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Abstract

MicroRNAs (miRNAs) are small, non-coding RNAs that regulate gene expression primarily at the 

post-transcriptional level. Emerging evidence supports a regulatory role for miRNAs in the 

immune response and autoimmunity. In this work, we investigated the implication of miR-21 in 

the experimentally inducible bm12 → B6 cGVHD model of systemic lupus erythematosus (SLE). 

cGVHD host mice deficient in miR-21 show a 2-fold reduction in splenomegaly, significantly 

reduced autoantibody titers and down-regulated components of the CD40:CD40L and 

CD28:CD80/86 co-stimulation pathways. Furthermore, we demonstrate that miR-21-deficient 

hosts have reduced CD4+ IL-17+ cell populations and an expanded CD4+ CD25+ FoxP3+ cell 

compartment. We propose that miR-21 has a pluripotent role, serving to link distinct lymphocyte 

signaling pathways and acting as a “rheostat” for signals that promote B and T cell activation in 

lupus. Collectively, our experiments demonstrate that miR-21 deficiency in cGVHD host mice is 

sufficient to protect from lupus-like autoimmunity.

1. Introduction

MicroRNAs (miRNAs) are small, non-coding RNAs that regulate gene expression primarily 

at a post-transcriptional level [1]. Emerging evidence supports a regulatory role for 

microRNAs (miRNAs) in the immune response and autoimmunity [2]. We have previously 

shown that microRNA-21 (miR-21) is differentially regulated in mouse lupus B and T 

lymphocytes and that its expression correlates with disease severity [3]. We have also shown 

that in vivo inhibition of miR-21 in the spontaneous, tricongenic model Sle123 via antisense 

oligonucleotides alleviates autoimmune splenomegaly.

Other studies have also shown miR-21 upregulation in mouse and human SLE lymphocytes 

[4, 5]. Furthermore, miR-21 is detected in higher concentration in plasma from newly 

diagnosed, treatment-naive lupus patients compared to healthy individuals [6, 7] and 
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increased concentration of urinary miR-21 may predict a high risk of renal function loss [8]. 

In lupus prone mice, miR-21 expression in T cells, pDCS, PBMCs and urine is reduced after 

treatment with hydroxychloroquine [9].

Although the exact role of miR-21 in the immune system and autoimmunity remains elusive, 

several studies highlight its regulatory function in signaling pathways involved in 

lymphocyte activation via diverse mechanisms that include direct targeting of PDCD4 [10], 

PTEN [11], FOXO3 [12, 13] and SMAD7 [14, 15]. It was recently shown that miR-21 is 

required for Th17 cell differentiation and its deficiency confers resistance to experimental 

autoimmune encephalitis [15]. The role of miR-21 in Th17 differentiation is of special 

interest since recent evidence underscores an important role for Th17 in renal injury in lupus 

nephritis.

Having previously shown that lymphoproliferative manifestations in the Sle123 model are 

miR-21-dependent, we sought to investigate broader application of our findings to other 

models of lupus. In this work, we investigated the implication of miR-21 in the 

experimentally inducible bm12 → B6 cGVHD model of SLE. A chronic GVH reaction in 

this model is characterized by systemic autoimmunity similar to human SLE [16, 17]. In the 

bm12 → B6 model, a lupus-like syndrome is induced by transfer of splenocytes from non-

autoimmune B6.C-H2bm12/KhEg (bm12) donors into recipient mice on a C57BL/6 (B6) 

background. Autoreactivity in this model depends on recognition of the host B cell MHC 

class II by donor T cells [18]. Although the donor bm12 MHC-II (I-A) differs from the B6 

recipient by three amino acids, this is sufficient to elicit an autoimmune reaction 

characterized by splenomegaly, periarteritis, proteinuria, glomerulonephritis, increased titers 

of IgG and autoantibodies against nuclear antigens and double-stranded DNA.

We induced cGVHD reactions in B6 (WT) and B6.miR-21−/− (miR-21−/−) hosts and report a 

statistically significant reduction of splenomegaly in miR-21−/− mice, consistent with our 

results from in vivo miR-21 inhibition in the Sle123 model. MiR-21−/− hosts had 

significantly reduced autoantibody titers, a statistically significant reduction in proteinuria 

and down-regulated components of the CD28:CD80/86 and CD40:CD40L co-stimulation 

pathways. Furthermore, we detected an expanded the CD25+ FoxP3+ Treg compartment in 

miR-21−/− hosts which was accompanied by reduced CD4+ IL-17+ expression. Collectively, 

our experiments in a model of lupus that depends upon allogeneic T and B cell interactions, 

indicate that miR-21 deficiency in the host is sufficient to protect from lupus-like 

autoimmunity.

2. Materials and Methods

2.1. Animals

C57BL/6 (B6), B6.129S6-Mir21tm1Yoli (miR-21−/−) and B6.C-H2bm12/KhEg (bm12) mice 

were originally purchased from The Jackson Laboratory and subsequently bred and 

maintained in our mouse colony at Thomas Jefferson University. Recipient and donor mice 

were sex- and age- matched within each independent experiment. All of the experimental 

procedures performed on these animals were conducted according to the guidelines of the 

Thomas Jefferson University Institutional Animal Care and Use Committee.
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2.2. Induction of cGVHD

cGVHD reactions were induced in 8- to 12- weeks old female B6 or miR-21−/− recipient 

mice by injecting intraperitoneally (i.p.) single-cell suspensions of 100 x 106 donor (bm12) 

splenocytes. Splenocyte suspensions were prepared under aseptic conditions by pressing 

donor spleens through a 70 um mesh screen into HBSS followed by incubation in 1 ml ACK 

buffer (150 mM NH4Cl; 10 mM KHCO3; 0.1 mM EDTA) per spleen for 5 minutes to 

remove red blood cells. The cells were washed twice with HBSS and resuspended at 500 x 

106 cells/ml.

2.3. Blood and urine collection

Blood and urine specimens were collected from each animal pre-cGVHD induction and 

weekly thereafter until experiment termination. Blood samples were collected by 

submandibular venous puncture using Goldenrod animal lancets (Braintree Scientific, 

Braintree, MA) into 1.5 ml microcentrifuge tubes. Blood allowed to clot by incubation for 

30 minutes at room temperature. The serum was decanted into fresh tubes, adjusted to 0.1% 

sodium azide and stored at 4 °C for up to one week or frozen at −20 °C for long-term 

storage. Urine samples were collected by gentle depression of the animal’s caudal abdomen 

until urination. Samples free of fecal contamination were collected in 1.5 ml microcentrifuge 

tubes and centrifuged at 10,000 x g for 10 minutes. Samples were diluted 1:10, adjusted to 

0.1% sodium azide and filtered through a 0.22 um filter.

2.4. Assessment of disease progression

Renal disease progression was evaluated weekly by qualitative evaluation of urine protein 

and blood urea nitrogen (BUN) concentrations. Urine protein concentration was assessed 

using Uristix 4 reagent test strips (Siemens Diagnostics). The strips were wetted with fresh 

urine and immediately scored according to color change. BUN concentration was assessed 

with Azostix reagent test strips (Siemens Diagnostics) according to the manufacturer’s 

directions.

2.5. Evaluation of total urine protein

Quantitative evaluation of total urine protein concentration was performed using a BCA 

protein assay kit (Pierce Biotechnology) by following the Manufacturer’s instructions for the 

microplate procedure (Sample to WR ratio = 1:8). Urine samples were quantitatively diluted 

1:10, 1:50 and 1:100 and triplicate reactions prepared for each dilution by mixing 25 ul 

sample with 200 ul BCA working reagent. Plates were incubated for 30 minutes at 37 °C 

and absorbance recorded at 562 nm in a SpectraMax microplate reader (Molecular Devices). 

Protein concentration was determined by comparison to a BSA standard curve assayed in 

parallel.

2.6. Detection of autoantibodies

Serum levels of double stranded DNA (dsDNA) antibodies were detected by solid-phase 

enzyme-linked immunosorbent assays (ELISA) as previously described [19]. Briefly, calf 

thymus DNA (Sigma-Aldrich, St. Louis, MO) was treated with S1 nuclease at 37 °C for 45 

minutes to remove the single stranded segments of DNA, and then extracted by phenol-
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chloroform. Polyvinylchloride (PVC) flat bottom microtiter plates (Thermo Electron Corp., 

Milford, MA) were treated with 0.01% poly-L-lysine (Sigma-Aldrich, St. Louis, MO) for 1 

hour at room temperature. After washing plates with ddH2O and letting them air-dry, the 

plates were coated with 100 μl of 2.5 μg/ml calf thymus dsDNA at 4 °C overnight. The 

dsDNA was diluted in BBS (0.2 M borate buffed solution, pH 8.2). Coated plates were 

blocked with BBT (0.5% bovine serum albumin and 0.4% Tween-80 in BBS) at room 

temperature for 2 hours. Serum samples and controls were diluted in BBT, added to plates, 

and incubated at 4 °C overnight. Alkaline phosphatase labeled detecting antibodies were 

diluted in BBT to 50 ng/ml, added to plates and incubated at room temperature for 1 hour, 

before the addition of 1 mg/ml pNPP (Sigma-Aldrich, St. Louis, MO) in 10 mM 

diethanolamine. Anti-dsDNA total IgG was detected with alkaline phosphatase-labeled goat 

anti-mouse IgG F(ab′)2γ specific (Jackson ImmunoResearch Laboratories Inc., West Grove, 

PA). A pooled serum standard from 5 to 9 month-old MRL/lpr mice with a high dsDNA 

antibody titer was used as experimental reference and positive control. One-month old 

B6.RAG1KO mouse serum without detectable anti-dsDNA was used as a negative control. 

The serum samples and controls were diluted 1:200 for IgG detection. Optical density at 405 

nm of each well was determined at various time points using a microplate reader (E-Max, 

Molecular Devices Corp., Sunnyvale, CA) and analyzed with Microsoft Excel 2011. The 

levels of serum anti-dsDNA were reported as O.D.

2.7. Immunostaining and flow cytometry

The following antibodies were purchased from BioLegend (San Diego, California): APC 

anti-IL-17 (TC11-18H10.1), APC anti-CD28 (37.51), APC anti-CD80, (16-10A1), FITC 

anti-CD25 (3C7), FITC anti-CD44 (IM7), FITC anti-CD19 (MB19-1), FITC anti-CD40 

(3/23), PE anti-CD4 (RM4-4), PE anti-FoxP3 (150D), PE anti-CD154 (MR1), PE anti-CD86 

(GL-1), PerCp anti-CD4 (GK1.5) and PerCp anti-CD19 (6D5). Cell surface marker staining 

was routinely performed on 1 x 106 splenocytes in 0.1 ml staining buffer (0.5% BSA/PBS). 

Cells were blocked with purified anti-mouse CD16/CD32 (BD Pharmingen, San Diego, CA) 

according to the manufacturer’s instructions, incubated with appropriate fluorophore-

conjugated antibodies for 30 minutes on ice then washed twice with staining buffer. Cells 

were fixed by incubation in 1 ml PBS containing 1% paraformaldehyde and analyzed on an 

Accuri C6 flow cytometer (BD Biosciences). For intracellular staining of FoxP3 and IL-17, 

surface markers were stained as described above then fixed with Fix/Perm buffer (Biolegend 

cat. no. 421403) for 20 minutes, washed twice with permeabilization wash buffer 

(Biolegend, cat. no. 421002) then stained with appropriate fluorophore-conjugated 

antibodies for 30 min. Cells were washed, fixed in PBS containing 1% paraformaldehyde 

and analyzed on an Accuri C6 flow cytometer. Resulting data were analyzed with FlowJo 

flow cytometry software.

2.8. Statistical analysis

Statistical analysis was performed using a Mann–Whitney unpaired Student’s t test. A value 

of p < 0.05 was considered to be significant.
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3. Results

3.1. MiR-21 deficiency ameliorates cGVHD-induced splenomegaly

In previous work [3], we used small LNA antimiR to silence miR-21 in vivo in the Sle123 

lupus model and reported a significant reduction of splenomegaly in treated mice compared 

to controls. In this work, we induced cGVHD reactions in age- and sex-matched miR-21-

deficient (B6.129S6-Mir21tm1Yoli; miR-21−/−) and control (C57BL/6; WT) mice (hosts) by 

in vivo transfer of 100 x 106 purified bm12 (donor) splenocytes.

Consistent with our previous report in the spontaneous Sle123 model, host mice deficient in 

miR-21 showed a significant amelioration of splenomegaly (Figure 1A and B). Average 

spleen weights were 78.4 mg ± 4.0 SEM for the miR-21−/− hosts and 306.9 mg ± 56.6 SEM 

for the WT controls.

3.2. MiR-21 regulates autoantibody production

Initiation of a cGVHD reaction in the bm12 → B6 model is dependent on allogeneic 

recognition of host (B6) B cells by activated donor (bm12) T cells [20]. The autoimmune 

phenotype in this model is characterized by production of high levels of autoantibodies 

directed against nuclear antigens and double-stranded DNA that closely resemble the 

antigenic specificities characteristic of SLE [18].

To investigate the effect of host miR-21 deficiency on autoantibody production, we collected 

blood samples from cGVHD mice pre- and six weeks post-induction and quantified the anti-

dsDNA titers by ELISA. As shown in Figure 1C, dsDNA autoantibody titers were reduced ~ 

60% (0.352 ± 0.041 SEM IgG OD) in miR-21 deficient hosts as compared to WT controls 

(0.80 ± 0.24 SEM).

3.3. MiR-21 deficiency reduces immune complex-mediated nephrotic proteinuria

cGVHD recipient mice develop advanced immune complex-mediated glomerulonephritis 

with associated elevated urine protein levels (proteinuria) [21]. To assess the implication of 

miR-21 deficiency on the development of cGVHD-induced kidney disease, we collected 

urine samples from recipient mice pre-cGVHD induction and at six weeks post-induction 

and quantified urine protein concentrations as described in Materials and Methods.

As shown in Figure 1D, urine protein concentrations in miR-21−/− recipients at 6-weeks post 

cGVHD induction were reduced 1.5 fold relative to WT controls (25.1 mg/ml ± 2.04 SEM 

vs. 36.6 mg/ml ± 3.02 SEM).

3.4. MiR-21 deficiency down-regulates components of the CD28:CD80/86 and CD40:CD154 
co-stimulatory pathways

The CD28:CD80/86 and CD40:CD154 (CD40L) axes are important co-stimulatory 

pathways that regulate the initiation and magnitude of the immune response. In the bm12 B6 

cGVHD model, activation and terminal differentiation of host B cells into antibody 

producing cells in the bm12 → B6 model results almost entirely from direct cognate T:B 

cell interactions [22]. To investigate the implication of miR-21-deficiency on expression of 
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key cognate T- B cell receptor/ligands, we induced cGVHD reactions in miR-21−/− and WT 

mice and performed flow cytometry analysis for markers of the CD28:CD80/86 and 

CD40:CD154 co-stimulation pathways. As shown in Figure 2, miR-21−/− hosts had reduced 

B cell CD19+ CD80+ (0.62 ± 0.062 SEM) and CD19+ CD86+ (0.67 ± 0.029 SEM) 

expression relative to WT controls. We detected an overall, but not statistically significant, 

reduction of CD4+ CD28+ expression.

Components of the CD40:CD154 axis were down-regulated in miR-21−/− recipients (Figure 

3). B cell CD19 + CD40+ expression was reduced (0.86 ± 0.034 SEM) and expression of its 

cognate T cell ligand, CD4+ CD154, was down-regulated (0.77 ± 0.095 SEM) although not 

statistically significant.

3.5. MiR-21 regulates Treg and Th17 differentiation

Naive murine CD4+ T helper cells (Th) can be induced to differentiate along mutually 

exclusive pathways favoring either the development of Th17 or Treg cells [23, 24]. 

Furthermore, it has been proposed that skewing of Th lineage commitment towards Th17 

and away from Treg (and Th2) may be responsible for the development and progression of 

autoimmune disease [25, 26].

Our results demonstrate that miR-21 deficiency may protect from autoimmunity in the 

cGVHD model by biasing T cell responses toward Treg at the expense of Th17. As shown in 

Figure 4, the CD4+ CD25+ FoxP3+ Treg compartment in miR-21−/− host mice was expanded 

1.39 ± 0.092 SEM relative to WT controls and that this expansion was accompanied by a 

0.37 ± 0.035 SEM reduction of CD4+ IL-17+ expressing Th17 cells.

4. Discussion

MiR-21 is emerging as an important regulator of lymphocyte signaling [27, 28] and has been 

shown to be up-regulated in several autoimmune diseases including SLE [4–6, 29], 

scleroderma [30], psoriasis [31] and multiple sclerosis [32]. MiR-21 is detected in higher 

concentration in plasma from newly diagnosed, treatment-naive lupus patients relative to 

healthy individuals [6], suggesting that elevated urinary miR-21 may predict a high risk of 

renal function loss [29]. In lupus mice, miR-21 expression decreases after treatment with 

hydroxychloroquine, an immunomodulator commonly used for treatment of various SLE 

manifestations [9].

In previous work, we quantified miR-21 expression in the spontaneous tri-congenic lupus 

model Sle123 [3]. We showed that miR-21 expression is elevated in Sle123 B and T 

lymphocytes and that its expression positively correlates with lymphoproliferative and renal 

disease severity. We then used an LNA inhibitor to silence miR-21 in vivo and showed that 

miR-21 inhibition reduces significantly the severe splenomegaly seen in this model.

In the present work, we investigated the implication of miR-21 deficiency in the inducible 

bm12 → B6 chronic graft- vs. host disease (cGVHD) model, which depends on 

allorecognition of host B cells by MHC class II incompatible donor T cells. The lupus-like 
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immunopathology exhibited in this model includes splenomegaly, autoantibodies and diffuse 

proliferative glomerulonephritis.

Our results demonstrate that miR-21 deficiency protects cGVHD host mice from 

autoimmunity. Consistent with our previous results we report a significant reduction of 

splenomegaly in miR-21−/− recipients, with a ~4-fold reduction in mean spleen mass in the 

cGVHD mice (Figure 1A). In addition, we show that miR-21 deficient hosts have 

significantly reduced dsDNA autoantibody titers (Figure 1C), reduced proteinuria (Figure 

1D), down-regulated components of the CD28:CD80/86 and CD40:CD154 co-stimulation 

pathways (Figures 2 and 3) and increased Treg/Th17 ratios (Figure 4) that negatively 

correlate with disease severity.

Regulation and maintenance of immune self-tolerance involves a complex interaction 

network of effector cells with co-stimulatory and co-inhibitory molecules. FoxP3-expressing 

T regulatory cells (Treg), a subset of effector CD4+ T cells, function as potent suppressors of 

autoimmunity [33]. Defects in Treg function and/or a reduced Treg population has been 

associated with a number of autoimmune diseases including SLE [34], whereas rescue of 

Treg function and/or number can both prevent and reverse autoimmune responses [35]. Th17 

cells produce IL-17, a potent pro-inflammatory cytokine with critical protective roles in host 

defense against bacterial infection. Dysregulated IL-17 production has been implicated in 

the pathogenesis of SLE [36]. In an autoimmune context, sustained overproduction of IL-17 

by autoreactive Th17 cells can lead to chronic inflammation and tissue damage [37].

A key role played by miR-21 in the regulation of T cell survival, differentiation and function 

is beginning to emerge. MiR-21 has been shown to regulate T cell activation [38], apoptosis 

[31, 39] and Th1/Th2 differentiation [40]. Recently, miR-21 was found to be up-regulated in 

Th17 cells and its inhibition via LNA antisense oligonucleotides reduced the Th17 

compartment and attenuated experimental autoimmune encephalomyelitis (EAE) [15]. 

Consistent with these results, we detected a 2.7-fold reduction of CD4+ IL-17+ Th17 cells in 

miR-21−/− cGVHD host mice (Figure 4B). However, in contrast to Murugaiyan, et. al. who 

report unaltered levels of CD4+ CD25+ FoxP3+ Treg cells, the reduction in Th17 cell 

numbers in miR-21−/− cGVHD host mice was accompanied by a ~1.4-fold increase in the 

CD4+ CD25+ FoxP3+ Treg compartment (Figure 4A). These data support the concept of 

functional antagonism between “pathogenic” Th17 and “protective” Treg lineages and the 

notion that Th → Treg/Th17 differentiation involves reciprocal and, possibly, mutually-

exclusive pathways [41–43]. Furthermore, the correlation between increased Treg/Th17 

ratios and protection from autoimmunity in miR-21−/− cGVHD hosts is consistent with 

studies demonstrating a negative relationship between Treg/Th17 ratios and SLE disease 

severity [44]. The differences in Treg differentiation in response to miR-21 deficiency in the 

EAE and cGVHD models may be due to differences in the experimental systems, mode of 

miR-21 depletion (LNA inhibition versus genetic knockout) or both, and warrants further 

investigation.

Many critical interactions between effector CD4+ T cells and B cells are known to be contact 

mediated. The best characterized B-T cell interaction pathways are the CD28 CD80/86 and 

CD4-CD154 (CD40L) co-stimulatory axes that have essential yet opposing functions in the 
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regulation of adaptive immunity [45]. CD40-CD154 signaling promotes T cell activation and 

stimulates B cell proliferation, isotype switching and terminal plasma cell differentiation 

[46], while signaling through the CD28-CD80/86 axis regulates T cell activation, controls 

the B cell response and establishes T cell tolerance [47].

In the bm12 → B6 cGVHD model, activation and terminal differentiation of host B cells 

into antibody producing cells in the bm12 → B6 model results almost entirely from direct 

cognate T:B cell interactions [22]. We found that components of both co-stimulatory axes 

were down-regulated in miR-21−/− recipients (Figures 2 and 3). The decrease in CD19+ 

CD80/86 expression (Figure 2B and C) accompanied by an expansion of the Treg 

compartment (Figure 4A) is in accord with recent evidence showing that a CD4+ CD25+ 

FoxP3+ Treg population with suppressive function resides in the B cell follicle and regulates 

germinal center formation and proliferation [48]. The T follicular regulatory (Tfr) cells 

derive from the natural Treg population and function by depleting B cell surface CD80/86 

[49], either directly or through regulation of T follicular helper (Tfh) cells [50]. Without 

CD80/86, the CD28-CD80/86 co-stimulation axis is broken and B cells cannot receive the T 

cell help required to mount an antibody response. The reduction of B cell CD80/86 in 

miR-21−/− recipients is consistent with the reduced anti-dsDNA antibody titers in these mice 

(Figure 1C). For our experiments, we induced cGVHD by injection of a total donor 

splenocyte preparation and our measurements of B cell CD80/86 expression did not 

differentiate between donor and host sources. However, studies have confirmed that the 

source of serum autoantibodies in the cGVHD model are produced entirely by bone marrow 

derived conventional B cells [51] suggesting that host B cells are the major pathogenic 

species. Together, these results suggest that miR-21 may indirectly regulate autoantibody 

production in the cGVHD model by skewing the Treg/Th17 ratio toward the Th17 

phenotype thereby relieving Treg (Thr) suppression of the B cell germinal center response 

allowing terminal plasma cell differentiation and autoantibody production.

We detected an overall down-regulation of components of the CD40:CD154 co-stimulation 

axis (Figure 3). The reduced expression of B cell CD40+ in miR-21−/− recipients is 

consistent with the measured reduction of CD80/86-expressing B cells (Figure 2B and C). 

Our analysis of T cell CD154 expression did not differentiate between donor and recipient 

and likely contains contributions from both sources. We hypothesize that reduced CD154 

expression in miR-21−/− recipients is not due to direct miR-21 regulation of CD154 

induction but is rather a downstream effect of miR-21 regulation of Th17 polarization.

Lupus nephritis is the most common severe target organ manifestation in human SLE. 

Glomerulonephritis (GN) in human and mouse lupus is mediated by immune complex 

deposition on the glomerular membrane and likely, direct insult from nephritogenic 

antibodies. In the cGVHD model, the GN is membranous [21] or membranous and 

glomerular/mesangial proliferative nephritis [21, 52] closely recapitulating the membranous 

and membranoproliferative nephritis seen in patients with lupus. WT cGVHD recipient mice 

develop avanced immune complex-mediated glomerulonephritis accompanied by elevated 

nephrotic proteinuria [21]. In our experiments, we measured a statistically significant 1.5-

fold reduction of proteinuria in miR-21−/− recipients that positively correlated with reduced 

autoantibody titers in these mice (Figure 1D). We extrapolate that in the setting of active 
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lupus nephritis, miR-21 inhibition may derepress mechanisms that modulate active 

inflammation in kidneys and halt disease progression. Future studies in animal models of 

lupus nephritis will allow us to test this hypothesis.

In our previous studies in the Sle123 model, we showed that miR-21 is differentially 

regulated in B and T cell subsets. The results of our recent studies in the cGVHD model may 

implicate a role for miR-21 in B and T cell activation in lupus. We propose that miR-21 

serves a pluripotent role (1) as a link between distinct signaling pathways, namely the 

SMAD/TGF-B, PTEN/FOXO, and PDCD4/IL-10 axes and (2) acting as a “rheostat” for 

components of the CD28:CD80/86 and CD40:CD154 co-stimulation pathways resulting in 

an attenuated disease phenotype. The cGVHD mouse, while not “intrinsically” autoimmune, 

serves as an excellent model to investigate the role of miR-21 and its targets in the activation 

of T and B lymphocytes, under conditions promoting autoreactivity and autoimmunity in 
vivo.
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Highlights

• MiR-21 deficiency in the cGVHD lupus model protects from autoimmunity.

• MiR-21-deficiency alleviates autoimmune splenomegaly.

• MiR-21-deficient hosts have reduced proteinuria and autoantibody titers.

• MiR-21-deficiency down-regulates components of the CD28:CD80/86 and 

CD40:CD154 co-stimulatory pathways.

• MiR-21-deficient hosts have reduced Th17 cell populations and an expanded 

Treg compartment.
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Figure 1. 
MiR-21 deficiency alleviates cGVHD-induced autoimmunity. cGVH reactions were induced 

in age- and sex matched wild-type (WT) and miR-21-deficient (miR-21−/−) hosts by in vivo 
transfer of 100 x 106 purified bm12 splenocytes. (A) MiR-21 deficiency ameliorates cGVH-

induced splenomegaly. Mean WT and miR-21−/− spleen masses 6-weeks post-induction. n = 

nine independent experiments (B) representative spleen images demonstrating ameliorated 

splenomegaly in miR-21−/− host mice. (C) MiR-21 regulates autoantibody production. Blood 

samples were collected pre-induction (I) and at 6-weeks post-cGVH induction (F) and the 

sera assayed by ELISA for anti-double-stranded DNA antibodies as described in Materials 

and Methods. n = 6 independent experiments and (D) MiR-21 deficiency reduces immune 

complex-mediated nephrotic proteinuria. Urine samples were collected pre-induction (I) and 

at 6-weeks post-cGVH induction (F) and assayed for total urine protein as described in 

Materials and Methods. n = nine independent experiments. *p < 0.05 and **p < 0.01 by 

Mann–Whitney unpaired t test.

Garchow and Kiriakidou Page 13

Clin Immunol. Author manuscript; available in PMC 2019 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
MiR-21 deficiency down-regulates components of the CD28:CD80/86 co-stimulatory axis. 

cGVH reactions were induced in wild-type (WT) and miR-21-deficient (miR-21−/−) hosts as 

described in Figure 1. Six weeks post-induction host splenocytes were analyzed by flow 

cytometry for components of the CD28:CD80/86 co-stimulatory pathway. Bar graphs show 

mean expression of (A) CD4+ CD28+ (B) CD19+ CD80+ and (C) CD19+ CD86+ in 

miR-21−/− recipients relative to WT controls. Scatter plots shown are representative of six 

independent experiments. Live/dead cell gates were drawn on the basis of forward-scatter/

side scatter. Numbers in the panels represent cell counts of the indicated population in the 

lymphocyte gate. *p < 0.05 and ***p < 0.005 by Mann–Whitney unpaired Student’s t test 

with n = 9 independent experiments. Error bars represent the standard error of the mean.
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Figure 3. 
MiR-21 deficiency down-regulates the CD40:CD154 co-stimulatory pathway. cGVH 

reactions were induced in wild-type (WT) and miR-21-deficient (miR-21−/−) hosts as 

described in Figure 1. Six weeks post-induction host splenocytes were subjected to flow 

cytometry analysis for activated B cell markers. Bar graphs show mean expression of (A) 

CD19+ CD40+ and (B) CD4+ CD154+ cell markers in miR-21−/− recipients relative to WT 

controls. Scatter plots shown are representative of six independent experiments. Live/dead 

cell gates were drawn on the basis of forward-scatter/side scatter. Numbers in the panels 

represent cell counts of the indicated population in the lymphocyte gate. *p < 0.05 and **p < 

0.01 by Mann–Whitney unpaired Student’s t test with n = 9 independent experiments. Error 

bars represent the standard error of the mean.
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Figure 4. 
miR-21 regulates Treg and Th17 differentiation. cGVH reactions were induced in wild-type 

(WT) and miR-21-deficient (miR-21−/−) hosts as described in Figure 1. Six weeks post-

induction host splenocytes were subjected to flow cytometry analysis for expression of (A) 

CD4+ CD25+ FoxP3+ T-regulatory (Treg) and (B) CD4+ IL-17+ T-helper 17 (Th17) cell 

markers. Scatter plots shown are representative of six independent experiments. Live/dead 

cell gates were drawn on the basis of forward-scatter/side scatter. Numbers in the panels 

represent (C) CD25+ FoxP3+ cell counts in the lymphocyte → CD4+ cell gate and (D) 

CD4+ IL-17+ cell counts in the lymphocyte gate. ***p < 0.005 by Mann–Whitney unpaired 

Student’s t test with n = 9 independent experiments. Error bars represent the standard error 

of the mean.
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