffinized, and IHC, and/or immunofluorescence 
staining, was performed.

Immune cell profiling with NanoString nCounter
NanoString nCounter (NanoString Technologies) was used to ana-
lyze the abundance of immune cells in the LN, DN, and NK kidney 
biopsy RNA samples. Total RNA was isolated using the Roche High 
Pure FFPET RNA isolation kit (Roche Diagnostics) from 5-m-thick 
tissue scrolls obtained from FFPE kidney biopsy specimens from LN, 
DN, and NK individuals. RNA was quantified using a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific); RNA quality was ana-
lyzed using an Agilent 2100 Bioanalyzer (Agilent); RNA was con-
centrated using the RNA Clean and Concentrator kit (Zymo Corp.). 
The RNA samples for NanoString analysis were chosen as per the 
following qualitative criteria: 260:280 ratio > 1.8, 260:230 ratio > 2.0, 
and DV-200 (percentage of nucleotide fragments, >200 bp) > 30%. 
We were able to obtain RNA of appropriate quality from 4 archived 
paraffin-embedded LN kidney biopsies of 10 processed, from 7 DN 
samples of 15 processed, and from 7 NK samples of 10 processed. 
One hundred to 200 ng of RNA from four LN, seven DN, and seven 
NK individuals was analyzed using the nCounter Human Autoimmune 
Profiling Panel (NanoString), which included 750 autoimmune disease–
related genes including genes that provided unique cell profiling data 

to measure the relative abundance of 14 immune cell types and 20 
internal housekeeping genes. The hybridization assay was performed 
at NanoString on the nCounter MAX system, and raw gene expression 
data were supplied for further analysis. NanoString data analysis was 
performed by Canopy Biosciences (St. Louis, MO). For cell type 
profiling in LN, DN, and NK kidney biopsy samples, the nCounter 
Advanced Analysis 2.0 software (NanoString) was used. Briefly, 
raw counts were normalized using the geometric mean of internal 
housekeeping gene probes. Relative cell type abundance was determined 
with the method described by Danaher et al. (22). The method quanti-
fies cell populations using marker genes that act as reference 
genes (see table S3), which are expressed stably and specifically in 
given cell types. The abundance estimates of the immune cell type 
scores were calculated in log2 scale expression of their characteristic 
genes.

Immunohistochemistry
Five-micrometer-thick kidney biopsy FFPE sections from LN, DN, 
and NK individuals and FFPE sections from the kidneys dissected 
from LN-, HDs-, and NE-humanized mice were stained using stan-
dard IHC staining protocols. Briefly, the slides were deparaffinized 
and stained with the following antibodies (all from Roche): mono-
clonal rabbit anti-human CD8 (clone SP57) and monoclonal rabbit–
anti-human CD4 (clone SP35), monoclonal rabbit–anti-human CD3 
(clone 2GV6), monoclonal rabbit–anti-human CD38 (clone SP149), 
and polyclonal rabbit–anti-human IgG in a Ventana BenchMark 
ULTRA automated IHC slide staining system (Roche). The ultraView 
Universal DAB Detection Kit (Roche) containing a horseradish 
peroxide multimer and 3,3′-diaminobenzidine tetrahydrochloride 
(DAB) chromogen was used for indirect detection of the primary anti-
body. For dual CD4 and CD8 antibody staining, indirect staining of the 
primary antibody was carried out with an ultraView Universal Alkaline 
Phosphatase Red detection kit (Roche) where alkaline phosphatase 
chromogen is used along with DAB. The slides were counterstained 
with hematoxylin, and images were obtained at ×20 magnification on a 
Leica DMi8 inverted microscope with Leica Application Suite X software 
(Leica Microsystems Inc.). At least 5 to 10 fields per slide were imaged. 
CD4 and CD8 cells in the kidneys were quantitated using Image J.

Immunofluorescence
For immunofluorescence experiments, 5-m-thick FFPE sections 
prepared from the LN, DN, and NK kidney biopsy samples, as well 
as 5-m-thick FFPE sections prepared from kidneys and spleens of 
LN mice, were deparaffinized, and antigen retrieval was performed 
on the deparaffinized samples in a vegetable steamer using 10 mM 
sodium citrate buffer. The samples were blocked with a solution of 
tris-buffered saline containing 1% bovine serum albumin and 10% 
(fetal bovine serum) and stained with following primary antibodies: 
For determining CD45RO abundance, the human kidney sections 
were stained with an Alexa Fluor 647–conjugated rabbit anti-human 
CD8 alpha antibody (clone EP1150, Abcam) and Alexa Fluor 594–
conjugated mouse anti-human CD45RO antibody (clone UCHL1, 
BioLegend). For CD8 functionality, sections were stained with 
mouse monoclonal anti-human CD8 antibody (clone 4B1, Novus 
Biologicals), rabbit monoclonal anti-human Ki-67 (clone EPR3612, 
Abcam), and guinea pig polyclonal anti-human Kv1.3 (Alomone Labs). 
The specificity of the polyclonal Kv1.3 antibody was shown by us 
earlier (16). The sections were washed and incubated with the following 
secondary antibodies: Alexa Fluor 488 anti-mouse, Alexa Fluor 647 
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anti-rabbit, and Alexa Fluor 555 anti–guinea pig (Thermo Fisher 
Scientific). Slides were then washed and directly labeled with Alexa 
Fluor 405 mouse anti-human GrB (clone B18.1, Novus Biologicals). 
The LN mouse kidney and spleen sections were stained with mouse 
monoclonal anti-human CD8 and guinea pig polyclonal anti-human 
Kv1.3 primary antibodies and Alexa Fluor 488 anti-mouse, Alexa 
Fluor 647 anti-rabbit, and Alexa Fluor 555 anti–guinea pig secondary 
antibodies, while nuclei were stained with 4′,6-diamidino-2-
phenylindole (1 g/ml; Thermo Fisher Scientific) and mounted with 
coverslips using Fluoromount-G (eBiosciences, Thermo Fisher 
Scientific). Confocal microscopy was performed on a Zeiss 710 laser 
scanning confocal microscope (Zeiss GmBH) using a 40× water im-
mersion lens at room temperature; the pinhole was set at 1 airy unit. 
Data were obtained using the “Multi-Track” option of the micro-
scope to exclude the cross-talk between the channels, and >5 fields 
per slide were imaged. To determine the memory cell phenotype, 
CD45RO+ cells and CD45RO+CD8+ cells were quantitated in each 
field imaged using ImageJ. To measure Kv1.3 expression, cell pro-
liferation, and cytotoxicity, the confocal images were analyzed using 
ImageJ as described previously (16). Briefly, in each field, a region 
of interest (ROI) was drawn around the CD8+ T cells. The image 
threshold and background were adjusted and MFIs (measured as 
mean gray values in ImageJ) for the Kv1.3, Ki-67, and GrB channels 
were measured within the ROI.

Nanoparticles
NPs were synthesized and functionalized as previously described by 
us (20, 21). Briefly, we obtained lipid vesicles consisting of a chloroform 
solution of l--phosphatidylcholine, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000], and 
cholesterol (Avanti Polar Lipids Inc.) by mixing them in a 3:1:1 molar 
ratio, drying them under N2 gas, rehydrating the vesicles with (pH 7.4) 
phosphate-buffered saline, followed by sonication and extrusion 
(LIPEX Thermobarrel Extruder, Northern Lipids Inc.) to yield 100-nm 
unilamellar vesicles (NPs). We confirmed the size of these vesicles 
with Zetasizer Nano ZS (Malvern Instruments Inc.). The NPs were 
then functionalized to selectively recognize CD45RO+ Tm cells by 
decorating them with biotinylated anti-human CD45RO primary 
antibody (10 g/ml; clone UCHL1, BioLegend) and Alexa Fluor 
488–conjugated streptavidin (BioLegend). The NPs were purified 
on CL-4B columns (GE Healthcare Bio-Sciences AB), lyophilized 
for 48 hours (Labconco), and stored at −80°C. Fifty micrograms of 
the lyophilized NPs were reconstituted in 200 to 400 pM of either 
Kv1.3 siRNA (Santa Cruz Biotechnology; Kv1.3-NPs) or nontargeting 
scrambled sequence siRNA (Santa Cruz Biotechnology; scr-NPs) 
along with protamine sulfate (MilliporeSigma) at 1:5 M ratio in 100 l 
of nuclease-free water. For the in vitro experiments, 3 × 105 freshly 
isolated T cells were mixed with 50 l of Kv1.3-NPs or scr-NPs and 
incubated overnight in T cell medium. For the in vivo experiments, 
6 × 106 to 8 × 106 PBMCs from patients with LN were mixed with 
Kv1.3-NPs or scr-NPs as described above and were engrafted intra-
venously in an NSG mouse. Peripheral blood T cells, splenocytes, 
and single cells from the bone marrow and lungs of these mice were 
isolated and counted.

Flow cytometry
Surface staining for flow cytometry was performed per standard 
flow cytometry protocols. Briefly, cells (~1 × 106 cells per condition) 
from patients or humanized mice were either nonstimulated or ac-

tivated with TG in the presence of brefeldin A and stained with the 
following antibodies: Pacific Blue–conjugated anti-CD3, PE-Cy7–
conjugated anti-CD45RA, and Alexa Fluor 647–conjugated anti 
CD40L. For intracellular staining, the cells were permeabilized using 
BD Cytofix/Cytoperm kit (BD Biosciences) and stained with Brilliant 
violet 605–conjugated mouse anti-human anti-IFN and Brilliant 
violet 711–conjugated mouse anti-human Ki-67 antibodies (all from 
BioLegend). Data were collected on an LSR II flow cytometer (BD 
Biosciences) and analyzed with FlowJo software (FlowJo LLC). For 
some experiments, cells were gated on the NP+ population (presence 
of Alexa Fluor 488 fluorescence for both Kv1.3-NP– and scr-NP–
treated cell population was indicative of successful NP incorporation 
(21) and used for downstream analysis.

IFN measurements
IFN levels were measured using a commercially available ELISA 
kit (Thermo Fisher Scientific), according to the manufacturer’s in-
structions, in stimulated and unstimulated PBMCs isolated from 
patients with LN, as well in splenocytes and single cells from the 
bone marrow and lungs from LN mice.

Statistical analysis
Statistical analyses were performed using either Student’s t test 
(paired or unpaired), Mann-Whitney rank sum test (in experiments 
where samples failed normality), and analysis of variance (ANOVA) 
as indicated. Post hoc testing on ANOVA was performed by multiple 
pairwise comparison procedures using either Holm-Sidak, Tukey, 
or Dunn’s methods. Statistical analysis was performed using Sigma-
Plot 13.0 (Systat Software Inc.). P ≤ 0.05 was defined as statistically 
significant. The appropriate statistical tests along with their signifi-
cance values are described in the individual figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/47/eabd1471/DC1

View/request a protocol for this paper from Bio-protocol.
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