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Abstract Both monoclonal T cell-specific antibodies and multivalent major histocompatibility complex
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proteins are used as diagnostic reagents for T cell-mediated diseases. However, their widespread use

as vehicles for drug delivery has been hindered by the lack of versatile methods that couple the

targeting potential of these reagents with drugs of clinical relevance. To address this problem, we

engineered a multivalent nanoscopic drug carrier that flexibly tethers to a variety of T-cell antigens.

Our carriers bound their target T cells specifically and with enhanced sensitivities as compared with

free antigen. Additionally, they consistently inhibited the proliferation of the target T cells in vitro

and in vivo, whereas drug-free constructs elicited strong stimulation of the target populations. As a

result of the flexibility of incorporating multivalent antigen and drug, these carriers have wide

potential use as sensitive T-cell detection reagents as well as promising immunostimulatory or

immunosuppressive tools.
D 2007 Elsevier Inc. All rights reserved.
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T cells and their antigen-specific subsets are important

for the maintenance of a normal immune response, and

aberrant function of those cells contributes to the pathogen-

esis of many chronic autoimmune and alloimmune disease

states. Although the ability to detect T cells and antigen-

specific T cells in vitro and in vivo would be helpful for

disease diagnosis [1,2], the added ability to modulate these

cells would lead to novel approaches for repairing immune

system defects and restoring immune competence. One

approach for modulating the antigen-specific response

involves the induction of antigen-specific T-cell unrespon-

siveness or anergy by exposure to controlled doses of

antibodies or peptide–major histocompatibility complex

ligands (peptide-MHC). This approach has traditionally
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required multiple treatments and has limitations because

affected T cells remain alive in a hyporesponsive state that

could be reversed by a variety of factors, including the

presence of certain cytokines or the absence of antigen [3].

A second approach involves the conjugation of T cell

antigens to immunosuppressive drugs, which would serve to

direct drug delivery to a targeted population of T cells [4].

However, conjugation of drug to carrier antigens requires

chemical modifications that are not always easy to achieve.

In addition, the effectiveness of conjugates is often limited,

because it is difficult to provide unhindered antigen

presentation together with effective drug delivery.

Targeting of antigen-specific T cells is further complicat-

ed by the intrinsic low affinity of peptide-MHC to T cell

receptor (TCR) binding, which is in the range of 1 to 100 lM
[5,6]. Multivalency can be used to enhance interactions via

avidity: for example, doubling the valency of peptide-MHC

complexes can substantially lower the dissociation constant

[7]. Therefore, we sought to engineer multivalent T cell
iology, and Medicine 3 (2007) 75–85



T.M. Fahmy et al. / Nanomedicine: Nanotechnology, Biology, and Medicine 3 (2007) 75–8576
targeting for enhanced avidity and sensitive detection of

specific T cells. In addition, if such constructs could be

endowed with the ability to load drug molecules, they would

be attractive reagents for sustaining the interactions neces-

sary for drug delivery to their target T cells.

To accomplish these goals, we engineered a robust,

antigen-presenting carrier by linking bifunctional poly(eth-

ylene glycol) (PEG) chains to a bnanocarrierQ, poly(amido-

amine) spherical core (PAMAM), which functions as a drug

carrier. We encapsulated doxorubicin (Dox), a potent

antimitogenic drug, into the PAMAM core (32 mol Dox

per mole construct), and the surface of the carrier was

modified with antibodies or MHC molecules. This surface

modification facilitated high-avidity interactions for detec-

tion of target T cells and also allowed for specific drug

delivery through receptor-mediated internalization of the

complexes. The activity of these complexes, according to

both in vitro and in vivo experiments, suggests their promise

as sensitive reagents for both detection and drug delivery to

different populations of T cells.
Materials and methods

Mice

All animals were routinely used at 6 to 8 weeks of age

and were maintained under specific pathogen-free condi-

tions and routinely checked by the Yale University Animal

Resource Center. BALB/c mice were obtained from Jackson

Laboratories (Bar Harbor, ME). 2C TCR transgenic mice

breeding pairs were a gift from Dr. Fadi Lakkis (Yale

University School of Medicine). 2C mice were maintained

as heterozygous by breeding on a C57BL6 background in

our animal facility. Phenotypes were tested with the

clonotypic 1B2 antibody.

Cells

All cells used were obtained from homogenized naive

mouse spleens after depletion of red blood cells by hypotonic

lysis. CD3+ and CD8+ cells were isolated by negative

selection from 2C splenocytes using CD3 T cell or CD8+ T-

cell subset enrichment columns (R&D Systems, Minneap-

olis, MN). Purity greater than 95% was routinely obtained.

PEG-PAMAM

PAMAM Generation 6 (Aldrich, Milwaukee, WI),

10 wt% in methanol, was evaporated under a gentle stream

of nitrogen and placed under high vacuum overnight before

further manipulation. To prepare fluorescently labeled

constructs, a 24-fold molar excess of Boc-NH-PEG3400-

NHS COOH and a 6-fold molar excess of fluorescein-

PEG5000-NHS COOH (Nektar Pharmaceuticals, Huntsville

AL) were added to PAMAM in a 0.2 M borate buffer pH

8.0. For unlabeled constructs a 30-fold molar excess of

PEG3400 was used. The mixture was vortexed gently and

placed on a rotary shaker for 24 hours. Unreacted PEG was
removed by dialysis in a 10,000 MWCO Slide-a-Lyser

(Pierce, Rockford, IL) with borate as the dialysis buffer. To

remove the tBoc protecting group, the complex was

lyophilized for 48 hours and redissolved in trifluoroacetic

acid for 30 minutes at room temperature (238C-258C) with
constant stirring. Trifluoroacetic acid was removed under

vacuum for 1 hour. The remaining product was dissolved in

borate buffer followed by dialysis in water. The final PEG-

PAMAM complex was lyophilized once more and stored at

–208C. The characterization of these complexes is discussed

in detail in a previous report [8].

Streptavidin-PEG-PAMAM

Streptavidin (Sigma, St. Louis, MO) was activated for

amine coupling by dissolving at 1 mg/mL in 0.1 M methyl

ethane sulfonate, 0.5 M NaCl buffer pH 5.1. To form active

ester functional groups for coupling, NHS (N-hydroxysuc-

cinimide) and EDC (1-ethyl-3-[3-dimethylaminopropyl]car-

bodiimide HCl), both from Pierce (Rockford, IL) were

added at a concentration of 5 mM and 2 mM, respectively,

and allowed to react for 15 minutes at room temperature.

The unreacted EDC was quenched with 2-mercaptoethanol

at a final concentration of 20 mM. For amine coupling to the

PEG-PAMAM, a 20-fold molar excess of activated strepta-

vidin was added to the PEG-PAMAM and reacted for

2 hours at room temperature. Excess reactant and unconju-

gated streptavidin was removed by extensive dialysis in a

300K MWCO CE ester membrane (Spectrum Laboratories,

Rancho Dominguez, CA). Homogeneity of the complexes

was assessed by reverse-phase high-performance liquid

chromatography (HPLC) on a C18 column (Supelco) with

30% acetonitrile in 1� phosphate-buffered saline (PBS) as

the mobile phase.

Dynamic light scattering

The size of the constructs were measured by dynamic

light scattering. The instrument consisted of a diode-

pumped laser (Verdi V-2/V-5, Coherent) operating at

532 nm, an ALV-SP S/N 30 goniometer (ALV-GmbH,

Langen, Germany) with index matching vat filled with

doubly filtered (0.1 mM) toluene, and an ALV-500

correlator. Low concentrations of constructs (b5 lg/mL)

were pipetted into a cleaned borosilicate culture tube before

measuring the intensity of the autocorrelation function at a

90-degree scattering angle. The hydrodynamic radius (RH)

was determined by nonlinear least squares fitting (ALV

software) of the resulting second-order cumulants.

Antibody and MHC coupling

Biotinylated antibodies (biotin-conjugated hamster anti-

mouse CD3q and biotin-conjugated rat anti-mouse CD45R/

B220) (BD Biosciences, PharMingen, San Jose, CA) were

used without further purification. Soluble MHC-immuno-

globulin (MHC-Ig) dimers Kb-Ig and Ld-Ig were prepared

by methods described previously [9]. MHC monomers were
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prepared from the same dimer stock used in binding

experiments by papain treatment of the MHC-Ig and

purified as recommended by the manufacturer (Pierce

Immunopure Fab preparation kit; Pierce, Rockford, IL).

Preparation of MHC-Ig Fab fragments by papain treatment

yielded functionally active protein that specifically bound

2C TCR immobilized to the surface of a biosensor (Biacore,

Piscataway, NJ) (data not shown). MHC Ld monomers and

dimer were fluorescently labeled with fluorescein isothio-

cyanate (FITC; Molecular Probes, Carlsblad, CA) at pH 7.4

and purified by size exclusion chromatography. Protein

concentrations were determined spectrophotometrically by

measuring the absorbance at 280 nm. Biotinylated anti-

bodies or MHC monomers were added at the molar ratio of

40:1 to streptavidin-coupled PEG-PAMAM and incubated

overnight at 48C followed by dialysis in a 300K MWCO CE

membrane (Spectrum Laboratories, Rancho Dominguez,

CA). Both Kb and Ld constructs and Kb dimers were loaded

with peptide and refolded in the presence of 40-fold molar

excess peptide and 2-fold molar excess h2-microglobulin

according to methods described previously [7,10]. Peptides

were synthesized by the Yale University Biotechnology

Resource Laboratory, purified by HPLC, and purity tested

by mass spectroscopy. Using a conformationally sensitive

enzyme-linked immunosorbent assay, we have estimated

that more than 85% of the Kb and Ld constructs were folded

properly on the construct (data not shown).

Dox loading of PEG-PAMAM constructs

Dox was dissolved in water at a final concentration of

2.5 mg/mL and added to a final concentration of 100 nM to

PEG-PAMAM constructs in PBS pH 7.4. The solution was

mixed gently for 2 hours at 378C then 24 hours at 48C,
followed by dialysis in 7000 MWCO membranes (Pierce,

Rockford, IL). Encapsulation efficiency was assessed by

fluorescence emission at 570 nm with 488 nm excitation.

The amount of Dox loaded was deduced from a Dox

calibration standard. To assess the magnitude of Dox

fluorescence enhancement in the presence of PEG-PAMAM

constructs, Dox at 2.5 mg/mL in water was titrated in 0.1-lL
volumes in a fluorometer cuvette in the presence or absence

of PEG-PAMAM constructs. Difference spectra were col-

lected in the range 500 to 600 nm with excitation at 488 nm.

T-cell binding assay

Cells (1�105) were incubated with varying concentra-

tions of the reagents, until equilibrium binding was achieved

(2 hours, 48C). Cells were washed three times with 1�PBS
containing 1% fetal calf serum (FCS) and 0.1% sodium

azide and analyzed by flow cytometry on a FACScan (BD

Biosciences). The mean channel fluorescence (MCF) was a

measure of the amount of reagent bound, and the fraction

bound at any specific concentration was deduced by

dividing the MCF by the maximum MCF of the binding

reagent in the experiment.
In vitro T-cell proliferation assays

Cells were adjusted to a concentration of 1�107 cells/mL

in complete medium. Plates were coated with various

concentrations of anti-CD3q antibodies according to estab-

lished protocols [11]. Per well, 2�105 cells were plated.

Cells were treated with 20 nM complexes either loaded or

not loaded with Dox and incubated at 378C, 5% CO2. On

day 3 T-cell proliferation was analyzed with a colorimetric

assay for quantification of cell proliferation and viability,

WST-1, according to the manufacturerTs protocol (Roche

Diagnostics GmbH, Pennsburg, Germany). Degree of

proliferation of treated cells (experimental) was quantitated

by comparing to untreated cells (control) according to the

formula: proliferation index = [(1 – (control – experimen-

tal)/control)].

Data fitting

We fitted our in vitro proliferation data to a dose-

response logistic function using Microcal origin 6.0:

Prolif eration ¼ 1� Control � Experimental

Control

¼ A1 � A2

1þ DOX½ �
X50

� �p þ A2

Here A1 and A2 represent the initial and final prolifer-

ation index values, P is the slope of the dose-response

curve, and X50 is the dose for half-maximal proliferation.

Stimulation and inhibition of T cells in vivo

The experimental protocol consisted of injecting mice

with 1 � 107 purified 2C CD8+ T cells in 100 lL of sterile

PBS. One day after adoptive transfer, mice were injected

intraperitoneally with 200 lg of constructs, either drug-free

or carrying 3.6 lg of Dox. This is well below the LD50 of

21 lg/g of body weight for intravenous administration of

Dox to mice. Four days after this treatment 1�106
splenocytes were isolated and stained for the frequency of

2C cells by analysis with the clonotypic antibody against the

2C TCR, 1B2.
Results

Engineering high-avidity antigen presentation

Our strategy for constructing T-cell binding reagents is

shown in Figure 1, A. The reagents are built from a

hydrophobic dendrimer core (6.7 nm) with radiating PEG

chains (4.2 nm) terminated with functional amines, which

were coupled to streptavidin. This construct was assembled

to contain multiple (24–30) PEG chains and generation 6

PAMAM [12] using methods reported previously [8].

Briefly, the condensation reaction of PAMAM and activated

ester tBOC-NH-PEG-3400-COOH (molar ratio of 1:30),

was carried out in borate buffer at pH 8.0. In experiments

that used fluorescent conjugates this reaction was also



Fig 1. Schematic representation of SA-PEGFITC/PAMAM construction. A, The construction of streptavidin-PEGFITC/PAMAM is described in detail in the

Methods section. B, Absorbance profiles of streptavidin-PEGFITC/PAMAM and PEGFITC/PAMAM. The level of streptavidin conjugation was deduced from

standards and is equivalent to 13 mol of streptavidin per mole of construct. C, Reverse-phase HPLC of SA-PEGFITC/PAMAM and PEGFITC/PAMAM. Mobile

phase is 30% acetonitrile in PBS. Stationary phase is a C18 column.
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carried out with HOOC-PEG5000-fluorescein (molar ratio

of 1:25:5, PAMAM/HOOC-PEG3400-NH-tBoc/HOOC-

PEG5000-fluorescein, respectively). Characterization of

the conjugate was performed with Fourier transform

infrared (FT-IR). FT-IR spectra showed the appearance of

an amide bond at (1672 cm–1), confirming the formation of

the conjugates and a peak at (1720 cm–1), corresponding to

the presence of tBoc ester.

We chose PAMAM dendrimers for two reasons. First, the

PAMAM cores can function as vehicles for small drugs

[13-15], paramagnetic molecules for contrast enhancement

in magnetic resonance imaging [16], oligonucleotides [8],

transgenes [17,18], and radionuclides [19]. Second, because

of their branched tree-like structure, PAMAM tendrils

radiate out from a central hydrophobic core to create a

well-defined globular architecture with 256 functional

amine groups at the surface [20]. This facilitated the
attachment of a high density of a variety of ligands. We

attached fluorochrome-terminated PEG chains (MW 5000)

and amine-terminated PEG (MW 3400) at the molar ratio of

1:5. Streptavidin was coupled to amine-terminated PEG

chains by NHS-EDC chemistry with an efficiency of 13

streptavidin molecules per construct (Figure 1, B). Reverse-

phase HPLC of the constructs (Figure 1, C) revealed a

narrow distribution of the PEG-PAMAM and a slightly

wider distribution for streptavidin-PEG-PAMAM (SA-PEG-

PAMAM) constructs. The SA-PEG-PAMAM eluted earlier

on a C18 column, probably as a result of the decrease in

hydrophobicity of the construct that occurred with strepta-

vidin conjugation. Construct size was determined by

dynamic light scattering and estimated at 17.1 nm and

26.4 nm for PEG-PAMAM and SA-PEG-PAMAM, respec-

tively. In summary, chemical analysis of our constructs is

consistent with the model depicted in Figure 1, A.



Fig 2. Antigen-presenting constructs bind T cells with specificity and high avidity. A, Purified CD3+ T cells isolated from BALB/c splenocytes by negative

selection (1 � 105) were incubated with 20 nM of anti-CD3q or anti-CD45R/B220 (negative control that recognizes B cells) fluorescein-labeled constructs at

48C for 2 hours. The cells were washed three times with PBS containing 2% FCS and 0.1% sodium azide, and analyzed for bound fluorescence by flow

cytometry. B, Direct flow cytometry binding assay. Purified T cells from BALB/c mice (1 � 105) were incubated with various concentrations of anti-CD3 SA-

PEGFITC/PAMAM constructs or anti-CD3-FITC for 2 hours at 48C. C, Purified 2C CD8+ T cells (1 � 105) isolated from 2C transgenic splenocytes by negative

selection were incubated with various concentrations of SIYKb–SA-PEGFITC/PAMAM or SIYKb–Ig FITC (MHC dimer). Specific concentrations (x-axis) are that

of the MHC. In both B and C, cells were washed three times with PBS–2% FCS and 0.1% sodium azide, then analyzed by flow cytometry (see Methods

section). The amount of bound reagent is determined from the mean channel fluorescence (MCF). Normalized fluorescence (fraction bound) is the MCF

divided by the maximum MCF in the experiment. Experiments were performed in triplicate; shown are the mean and standard deviation (error bars). The

experiment shown is a representation of one of at least three independent studies with similar results.
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Antigen-presenting constructs bind their targets

with specificity and high avidity

To evaluate the specificity of SA-PEG-PAMAM as a

multivalent scaffold for T-cell ligands, we coupled SA-PEG-

PAMAM to biotinylated antibodies that recognize either the

T-cell CD3 complex or the CD45R (B220) antigen on B

cells (negative control). In T-cell populations, virtually no

binding of the control anti-B220 complexes was seen at the

saturating doses used in this study, but the specific anti-CD3

complex bound strongly at the same dose (Figure 2, A).

When the anti-CD3 complexes were incubated at various

concentrations with T cells, we noticed a striking enhance-

ment in the binding avidity of the constructs in comparison

with native fluorescently labeled anti-CD3 antibody

(Figure 2, B). Because avidity increases with increased

valency of binding, and because the PEG-PAMAM con-

structs have a higher valence (N26 binding sites) than

antibodies (2 binding sites), more of the anti-CD3 com-

plexes bound as compared with the native antibody at a

fixed ligand concentration. The concentration at which 50%

of the constructs were bound was 10-fold lower than
antibody alone. Our multivalent constructs therefore allow

for T-cell binding at lower concentrations of the reagent.

To test the effectiveness of this general approach in

targeting antigen-specific T-cell populations that recognize

peptides loaded in the context of specific MHC, we chose to

study the 2C CD8+ T-cell line. This is a transgenic T-cell

line known to be reactive to specific ligands. For example,

2C TCRs bind several ligands including the peptide

SIYRYYGL presented in the context of the self MHC

H-2Kb (SIYKb) [21], and SIYKb dimers and tetramers have

been used to identify and track 2C T cells ex vivo [1,10,22].

We biotinylated the monomeric MHC, H-2Kb, at the N

terminus and exogenously loaded the MHC with the SIY

peptide followed by conjugation to the SA-PEG-PAMAM

construct. We found that the SIYKb constructs bound

purified CD8+ 2C T cells with enhanced avidity as

compared with SIYKb dimers (Figure 2, C). The concentra-

tion of half-maximal binding for the multivalent constructs

was 100-fold lower than dimeric forms of the MHC

(SIYKb-Ig). Because the affinity of peptide-MHC–T cell

interactions is much lower (1–10 lM) than antigen-

antibody interactions (1–100 nM), we expected this



Fig 3. Doxorubicin (Dox) is efficiently encapsulated in PEG-PAMAM

constructs and released at low pH. A, Dox fluorescence is enhanced in

hydrophobic media. Emission spectra with excitation at 470 nm of Dox in

PBS, in 30% ethanol-PBS, and in the presence of a 13.5 nM concentration

of SA-PEG-PAMAM. B, Dox was titrated into a 1 mg/mL solution of SA-

PEG-PAMAM, and emission spectra were collected in PBS in the presence

and absence of SA-PEG-PAMAM. Fluorescence enhancement was

calculated by subtracting the native Dox emission peak at 552 nm in

PBS from peaks obtained in the presence of SA-PEG-PAMAM. C, SA-

PEG-PAMAM(Dox) was dialyzed in PBS and immobilized in a 1-mL

biotin-agarose column, then washed with 10 mL PBS before elution with a

10 mM acetate buffer pH 5.0. The arrow indicates beginning of elution with

the acetate buffer.

T.M. Fahmy et al. / Nanomedicine: Nanotechnology, Biology, and Medicine 3 (2007) 75–8580
enhancement in avidity to be more pronounced with

constructs displaying peptide-MHC complexes.

Entrapment of Dox in the PAMAM dendritic core of

antigen-presenting constructs

We hypothesized that the enhanced avidity of engineered

complexes (Figure 2, B and C) when coupled with the

capability to carry drugs might prove a means of drug

delivery to peptide-specific T-cell populations. To test this

hypothesis we first assessed the ability of our constructs to

encapsulate the antimitogenic drug Dox. Previous work has

shown that Dox, an anthracycline that intercalates into DNA,

can exhibit antiproliferative effects and induce growth arrest

and apoptosis in proliferating T cells [4]. Dox is intrinsically

fluorescent, with excitation at 488 nm and peak emission at

570 nm in aqueous solutions. Dox is also a weakly basic

drug (pKa = 7.6), with limited solubility in aqueous

environments, partitioning more effectively into hydropho-

bic microenvironments. Because PAMAM constitutes the

largest hydrophobic fraction of the complex, we examined

the capacity of the constructs for passive loading of Dox. For

these experiments we used constructs that were not

conjugated with PEG-fluorescein. These unlabeled con-

structs were incubated with a 10-fold molar excess of Dox

at 48C for 24 hours followed by extensive dialysis. We noted

a fluorescence enhancement of the encapsulated Dox after

purification consistent with its preferential partitioning into

the hydrophobic PAMAM core (Figure 3, A): Dox fluores-

cence is enhanced upon exposure to organic-aqueous media,

and a similar enhancement was simulated with a 30:70

mixture of ethanol/water (Figure 3, A). Our data indicated a

preferential association of Dox with SA-PEG-PAMAM

similar to associations in organic-aqueous media. This

association can be with the PAMAM core, through hydro-

phobic interactions or possibly through a combination of

hydrophobic and electrostatic interactions with the immobi-

lized streptavidin. The observed fluorescence enhancement

was used to deduce the number of moles of associated

drug per mole of construct (Figure 3, B). We estimated

that at least 30 molecules of Dox associated with each SA-

PEG-PAMAM construct (SA-PEG-PAMAM(Dox)).

Dox is efficiently released from the dendritic core at low pH

Because SA-PEG-PAMAM drug-loaded constructs are

small (b100 nm), we speculated they would be efficiently

internalized by target cells and become exposed to low-pH

environments characteristic of lysosomal vesicles. To

determine the fate of encapsulated drug upon exposure

to this low-pH environment, we immobilized SA-PEG-

PAMAM(Dox) in a biotinylated agarose column, and

washed the column with buffered saline at pH 7.4 before

addition of a low-pH buffer. Upon lowering the pH of the

column to pH 5, we noted an increase in Dox concentration

in the eluent as monitored by the red fluorescence of the

drug (Figure 3, C). This reduction in pH is not strong



Fig 4. Inhibition of polyclonal T-cell proliferation. Unpurified murine BALB/c splenocytes (2 � 105) were stimulated by varying doses of plate-bound anti-

CD3 in the presence of (0.1 lg/mL) drug-loaded or drug-free anti-B220-SA-PEG-PAMAM (A) or anti-CD3-SA/PEG-PAMAM (B). Total amount of drug

offered was constant at 18 ng Dox/lg of construct. Splenocytes were stimulated for 3 days under culture conditions and then analyzed for T-cell proliferation

and viability. Proliferation index is a measure of absorbance of the colorimetric probe, WST-1 (see Methods section), which reports on proliferation and

viability of cells. Error bars are the standard deviation of the mean of triplicate experiments.
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enough or sufficient for the disruption of the streptavidin-

biotin bond (denaturing buffers such as 8 M urea or 6 M

guanidium HCl are often needed to break this bond), thus

the eluent was primarily free Dox. A mass balance revealed

that greater than 90% of the Dox was released from the

constructs. The partitioning of Dox from a hydrophobic

phase to a low-pH aqueous phase is consistent with a

phenomenon described by the bion trapping hypothesisQ
[23,24], wherein weak bases with a hydrophobic character

such as Dox become increasingly charged with lower pH

and preferentially partition to acidic compartments. Because

of the small size of these complexes, they are very likely to

be internalized [8,17] upon binding to target T cells and

subsequently entering a low-pH lysosomal vesicle compart-

ment in the cell—thus facilitating the pharmacological

activity of the drug.

Selective inhibition of T-cell proliferation in culture

To test the biological activity of SA-PEG-PAMAM(Dox)

constructs, we examined both polyclonal and antigen-

specific T cells. For inhibition of proliferation of polyclonal

T cells (all T cells), we stimulated unpurified splenocytes (T

cells, B cells, macrophages, and a variety of other cell types)

from a BALB/c mouse with varying concentrations of plate-
bound anti-CD3q in the presence and absence of Dox-

loaded anti-CD3q constructs (anti-CD3-Dox) that target all

T cells and Dox-loaded anti-B220 constructs (anti-B220-

Dox) (a negative control that targets B cells). Compared

with anti-B220-Dox, which showed little or no effect on

proliferating T cells (Figure 4, A); anti-CD3-Dox inhibited

their proliferation (Figure 4, B). In these experiments

proliferation was affected by two competing mechanisms:

an enhancement in proliferation due to the additional

stimulus provided by the presentation of the anti-CD3

constructs in the medium (Figure 4, B; compare open circles

to closed triangles) and an inhibition in proliferation due to

specific drug delivery to target T cells (Figure 4, B; compare

open circles to the other symbols). The inhibitory pharma-

cological Dox effect dominated over the stimulatory effect

of the anti-CD3 itself.

We next investigated the efficacy of these constructs in

specifically inhibiting the proliferative response of the

antigen-specific 2C T-cell line. For this we chose a maximal

stimulation at 1 lg/mL of anti-CD3 and incubated purified

2C CD8+ T cells with 2C-specific SIYKb constructs loaded

with Dox (SIYKb-Dox), a nonspecific negative control

(SIINKb-Dox), and equivalent doses of free drug. T cells

were stimulated for 3 days in culture in anti-CD3 coated



Fig 5. Inhibition of antigen-specific 2C T-cell proliferation: A, Purified CD8+ T-cell lymphocytes from 2C transgenic mice were stimulated with a fixed dose of

1 lg/mL anti-CD3 and incubated with titrated concentrations of either Dox-loaded SIYKb or SIINKb, or free Dox. B, Incubation with either Dox-loaded QL9Ldor
MCMVLd, or free Dox. Drug loading in these constructs was estimated at 18 ng Dox/lg of construct. Proliferation was assessed 3 days after stimulation using a

colorimetric assay. Error bars are the standard deviation of the mean of triplicate experiments. Curve fits are to a logistic dose-response function (see Table 1).

Table 1

Inhibition of proliferation by peptide/MHC-DOX constructs

Target A1
a A2 X50 (ug/ml) P

SIYKb-DOX Specific 0.62 F 0.1 0.42 F 0.01 0.013 F 0.02 2.31 F 1.8
SIINKb-DOX Non-Specific 0.87 F 0.02 0.43 F 0.02 0.29 F 0.04 2.31 F 0.6
QL9Ld-DOX Specific 0.97 F 0.5 0.47 F 0.01 0.034 F 0.04 1.85 F 1.2
MCMVLd-DOX Non-Specific 1.0 F 0.04 0.54 F 0.02 0.16 F 0.04 1.4 F 0.45
DOX Free Drug 0.78 F 0.06 0.53 F 0.01 0.055 F 0.02 1.67 F 0.8

a Values shown are derived from data fits to a logistic dose-response function (See methods). Indicated errors are standard errors calculated based on the

model fit.
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plates in the presence of different concentrations of specific,

nonspecific, and free drug (Figure 5, A). In all cases, SIYKb-

Dox, SIINKb-Dox, and free Dox displayed a dose-dependent

antiproliferative effect. However, SIYKb-Dox constructs

were approximately 20 times more effective in down-

regulating the proliferation of 2C T cells in comparison with

the nonspecific SIINKb-Dox. Half-maximal proliferation was

achieved with 0.013 (lg/mL) of SIYKb-Dox versus 0.29 (lg/
mL) with SIINKb-Dox and 0.055 (lg/mL) with free Dox

alone (Table 1).
To test the generality of this antigen-specific Dox

inhibition, we used another peptide-MHC complex recog-

nized by the 2C TCR with affinities similar to those of the
SIYKb complex. The 2C TCR recognizes the peptide QL9

(QLSPFPFDL) when it is presented by a foreign-derived

MHC called H-2Ld, whereas the peptide MCMV

(YPHFMPTNL) is nonspecific to this system and binds

the 2C TCR with extremely low affinities [25]. We observed

similar results with the QL9Ld-Dox in comparison with
MCMVLd-Dox and free drug (Figure 5, B). Half-maximal



Fig 6. In vivo expansion and inhibition of adoptively transferred 2C T cells. (A) Purified CD8+ T cells (1�107) cells were adoptively transferred into age- and

sex-matched naive C57BL/6 mice (n = 4) by tail vein injection. One day after the injection mice were challenged by intraperitoneal administration of 200 lL
of (B) SIYKb construct (1 mg/mL), (C) SIYKb-Dox (1.8 lg of Dox), (D) SIINKb (1 mg/mL), (E) SIINKb-Dox (3.6 lg of Dox). After 4 days mice were killed.

Spleens were dissected and the percentage of cells that were 2C+ was assessed by staining with monoclonal antibody 1B2-FITC.
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proliferation was achieved with 0.034 (lg/mL) of QL9Ld-

Dox versus 0.16 (lg/mL) with MCMVLd-Dox (Table 1).

In both the Kb and Ld cases, the drug-loaded nonspecific

constructs, SIINKb-Dox and MCMVLd-Dox, seemed to se-

quester the drug at low concentrations as compared with

free drug, effectively blocking its antiproliferative activity.
The lower effectiveness of the Ld construct than the Kb

construct at lower concentrations might be a result of 2C

cells reacting to foreign MHC reactivity, the Ld complex. Ld

is a foreign MHC to the 2C T cell, unlike Kb, which is self to

the 2C T-cell transgenic mouse. This imparts additional

reactivity in addition to the peptide, leading to an enhanced
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stimulatory effect on 2C cells. This additional stimulatory

effect might have prevailed at lower concentrations of

the drug. However, for drug doses in the range of 0.1 to

10 lg/mL, both MHC constructs were clearly more

effective when bound to specific peptides and exhibited

enhanced toxicity to the 2C T-cell population as compared

with free drug; half-maximal proliferation was fourfold

higher for SIYKb-Dox and twofold higher for QL9Ld-dox than

free drug alone (Table 1).

In vivo effects on target T-cell populations

To test for targeting and modulation of T-cell populations

in vivo, we used a T-cell adoptive transfer procedure. In this

procedure, wild-type B6 mice were injected with transgenic

T cells, 1�107 2C CD8+ T cells. The TCRs on those cells

bind specifically to a fluorescently labeled antibody, 1B2,

facilitating a method that can be used to monitor the

expansion or contraction of the transgenic cells.

Mice were next challenged with drug-free SIYKb or the

nonspecific construct SIINKb constructs. Our constructs

proved to be promising stimulators for antigen-specific

T cells in vivo. Four days after administration of the

complexes, 7% F 1% of antigen-specific T cells responded

with SIYKb construct and (2.8% F 1%) with SIINKb

constructs (Figure 6, A and B). When mice were challenged

with constructs loaded with Dox after adoptive transfer, this

stimulatory effect was abrogated, with only 2% F 0.6% of

the 2C population proliferating after treatment with SIYKb-

Dox (Figure 6, D). This result was consistent with our in

vitro studies, which showed that similar doses of SIYKb-Dox

are pharmacologically more prevalent over the stimulatory

effect of the SIYKb itself and demonstrated the applicability

of this system in both expansion and inhibition of antigen-

specific T cells in vivo.
Discussion

The construct presented here is a flexible multivalent

system that could be used with a variety of antibodies and

peptide-MHC complexes for binding to target T cells. We

have demonstrated that the resulting constructs bind with

high sensitivity without loss of specificity in vitro and in

vivo. This feature has obvious usefulness in high-sensitivity

tracking of different types of T cells and antigen-specific T

cells during normal or pathogenic immune responses

[1,9,22,26]. However, our goal in this study was focused

on the design of a multifunctional system, which can

facilitate enhanced delivery of drugs to specific populations

of T cells. Because of the functionality and demonstrated

potential of PAMAM dendrimers as nanoscopic polymers in

drug delivery [13], we chose these polymers as the

foundation for the design of multifunctional antigen-

presenting constructs. We tethered PEG to the dendrimer

core for two reasons. First, PEG is a linear polymer that

imparts flexibility to proteins attached to the construct and
allows for attached proteins to scan a few nanometers of

surface area for attachment to cell surface receptors (see

Supplementary Material section, which can be found in the

online version of this article). In a multivalent system, when

MHC molecules are less than 20 nm apart, T cells bind and

respond more efficiently [27]. Second, proteins attached to

PEG often acquire useful properties such as enhanced

solubility, biocompatibility, lower immunogenicity, and

desirable pharmacokinetics, while the main biological

functions such as receptor recognition can often be

maintained [28-30]. These are critical properties for use of

this technology in in vivo settings.

To accommodate the attachment of a wide variety of

ligands both expensive and difficult to prepare, we chose to

attach streptavidin to the PEG chains as an intermediate

coupling protein. Streptavidin facilitates the coupling of

smaller amounts of biotinylated reagent and expands the

application of the construct to a wide range of targets. In this

report we demonstrated this range of usage with biotinylated

reagents that target whole T-cell populations or antigen-

specific T-cell populations. The intrinsic multivalent prop-

erty of these reagents is especially critical for sensitive

detection and drug delivery to antigen-specific T-cell

populations. Increasing the affinity of weak interactions

involving peptide-MHC and the TCR by multivalency

facilitates slower dissociation rates and enhanced drug

delivery. Although the antigen-specific T-cell studies in this

report have been performed with different class I MHC

proteins, the system described could be used with any

biotinylated MHC applicable to other model systems

without the need for complex drug conjugation chemistries

and the risk of altering protein function. This additionally

expands the range of use of these important proteins for

both enhanced detection and modulation of antigen-specific

T cells.

Furthermore, unlike protein-based delivery systems that

must be prepared de novo and that have a limited capacity

for carrying drug, the SA-PEG-PAMAM complexes de-

scribed here have the capacity to carry drug, up to 32 mol of

Dox per mole of construct; additionally, their utility in

encapsulating a variety of low-molecular-weight drugs is

documented [12]. A striking feature of this system is its

ability to retard the release of the Dox drug load, effectively

blocking its antimitogenic activity when the constructs are

addressed with nonspecific peptide-MHC complexes. Thus,

this system offers a therapeutic potential at lower concen-

trations comparable to dose-dense drug treatments. Addi-

tionally, they offer a distinct advantage of achieving

selective expansion of T cells in vitro and in vivo, a

potentially important application for cancer immunotherapy.
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