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Abstract

Here | summarize decades of work using the biophysics of class | MHC molecules to probe the
patchiness and heterogeneity of cell surfaces. This program began as a study of membranes generally.
MHC molecules were a convenient probe. However, in recent years, it has become clear that the
lateral distribution, clustering, of class | MHC molecules in the membrane affects their recognition
by effector CTL. This offers the possibility of enhancing or reducing T-cell recognition of targets by
altering the clustering of their membrane proteins.
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My training in transplantation immunology has informed all of my work at Johns Hopkins.
However, early in my career, my background led me to use to “transplantation antigens”, class
I MHC molecules as probes of membrane states. This turn to biophysics has recently led back
to immunology. We have shown that antigen presentation by class | MHC molecules is strongly
affected by the way the class I molecules are distributed across the cell surface.

Larry Frye and fluid membranes

One paper and one student shifted my research to membranes. The paper, from Henry Harris’
laboratory at Oxford, showed that Sendai virus-induced fusion of mouse and human cells
created heterokaryons with mouse and human surface markers intermixed over the cell surface
[1]. The student Larry D. Frye proposed studying the kinetics of intermixing. We did this by
using the first epifluorescence microscope in the US (in the laboratory of my colleague, the
late John Cebra) to follow the surface distribution after cell fusion of mouse class | MHC
molecules labeled with alloantibodies and of human proteins labeled with a xenoserum. The
textbook result was that intermixing of the two markers over many square micrometers of
surface took only minutes and appeared to be due to diffusion of the markers in the plane of
the plasma membrane [2]. This finding, the basis for the fluid mosaic model of membranes,
set me down the path of using alloantibodies and class | MHC molecules to probe cell surface
membranes.

FPR/FRAP to probe diffusion in cell surface membranes

Counting and imaging heterokaryons is tedious. The first major step down the path to probing
membrane structure was developing a new method for quantitative measurement of lateral
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diffusion. This method, fluorescence photobleaching recovery/fluorescence recovery after
photobleaching FPR/FRAP, was developed in parallel by three laboratories who published
within a few months of one another [3-6]. The method is diagramed in Fig. 1. Instead of
following the time to mix molecules in one hemisphere of a heterokaryon with those of the
other, FPR begins with a single fluorescent label, then bleaches a small spot of fluorescence
and follows recovery of fluorescence in the spot in terms of fluorescence intensity. Our first
labels were, of course, fluorescein-conjugated anti-class | mAb, quickly followed by FI-Fab
made from these mADb.

FPR detected lateral diffusion of class | MHC molecules over about 4 orders of magnitude. As
we got comfortable with system and the behavior of MHC molecules, it became interesting to
look at constraints to their diffusion. Here, we took advantage of genetically engineered class
I molecules constructed for other purposes. The most notable result was that the glycosylation
of class | molecules limited their lateral diffusion. A series of mutants of H2L® lacking one or
more of the 3 N-linked glycans of the wild-type molecule showed increasing lateral diffusion.
So, there was a drag on diffusion molecules due to interaction of the bulky N-glycans (each
approximately the diameter of an Ig domain) with other membrane proteins [7].

Another general study of membranes using class | molecules showed that membranes are
patchy, divided into domains which restrain lateral diffusion [8]. Comparison of the unconfined
lateral diffusion of lipid-anchored class | molecules (mouse H2L% exodomains with the
lipidation signal from Qa2 molecules) to that of wild-type H2L9, with full-length cytoplasmic
tails, made it clear that confinement of diffusing class | molecules depended on something in
the cytoplasm [9]. We had also used a series of class | molecules truncated in their cytosolic
tails to probe diffusion [10], but these experiments were not designed to, and did not, detect
membrane domains. The truncation mutants were of more use when we applied new
microscopies probe membrane patchiness and membrane domains.

Single-particle tracking, laser traps and clustered class | MHC molecules

FPR measures the diffusion of populations of class | molecules. Five hundred to 1,000
molecules are tracked during the recovery of fluorescence in a 1-um? bleached spot. When
techniques for labeling and tracking molecules labeled with 40-nm gold particles [11,12] were
developed, it became possible to track and manipulate single class | molecules. These
experiments confirmed that there were barriers to lateral diffusion generally. We used a laser
trapping technique—dragging bead-labeled molecules across the cell surface—to show that
the barriers were a small distance beneath the membrane bilayer. They were crossed by class
I molecules with 4-amino acid tails, but they stopped the lateral movement of class | molecules
with 9 amino acid tails [13]. Later, more conventional single-particle tracking confirmed the
differences between confinement of wild-type and mutant class | molecules [14].

A simple thermodynamic argument says that confining class | molecules in domains ought to
drive their clustering [15]. Our first indication of this was from measurements of Forster
resonance energy transfer, FRET, between class | HLA molecules labeled with donor and
acceptor fluorophores [16]. In a collaboration with George Barisas, we confirmed this
clustering by measuring the rotational diffusion of class | MHC molecules [17]. From rotational
diffusion, we estimated that up to 25 class | molecules formed a cluster. The clusters required
the presence of free class | heavy chains to form. Incubating cells or liposomes in p2-
microglobulin reduced or abolished clustering.

Dynamic clusters of class | molecules: the route back to immune responses

With a continuing interest in advanced microscopies, | moved much of my laboratory’s
resources into developing near-field microscopy [18], an early form of ultra-microscopy that
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promised resolution of 40 nm or better, using visible light. As part of the program, we studied
the distribution of class I MHC patches on the surface of fibroblasts. The MHC clusters were
characteristically large, 300- to 500-nm diameter [19] and could even be seen by conventional
fluorescence microscopy [20]. This scale was consistent with what had been learned generally
about barriers to lateral diffusion. Many different single-particle tracking experiments scaled
these to 500-1,000 nm [12]. There was only one catch. These experiments also showed that
the barriers opened periodically, typically every 5-7 s. If the barriers were not stable, how were
the clusters of class | molecules maintained? Levi Gheber had the insight that the clusters of
diffusible molecules could be maintained dynamically by a combination of dynamic barriers
to free diffusion and traffic of class | molecules to and from the surface (Fig. 2) [21]. Our
computer model, using published values for all variables, showed that no single cluster was
expected to have a lifetime of more than ~30 s, but that continued vesicle traffic, removing and
adding class | molecules maintained, a clustered population at steady-state. This prediction
was borne out by experimental measurement of clusters GFP-tagged mouse class | molecules.
The lifetime of these class | clusters was ~45 s [22]. Unpublished data show that the barriers
to diffusion are actin-dependent.

If clusters are dynamic, maintained by a balance between vesicle traffic, diffusion and barrier
stability, then changing this balance can change cluster size. At this point, we can return to
immunology and ask about the functional consequences of changing class | MHC cluster sizes.

Clustered class | MHC molecules and T-cell recognition of targets

Class I molecules present peptides derived from cytosolic proteins to T cells, and thus reports
on infection cell damage. To identify their targets, T cells must find a specific peptide-MHC
molecule in a sea of non-cognate self-peptide-MHC on a cell surface. These cognate peptides
may be scarce and may also be weakly activating. A number of different schemes: kinetic
proofreading [23], serial triggering (cf. [24]) and TCR clustering (cf. [25]) all of which describe
kinetic and spatial differences in TCR organization as key to specific TCR-mediated signaling.
Since there are two partners in specific reversible interactions of receptor with MHC/peptide,
we expect that TCR triggering would be affected by the spatial organization of the MHC
molecules presenting peptide, in all 3 models of TCR selectivity.

We have taken three approaches to modulating class | clusters. The first is to disperse the small-
scale clusters detected by FRET by incubating cells in exogenous 2-microglobulin [16]. This
significantly reduces human T-cell responses to alloantigens [26], whether measured in terms
of TCR down-regulation after conjugation with targets (Fig. 3) or in terms of target cell lysis,
especially at low ratios of effectors to targets.

A second approach has been to stabilize the actin-based membrane skeleton, the mesh that
restricts lateral diffusion of class | molecules and confines them to domains. Stabilization was
achieved in a baroque manner by depleting cell cholesterol. This probe of the relationship
between class | MHC molecules and membrane lipid rafts [27] showed that cholesterol-rich
rafts were irrelevant to class | function, but cholesterol depletion had global effects on cell
actin which propagated to the size and stability of membrane domains enriched in class |
molecules [28]. The modulated target cells, with larger than normal clusters of class |
molecules, were killed more efficiently than controls. This was most clearly evident at very
low ratios of allospecific effectors to targets (Fig. 4). Measurement of granzyme (serine
esterase) release by the effectors, as well as controls for non-specific target cell lysis made it
clear that enhanced target cell lysis was due to enhanced recognition of class | molecules by
effectors. That is, clustering of class | molecules enhanced T-cell effectiveness [29].

The specificity of the allogeneic T-cell/target cell system that we used to show the relationship
between class | MHC clusters and antigen recognition is poorly defined. David Fooksman
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worked out a system of TCR with known specificity, 2C TCR transgenic, T cells, and
engineered class | molecules that could be chemically crosslinked by a dimeric homolog of
FK506 [29]. The engineered class | molecules were expressed in T2 cells. These cells are
defective in peptide loading, but their class | molecules can be loaded by exogenous peptide.
This allowed us to look at the effects of class I clustering on presentation of MHC/peptide
complexes that were abundant or scarce and at complexes with different affinities for the 2C
TCR. Figure 5 shows the general design of the MHC and crosslinker and the effects of
crosslinking and clustering class | molecules on 2C T-cell responses to progressively lower
concentrations of H2Kb + SIY peptide, a strong T-cell agonist. Effects of crosslinking are
shown as percent enhancement of apoptotic cells compared to non-crosslinked controls. It is
clear that clustering class I molecules has little effect when peptide/MHC complexes are
abundant but has a large effect when the complexes are scarce (compare 10-°-10"11 M peptide
added).

New directions—clustering and declustering class | MHC molecules

Given the observations on clustering and function, as well as recent studies of the relationship
between MHC mobility or geometry and T-cell response [30-32], it is likely that understanding
the dynamics of MHC-1 patches can point to ways of creating and engineering effector T cells
with enhanced potential for activity in vivo, for example in killing tumor targets. We also expect
that stimulation of naive T cells by dendritic cells can be modulated through changes in class
I clustering, though it remains to be seen if DC presenting class | MHC follow the same “rules”
as the tissue cell targets of activated CD8 + effector T cells.
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Fig. 1.

Fluorescence photobleaching and recovery, FPR. The top panels diagram a portion of the cell
surface labeled with a fluorescence probe. A focused laser beam defines a spot, typically 1
um2. The attenuated beam measures the molecules (gray dots) in the spot in terms of their
fluorescence, Fpre. At t =0, the attenuator is removed for a few msec and high-intensity laser
light bleaches some of the molecules in the spot (white dots) so fluorescence is decreased to
Fo. The attenuator is then returned, and the weak laser beam follows recovery of fluorescence
in the spot in terms of increasing fluorescence as bleached molecules diffuse out of the spot
and unbleached, fluorescent, molecules diffuse in. The graph of an FPR experiment is shown
in the lower panel. Fluorescence recovers to some asymptote, F.,, which is usually less than
Fpre- Diffusion coefficients are calculated from the spot area and the time, t2, taken for
fluorescence to recover to half of F.,. Mobile fractions, R, are calculated as R = Fo, — Fo/Fpre
— Fp. A review of FPR is in [33]
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Fig. 2.

A diagram of the elements of a functional plasma membrane that lead to formation of patches
of class | MHC molecules at steady-state. The membrane is considered as a checkerboard
formed by lipid bilayer (the plane shown) and a mesh of actin-based membrane skeleton. This
pattern is disrupted by opening of the actin mesh and by fusion of vesicles with the bilayer. It
is assumed that membrane area is kept constant so that a patch membrane is removed from the
surface for every patch created by vesicle fusion. Based on [22]
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Fig. 3.

Down-regulation of TCR number after allogeneic T cells engage targets. The upper panel
follows T-cell number remaining on the surface of cells engaging unmodified targets, relative
to the number (measured with anti-CD3 mAB) before conjugation. The lower panel follows
T-cell number remaining on the surface of cells engaging targets incubated in exogenous 2-
microglobulin which disperses small-scale clusters of class | MHC molecules. It can be seen
that the down-regulation is faster for T cells conjugated to control cells than for T cells
conjugated to cells incubated in exogenous B2-microglobulin. Bars are standard deviations.
Data are from [27]
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Killing of cholesterol-depleted allogeneic targets at low ratios of effector to target cells. This
Cr1 release assay compares lysis of control JY targets (open symbols) with lysis of JY targets
depleted of cholesterol either by treatment with cholesterol oxidase (acute depletion) or by
growth in LDL-deficient medium for 10-14 days. Kill is significantly enhanced by cholesterol
depletion. These data are from [34]
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Killing of T2KP target cells loaded with specific peptide as a function of chemically
crosslinking class | MHC molecules. Right, diagram of the H2KP engineered to carry a YFP
fluorescent tag and a site for crosslinking by a dimeric homolog of FK506. Since, as noted,
class I molecules form small oligomers, we expect that dimerizing them as shown will also
recruit other MHC molecules into a larger patch. Left, enhancement of target cell lysis by
chemical crosslinking as a function of peptide concentration. T2KP target cells were incubated
with activated 2C T cells and apoptosis measured in terms of annexin V binding. Data are from
[35]. Details are also given in [29]

Immunol Res. Author manuscript; available in PMC 2011 July 1.



