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Background—T cell tolerance of allergic cutaneous contact sensitivity (CS) induced in mice by

high doses of reactive hapten is mediated by suppressor cells that release antigen-specific

suppressive nanovesicles.

Objective—To determine the mechanism(s) of immune suppression mediated by the

nanovesicles.

Methods—T cell tolerance was induced by i.v. injections of hapten conjugated to self antigens of

syngeneic erythrocytes and subsequent contact immunization with the same hapten. Lymph node

and spleen cells from tolerized or control donors were harvested and cultured to produce a

supernatant containing suppressive nanovesicles that were isolated for testing in active and

adoptive cell transfer models of CS.

Results—Tolerance was shown due to exosome-like nanovesicles in the supernatant of CD8+

suppressor T cells that were not Treg. Antigen specificity of the suppressive nanovesicles was

conferred by a surface coat of antibody light chains, or possibly whole antibody, allowing targeted

delivery of selected inhibitory miRNA-150 to CS effector T cells. Nanovesicles also inhibited CS

in actively sensitized mice after systemic injection at the peak of the responses. The role of

antibody and miRNA-150 was established by tolerizing either panimmunoglobulin deficient JH-/-

or miRNA-150-/- mice that produced non-suppressive nanovesicles. These nanovesicles could be

made suppressive by adding antigen-specific antibody light chains or miRNA-150, respectively.

Conclusions—This is the first example of T cell regulation via systemic transit of exosome-like

nanovesicles delivering a chosen inhibitory miRNA to target effector T cells in an antigen-specific

manner by a surface coating of antibody light chains.
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Antibody Light Chains; Allergic Cutaneous Contact Dermatitis; Contact Sensitivity

Introduction

Exosomes are nanovesicles generated intracellularly by budding from the terminal

endosomal membranes of multivesicular bodies (MVB) where they accumulate and are

released from the cell during exocytosis of the MVB1,2. Exosomes, or related vesicles, are

produced by all cell types in virtually all species, and have been found in all fluids studied.

Their outstanding property is that they contain a cargo of donor cell proteins, mRNA and

miRNA that are delivered extracellularly to acceptor cells, where they can function 3-6.

Thus, the vesicular transport of proteins may drive or inhibit signaling pathways5,6,7, mRNA

can translate donor cell proteins3,4 and delivered miRNA can bind acceptor cell mRNA to

regulate protein translation3,4,8,9.

Contact sensitivity (CS) in mice is a major model of the clinical allergic skin diseases:

contact dermatitis and atopic dermatitis. Additionally, CS is a model of delayed-type

hypersensitivity (DTH) mechanisms that participate in other T cell mediated processes; such

as in T cell aspects of autoimmunity, transplantation, infection resistance and cancer.

Further, the effector phase of CS recently has been shown to have unanticipated complexity.
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The new findings established that sensitization involves TLRs10, initiation of elicitation

involves B-1 B cells, iNKT cells, IL-4, mast cells, platelets, endothelial cells and

complement11, and responses can be mediated by CD4, CD812, or Th1713 T cells, and even

NK cells14. Finally, there is now recognition of regulation of CS by either Treg15 or myeloid

suppressor cells16. The present study presents evidence of yet another regulatory pathway

involving suppressor T cells producing antigen-specific exosome-like nanovesicles that

deliver inhibitory miRNA.

Such exosomal transport of functional miRNA passing genetic information between donor

and acceptor cells has been confirmed in diverse instances3,4,8,9 and has provided insight

into new levels of regulation between cells in the immune system10-12. Exosome targeting

usually is paracrine5,6,17-23, but there also is endocrine transport of the exosome-like

nanovesicles via the bloodstream, enabling regulation of distant acceptor cell function24-26,

as is true here. The current study presents new evidence of a cell to cell suppressive pathway

involving CD8+ suppressor T cell-derived exosome-like nanovesicles that antigen-

specifically target the effector T cell mixture of CS by delivering inhibitory miRNA.

Selection of the particular antigen-specificity and of the inhibitory miRNA shown here

opens up significant translational possibilities for treatment of a variety of human diseases.

Materials and Methods

Description of the Materials and Methods can be found in the Online Repository

supplemental section at jacionline.org.

Results

High dose antigen tolerance induces suppressor T cells (Ts) that produce a suppressive
supernatant (Ts Sup)

We found that high TNP Ag dose tolerance induced suppressor T cells (Ts) whose culture

supernatant (Ts Sup) contained all their suppressive activity for CS-effector cells (Fig. 1a,

Group C vs B & D). We suspected that vesicles in the Ts Sup might be responsible for the

suppression. Therefore, putative vesicles were enriched by progressive ultrafiltrations and

differential centrifugations, culminating with pelleting by two 100,000g

ultracentrifugations1,2. The final pellet contained 130nm-sized nanovesicles resembling

exosomes by electron microscopy (Fig. 1b, right) and nanoparticle tracking analysis27

(NTA) (Fig. 1c). Like exosomes, these nanovesicles expressed tetraspanins such as CD9 by

immunoblotting (Fig. 1d), and CD3 and TCRβ by flow cytometry (not shown), confirming

their T cell origin.

The final 100,000g pellet from OX-Ts-Sup from mice tolerized with oxazolone-labeled

mouse red blood cells (OX-mRBC) compared to the supernatant above the pellet, contained

all the Ts Sup ability to suppress adoptive transfer of OX CS-effector T cells (Fig. 2a, Group

D vs C). Identical results were obtained in the trinitrphenol (TNP) CS system (not shown).

Further, a dose response experiment in the TNP CS system was done to test the potency and

validity of the suppressive nanovesicles and showed a declining suppression of adoptive CS

by the resuspended serially diluted Ts Sup pellet nanovesicles (See Fig. E1 Groups D, E,
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and F in this article’s Online Repository at jacionline.org), whereas those from the normal

(Nl) Cell Sup pellet at the high dose were not suppressive (Group C). Finally, resuspension

of the 100,000g pellet and repeated ultracentrifugation on a sucrose gradient resulted in

buoyant fractions. Only the fraction that showed buoyancy identical to that of exosomes1,2

suppressed adoptive transfer of CS (Fig. 2b, Group E), like the starting TNP Ts-Sup

nanovesicles (Group D). Considering all the above characteristics, we henceforth called

these suppressive CD8+ T cell-derived vesicles exosome-like nanovesicles.

An in vitro non-Ag specific assay confirms the in vivo suppressive function of the Ts Sup-
derived nanovesicles

To further confirm the above, an Ag-non-specific in vitro assay was used to test the

inhibition of the HT-2 T cell line responsiveness to IL-2 by the exosome-like nanovesicles.

The end point was the lowest numbers of serially diluted nanovesicles that resulted in at

least 50% HT-2 cell viability. This assay confirmed the suppressive activity of the Ts Sup

exosome-like nanovesicles (Fig. 3c; B).

Another in vitro, but Ag specific assay confirmed suppressive activity of Ts Sup exosome-
like nanovesicles

Here, immunobead isolated CD4+ CS-effector T cells responded in vitro to TNP-linked DC

by producing IFNγ. Shown are four separate experiments confirming that the 100,000g

pellet-derived exosome-like nanovesicles from Ts Sup suppressed the IFNγ production,

whereas similar Nl Cell Sup nanovesicles did not (See Fig. E2 in this article’s Online

Repository at jacionline.org).

The suppressive exosome-like nanovesicles are derived from CD8+ T cells, are present in
the plasma of the Ts donors, and are not derived from Treg cells

Depletion of CD8+ cells from the Ts cell culture Sup with anti-CD8 mAb plus complement

(Fig. 3a Group C), or with anti-CD8 vs anti-CD4-conjugated beads (not shown) removed the

ability to generate suppressive supernatant. Further, blood plasma from the antigen high

dose tolerized donors of Ts cells processed for exosomes to the 100,000g pellet also

contained suppressive nanovesicles (Fig. 3b; E), whereas similar Nl Cell and Sham plasma-

derived nanovesicles had none (Fig. 3b; F & G). In support of these findings, the in vitro

IL-2 dependent HT-2 cell Ag-non-specific assay showed strong suppressive activity of

plasma exosome-like nanovesicles from tolerized mice vs normal mice (Fig. 3c D vs C).

Finally, we tested if Treg were involved using DEREG mice28. High antigen dose tolerance

resulted in exosome-like nanovesicles that had equivalent suppressive ability when derived

from the Treg depleted mice compared to wild type mice (Fig. 3d).

Suppressor T cell exosome-like nanovesicles inhibit active cutaneous CS responses in
vivo

We tested if the nanovesicles could act in vivo when directly injected into actively sensitized

mice that were already expressing a CS response. Nanovesicles were administered i.p. at the

24h peak response (Fig. 4, open circles). Then, the subsequent time-course of ear swelling

was compared to actively sensitized untreated and ear challenged mice (squares), and to
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recipients of control vesicles from Sham tolerized mice (triangles). Ts Sup exosome-like

nanovesicles strongly suppressed subsequent ear swelling at 48h and 72h by 53% and 60%,

respectively (Fig. 4), whereas Sham Sup nanovesicles did not. Further, similar in vivo

treatment with the nanovesicles showed that suppression could last up to 120h after a single

injection (See Fig. E3a triangles, in this article’s Online Repository at jacionline.org), and

significant inhibition even occurred when nanovesicles were given orally (See Fig. E3b

Group D in this article’s Online Repository at jacionline.org).

Suppression by exosome-like nanovesicles is Ag-specific via a dual reciprocal Ag-
specificity test

Preliminary results suggested functional Ag-specificity of the suppressive nanovesicles. This

was confirmed by a dual reciprocal antigen criss-cross experiment which demonstrated that

nanovesicles from TNP tolerized mice only suppressed TNP CS-effector cells (Fig. 5a;

Group B) and not CS responses to OX, another hapten antigen (Fig. 5a; E). Similarly,

exosome-like nanovesicles from OX hapten tolerized mice suppressed OX CS-effector cells

(Fig. 5a; F), but not TNP CS-effector T cells (Fig. 5a; C).To possibly account for Ag-

specificity, flow cytometry showed antibody kappa light chains (Ab kappa LC) on the

surface of the nanovesicles from tolerized mice (right, red peak vs gray isotype control),

compared to the control macrophage cell line (Fig. 5b; left, blue peak vs gray isotype

control). This suggested that Ag-specific Ab or Ab LC on the nanovesicle surface could

provide a mechanism for their Ag-specificity.

Tolerization of pan Ig deficient JH-/- mice confirms that Ag-specificity was due to antibody
on the surface of the exosomes-like nanovesicles

We found that nanovesicles from tolerized pan Ig deficient JH-/- mice29 were non-

suppressive (Fig. 5c; C). Further, after the first 100,000g pelleting we incubated the

exosome-like nanovesicles with monoclonal anti-TNP Ab LC30 in vitro for 30 min at 37°C

and then washed away free Ab LC by a second ultracentrifugation step. Very importantly,

these likely Ab LC sensitized nanovesicles now were suppressive (Fig. 5c; D, and see Fig.

E4 Group C in this article’s Online Repository at jacionline.org), whereas comparable Ab

heavy chain exposed vesicles were not (See Fig. E4 Groups D & E in this article’s Online

Repository at jacionline.org).

Lack of inhibition of cell transfers by nanovesicles from the tolerized JH-/- donors29 may

have been due to a lack of surface antibody on intrinsically suppressive exosome-like

nanovesicles. Thus, we tested the nanovesicles in the Ag-non-specific assay for inhibition of

the HT-2 T cell line responsiveness to IL-2. Interestingly, despite their inability to suppress

CS-effector cell adoptive transfer in vivo, JH-/- Ts Sup exosome-like nanovesicles were

suppressive in this Ag-non-specific assay, like the wild type TNP Ts Sup nanovesicles (Fig.

5d; B & C vs A).

Antigen affinity chromatography isolates a minor subpopulation that has all the
suppressive activity

We considered that if the exosomes had Ag-specific Ab LC or Ab on their surface then they

might be Ag-binding. Thus, we attempted Ag-affinity chromatography of the suppressive
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nanovesicles (Fig. 6a) and recovered an Ag binding subfraction (12% of the total) with all

the suppressive activity in the TNP CS model (Fig. 6b; D). Further, Fig. 6c shows that there

was suppression of the HT-2 T cell response to IL-2 by the Ag-binding nanovesicles eluted

from the column (Group C), while the flow through and column wash fractions were non-

suppressive (Groups A & B), confirming the findings from the CS model.

Cloning, sequencing, and bioinformatic comparison of reads from the exosome-like
nanovesicle populations separated by the TNP Ag-affinity column

Comparison and ranking of frequency of sequences between the two nanovesicle fractions

from the TNP-column; (i.e. the Ag binding and suppressive vs the non-binding and non-

suppressive), was performed (See Table E1 in this article’s Online Repository at

jacionline.org). This suggested that miRNA-150 (line 7), previously associated with T cell

regulation31-37, might be a candidate for mediating suppression by the T cell-derived

exosome-like nanovesicles. In contrast, among the sequences more frequent in the opposite

FT vs the eluate sequences was miRNA-155 (See Table E2 line 12 in this article’s Online

Repository at jacionline.org) that therefore was depleted from the Ts nanovesicles. This

miRNA is strongly associated with Treg and guides expression of Foxp338.This data

supports our findings that Treg were not involved in the CD8+ T cell suppression described

here.

Anti-miRs confirm potential involvement of miRNA-150 in the suppression by high Ag
dose tolerization

Fig. 7a, Group C shows that anti-miR antagonistic to miR-150 reversed suppression

mediated by the exosome-like nanovesicles in adoptive transfer of CS. In contrast, a set of

five anti-miR controls, aimed at the other prominent miRNAs more frequent in the column

eluate compared to flow through vesicles (See Table E1 in this article’s Online Repository at

jacionline.org), or mimic controls, did not reverse suppression. Similarly, besides these in

vivo data, the miR-150 antagonist reversed Ts Sup nanovesicle suppression of the HT-2 cell

response to IL-2, again compared to these controls (Fig. 7b; B), suggesting that miR-150

also was involved in the in vitro inhibition of HT-2 cell responses to IL-2.

Experiments with mice deficient in miR-15031 definitively identified miR-150 as crucial to in
vivo suppression by the exosome-like nanovesicles

The miR-150-/- mice could not be tolerized (Fig. 8a; D) compared to wild type controls

(Group B), and after attempted tolerization their exosome-like nanovesicles were not

suppressive compared to wild type (Fig. 8b; C vs B). Very importantly, these non-

suppressive exosome-like nanovesicles could be transfected for reconstitution of suppression

by mere in vitro incubation with miR-150 alone (Fig. 8c; D). Again, this procedure was

performed between the two 100,000gpelleting steps.

Performance of the HT-2 assay showed that miR-150 was also crucial to this in vitro assay

The tolerized miR-150-/- exosome-like nanovesicles were non-suppressive, whereas

miR-150 transfection reconstituted their suppression in vitro (Fig. 8d; C vs D). This finding

confirmed that nanovesicle inhibition of the in vitro correlative HT-2 T cell assay also was
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dependent on delivery of miR-150. Overall, we have shown that activated exosome-like

nanovesicles from tolerized suppressor T cells were responsible for the in vivo and in vitro

suppression and differed greatly from normal nanovesicles. The results suggest that the

acquired ability of activated nanovesicles to permit antibody coating of choice and loading

with selected miRNA might be used to generate very specific therapeutic exosome-

likenanovesicles.

Discussion

Synopsis of new findings

This study of T cell-derived immunosuppressive exosome-like nanovesicles in allergic

cutaneous CS generated two important discoveries. First, the nanovesicles were Ag-specific,

which enabled them to suppress Ag-specific CS-effector T cells and bind to specific Ag-

linked affinity columns. This Ag specificity resulted from a coating of Ab LC or Ab that we

believe was produced by B cells activated during the tolerogenic procedure. The second

discovery was that these nanovesicles could easily be transfected with selected miRNA, to

therefore deliver a chosen regulatory dsRNA cargo to genetically affect particular functions

of Ag-specifically targeted cells. Thus, suppressive function depended on the exosome-like

nanovesicles from the Ts cells and B cell-produced Ag-specific Ab LC or Ab. Employment

of unprecedented techniques like Ag-specific affinity chromatography of the nanovesicles

led to isolation of a suppressive subset we subjected to molecular cloning. Deep sequencing

and comparative bioinformatics of suppressive vs non-suppressive-associated miRNAs led

to preliminary identification of the inhibitory miRNA as the previously T cell associated

miRNA-15031-37.

Postulated pathway of effector T cell suppression by the exosome-like nanovesicles

We hypothesize that the described procedure of tolerance induction results in the activation

of two essential cell types. One is the T CD8+ suppressor cell population which produces the

exosome-like nanovesicles containing inhibitory miRNA-150. The other collaborating cells

likely are B1 B cells, probably Ag-specifically activated in the peritoneal cavity by contact

skin immunization during tolerogenesis11. After migration to the spleen, B1 B cells were

shown to produce Ag-specific IgM and Ab LC into the circulation11. Therefore, the

suppressive nanovesicles produced during tolerogenesis could be coated with Ab LC or Ab

in vivo as shown by flow cytometry (Fig. 5b). Moreover, coating of exosome-like

nanovesicles with Ab LC could be performed in vitro (Fig. 5c).

Treatment of the CS-effector cell mixture with the nanovesicles was effective in vitro, as

shown in adoptive transfer experiments. Moreover, the exosome-like nanovesicles injected

systemically at the peak response into actively sensitized mice were able to suppress CS

resonses, likely by targeting the activated CS-effector T cells in vivo at the CS elicitation

site.

The exact mechanism of tolerance and the targeted cell type are subject to ongoing research.

The CS-effector T cells themselves may be the direct target of the suppressive nanovesicles

action. However, preliminary results suggest that the regulatory signal could also be
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transmitted to CS-effector cells by targeted Ag-presenting cells, such as DC or

macrophages, whose functions are altered by the suppressive exosome-like nanovesicles

(unpublished data).

Ag-specificity of the suppressive exosome-like nanovesicles

The Ag-specificity we identified is an important new property of exosome-like nanovesicles.

Not only is this the first demonstration of Ag-specific nanovesicles, but also the first

demonstration that such vesicles with biological activity can be separated into at least two

functional subpopulations; a minor Ag-binding fraction having all the activity and a major

non-Ag binding fraction that was non-suppressive. The potential surface Ag-specificity of

the suppressive exosome-like nanovesicles was based on four findings: 1. flow cytometry

showing Ab kappa LC on their surface, 2. dual reciprocal Ag-specific suppressive function,

3. specific Ag binding for Ag affinity chromatography, and finally 4. reconstitution of

suppression in non-suppressive nanovesicles from JH-/- pan immunoglobulin deficient

tolerized mice by coating with Ag-specific monoclonal Ab LC.

Our data show that nanovesicle Ag-specificity and suppressive activity can be conferred by

a coating with free Ab LC and not Ab HC, that therefore likely bind an unknown site on the

activated exosome-like nanovesicles. An alternative possibility is that intact, antigen-

specific IgM or IgG are responsible. Despite the usual low affinity Ag binding of isolated

Ab LC, they can mediate Ag-specificity39,11. Further, when Ab LC are multiply displayed

on the nanovesicle surface, the overall avidity for Ag likely increases, particularly in this

hapten system where there is only one Ag determinant. Free Ig LC previously have been

implicated in a variety of immune and allergic inflammatory diseases40-43 and may be one

mechanism for the beneficial effect of anti-CD20 B cell therapy with Rituximab44,45.

Effects of Ab LC in diverse responses first were ascribed to binding and activating mast

cells11,30,40-43,46, but binding of Ab LC to human T cells, B cells and monocytes has been

recently demonstrated47.

Suppression by antigen-specific exosome-like nanovesicles

Suppressive nanovesicles can be compared to immunosuppressive extracellular vesicles

described previously in allergy and immunity48-51, and other conditions, such as:

pregnancy52-54, breast feeding55 and especially in cancers where tumor-derived exosomes

subvert a variety of host responses56-62. However, in none of these other systems have

exosomes been shown to exhibit Ag-specificity. This was suggested previously, but without

Ag-binding or dual reciprocal testing59. Our system of high Ag-dose-induced suppressive Ts

and Ts Sup previously was elegantly characterized biologically and noted to be Ag-

specific63-65. However, neither the mechanisms for Ag-specificity (here shown to be

antibody), nor elucidation of how suppression was mediated (here shown due to

miRNA-150 contained in exosome-like nanovesicles), was determined.

Suppression is mediated by miRNA-150 in exosome-like nanovesicles from tolerized CD8+

suppressor T cells

A crucial step leading to identification of miR-150 as mediating suppression was isolation

by Ag-affinity column chromatography of a suppressive Ag-binding subpopulation of
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nanovesicles representing only 12% of the total. Comparing miRNA sequences of this

subpopulation to those of the non suppressive non-Ag-binding nanovesicles, led to miR-150

as a candidate, and inhibition of suppressive activity by miR-150 antagonist confirmed this

idea. Finally, experiments with miR-150-/- mice definitively established miR-150 as the

major suppressive small RNA carried by the exosome-like nanovesicles to Ag-specifically

inhibit targeted cells in the CS-effector cell mixture. Of further importance, the miRNA-150

in the exosome-like nanovesicles also could act Ag-non-specifically to inhibited HT-2 cell

responsiveness to IL-2; an in vitro assay66 that turned out to be truly correlative with the in

vivo nanovesicle suppression of CS. This should prove to be an excellent system to

determine the molecular mechanisms of the effects of miR-150 on targeted cells, here

possibly taken up by non-specific mechanisms like pinocytosis instead of by an Ab-

dependent Ag-specific mechanism. miR-150 was described originally in positive T cell

mediation of B cell, T cell and myeloid/erythroid development31,33, and more recently

development of T, NK and NKT cells35,37. As would be expected for regulation by an

miRNA, activating vs. suppressive effects may depend on particular targeted transcription

factors other than the strongly miR-150-associated c-Myb8,31,34,35. Accordingly, miR-150

also can inhibit B cell development depending on timing32, and is considered a tumor

suppressor67. The intracellular target of miR-150 in nanovesicle-mediated suppression of CS

will be the subject of future investigations.

How these studies of T cell suppression may relate to human patients with contact
dermatitis and other inflammatory diseases

The present study demonstrates a mechanism of T cell tolerance in mice mediated by

exosome-like nanovesicles carrying miRNA-150 produced by suppressor T CD8+ cells and

possibly delivered at the cutaneous site of CS.

Human studies have noted Treg cells defined by Foxp3 and/or cytokine associations at skin

lesions of patients with contact dermatitis68. Besides CD4+ Tregs, there are many clinical

instances in which a role for regulatory CD8+ T cells has been described. These include

regulation of IgE-mediated allergy69, autoimmunity70,71, viral diseases72-74 cancer75,76 and

transplantation alloimmunity77. CD8+ Treg are being appreciated to play a role in a variety

of regulatory processes78-80. However, in the current study, we ruled out Foxp3+ Treg cell

participation in this tolerogenesis.

Therefore, it is important to consider whether similar Ag-specific CD8+ suppressor T cells

or analogous tolerance mechanisms also exist in humans, and possibly modulate clinical

diseases via the release of comparable exosome-like nanovesicles. On the other hand, cell

populations mediating regulatory mechanisms observed in murine models may not always

be directly translated to humans. However, even when different regulatory cell types are

involved in mediating tolerance, still the same clinical effect can be observed. This was

demonstrated in a clinical trial studying induction of suppression of the autoimmune

response in multiple sclerosis where the same tolerogenic procedure was preformed in both

species, but the resulting suppressive T cells had distinctly different phenotypes81,82. Since

the activity of the suppressive nanovesicles could also be modulated by easy transfection
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with miRNA and surface coating with Ab LC, this newly described mechanism of

suppression may have important potential in regulation of immune responses.

Translation potentials

Discovery of Ag-specific exosome-like nanovesicles suggests they could be targeted to

specific cells by sensitizing their surface with a coat of chosen antibody light chains against

a marker of the desired target cells, and loaded with selected miRNA cargo for specific

intracellular genetic therapy. This might enable suppression of specific effector cells in

allergic, autoimmune and inflammatory diseases. Alternatively, suppressive function of Treg

in cancer, or small RNA derived from oncogenes in leukemia may be antagonized by

nanovesicle-derived cargo. Although our findings pertain to hapten induced skin allergy, we

are extending them to protein antigens in DTH and allergic asthma (Groot Kormelink et al,

unpublished).

The ability of activated exosome-like nanovesicles to be transfected with selected small

RNA cargo to bind surface antigens preferentially expressed on targeted cells and alter

specific target cell functions, could achieve a high therapeutic index as a new physiological

and specific delivery vehicle. Finally, our data suggest that therapeutic exosome-like

vesicles are able to act at great distances via the blood for prolonged times after a single

dose, and may even work when given orally. Further, as therapy, they seem to be able to

suppress active disease via cooperating immunological and genetic mechanisms. In

summary, the unique and very important potential translational properties of the suppressive

exosome-like nanovesicles that we have described are their easy transfection with miRNA,

and above all their maniputable antigen-specificity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CS contact sensitivity

DC dendritic cells

FT flow through

Ab LC free antibody light chains

OX oxazolone

TNP trinitrophenyl

MVB multivesicular body of the terminal endosomal pathway

Nl Cell Sup supernatant from culture of lymph and spleen cells from normal (non-

immunized) mice

mRBC mouse red blood cells

NTA nanoparticle tracking analysis

Ts suppressor T cells from antigen tolerized mice

Ts Sup supernatant from culture of lymph and spleen suppressor T cells from

tolerized mice

Treg T regulatory cells

WT wild type
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Key Messages

• Antigen specific exosome-like nanovesicles delivering selected inhibitory

miRNA is a new form of regulation shown here to inhibit allergic contact

dermatitis.

• The described mechanism of tolerance enables antigen specific targeting of

particular cell function via miRNA interference.

• This process may potentially lead to establishment of a new form of natural

immunologic and genetic therapy of many human diseases.
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Fig. 1. High dose Ag tolerization of the CS immune response induces suppressor T cells (Ts)
producing suppressive supernatant (Ts Sup) containing exosome-like nanovesicles
a. Ts cells (Group B) or their culture supernatant (Ts Sup, Group C) suppressed adoptive

transfer of CS. b. Electron microscopy revealed that Nl Sup, Sham Sup and TNP-Ts Sup

pellets contained nanovesicles resembling exosomes at 80,000 times magnification (the bar

is 65nm). c. Nanoparticle tracking analysis (NTA) showed homogenous sized nanovesicles

from control RAW cell line supernatant and from TNP-Ts Sup pellets, indicating particle

size/concentration. d. Western immunoblotting showed CD9 tetraspanin expression by

extracts of pellets from TNP-Ts Sup, Nl Cell Sup, Sham Sup and RAW cell line Sup,

compared to control RAW cell lysate.
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Fig. 2. Ts Sup function is entirely in the 100,000g pellet and in the buoyant fraction of a
discontinuous sucrose gradient
a. The OX-Ts Sup pellet was suppressive (D), whereas OX-Ts Sup depleted of nanovesicles

(C), Starting Nl Sup (E), Nl Sup pellet (F), and Nl Sup depleted of nanovesicles (G) all

were non-suppressive. b. Vesicles from the TNP-Ts Sup 1.86/1.08 buoyant fraction (E), and

vesicles from the original Ts Sup pellet (D) were suppressive, whereas the pellet depleted of

buoyant material (F) and Nl Cell Sup fractions were not inhibitory (B & C).
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Fig 3. Determination that the Ts Sup suppressive exosome-like nanovesicles are derived from
CD8+ cells, are present in plasma of Ts donors, and are not produced by Treg cells
a. Treatment of Ts cells from tolerized mice with anti-CD8 mAb + C’ prior to culture to

derive Ts Sup eliminated suppression of adoptivelly transferred CS (C). Similar anti-CD4

mAb treatment of the OX-Ts had no effect (D). b. Tolerized Ts donor plasma nanovesicles

were suppressive (E), whereas nanovesicles from other sources (C, D, F, G) were non-

inhibitory. c. Only TNP-Ts Sup and Ts donor plasma exosome-like nanovesicles inhibited

the in vitro HT-2 cell response to IL-2 (B & D). d. DEREG mice depleted of Treg and wild

type mice were tolerized with high Ag dose and showed similar suppressive ability (C & D).
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Fig. 4. In vivo treatment with suppressive exosome-like nanovesicles inhibits established CS
responses in actively sensitized mice
Ts Sup vs. control Sham Sup nanovesicles were injected i.p. at 24h of an ongoing CS

response in actively sensitized and ear challenged mice. The Ts Sup exosomes suppressed

CS at 48h and 72 wher eas the Sham Sup vesicles were non-inhibitory.
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Fig. 5. The suppressive exosome-like nanovesicles are Ag-specific
a. Dual Reciprocal Ag-Specificity of Ts Sup Exosome-like nanovesicles. TNP-CS effector

cells only, positive control (A), suppression in the TNP homologous system (B), no

suppression in the TNP heterologous system (C), OX-CS effector cells only, positive control

(D), no suppression in the OX heterologous system (E), suppression in the OX homologous

system (F). b. Flow cytometry analysis of kappa light chain expression on TNP Ts Sup

(right, red) and RAW cell-derived (left, blue) nanovesicles. Isotype controls are shown in

gray. c. Nanovesicles from TNP-tolerized JH-/- mice did not mediate suppression (C). In

vitro addition of monoclonal anti-TNP Ab LC to nanovesicles from tolerized JH-/-

reconstituted suppression (D). d. The Non-Ag-specific assay of HT-2 T cell responsiveness

to IL-2 showed that nanovesicles from tolerized JH-/- mice had strong non-Ag specific

suppressive activity (Group C vs. A), equivalent to that of wild type Ts Sup nanovesicles (B
vs. A).

Bryniarski et al. Page 21

J Allergy Clin Immunol. Author manuscript; available in PMC 2014 September 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 6. Isolation of a small suppressive nanovesicle subpopulation by Antigen affinity
chromatography
a. Suppressive TNP-Ts Sup nanovesicles were applied to either a column conjugated with

TNP or OX. Only 12% of applied nanovesicles adhered to the TNP column and were eluted

with dilute guanidine. b. TNP-Ts Sup vesicles from the TNP column flow through (FT)

mediated no suppression (C), whereas the TNP-nanovesicles from the eluate had all the

activity (D). The OX column FT, but not eluate had all the suppressive activity (E vs F). c.

The eluate fraction from the TNP column strongly inhibited HT-2 cell viability (Group C),

whereas the column wash (Group B), and the flow through (Group A) were not suppressive.
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Fig. 7. Use of specific anti-miRs to test for candidate suppressive cargo of the Ts Sup exosome-
like nanovesicles
a. TNP Ts Sup nanovesicles pre-incubated with anti-miR-150 completely inhibited the

suppression of CS (C). Similar treatment with anti-miR-150*, (the anti-sense passenger

strand), only resulted in 20% reversed suppression (D). Treatment with anti-miR to miR-92

(E), Let 7i (F), Let7i (G)*, or the mimic control (H), all did not reverse suppression. b. The

same anti-miRs were tested in the in HT-2 assay. Only the anti-miR to miR-150 reversed

suppression (B).
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Fig. 8. miRNA-150 deficient mice show definitively that miR-150 is the suppressive entity in the
exosome-like nanovesicles from tolerized mice
a. Wild type (WT) C57BL/6 and miR-150-/- mice were actively contact sensitized and had

normal responses at 24h (A & C). WT mice first tolerized and then actively sensitized

showed strong suppression (B), in contrast to miR-150-/- mice that showed no suppression

after tolerance induction (D). b. Treatment of OX CS-effector cells with miR-150-/- OX Ts

Sup nanovesicles (C) as well as with WT Nl Cell Sup (D) and miR-150-/- Nl Cell Sup (E)

nanovesicles did not cause suppression of CS. c. Nanovesicles from OX tolerized miR-150-/-

mice transfected with miR-150 mediated suppression, whereas transfection with miR-150*

(E), or miR-mimic control (F), did not results in suppression. d. The Non-Ag-specific assay

of HT-2 T cell responsiveness to IL-2 showed that nanovesicles from miR-150-/- OX

tolerized mice (C) were non-inhibitory but transfection with miR-150 rendered them

suppressive (D).
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