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REVIEW

Introduction

“You know what your problem is, it’s that you haven’t seen 
enough movies—all of life’s riddles are answered in the movies.” 
—Steve Martin, actor

Infection is a result of the failure of the immune system to 
prevent the offending microorganism from causing disease. On 
the pathogen side, the most successful microbes have sophisti-
cated machinery to subvert the immune system. On the host 
side, the immune system uses redundant system of cells and 
soluble factors to thwart infection. Much work has been done 
to understand the rules that govern the immune response.1,2 
Recently, immunologists have divided the mammalian immune 
response into two arms: the innate and adaptive immune sys-
tem.3-5 Innate immunity is composed of phagocytic cells includ-
ing neutrophils, macrophages and dendritic cells (DCs) as well 
as soluble factors including complement and antimicrobial 
peptides. Their principle task is to identify invading patho-
gens using in part Toll-like receptors (TLRs) that recognize 
pathogen-associated molecular patterns on microorganisms.6-8 
In most cases, these cells serve to neutralize quickly these patho-
gens. In contrast, constituents of the adaptive immune system 
provide long-term antigen-specific immunity. While this divi-
sion of the immune system provides a conceptual framework, 
there are notable exceptions including NK cells and DCs that 
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The application of advanced imaging techniques to 
fundamental questions in immunology has provided insight 
into dendritic cell function and has challenged dogma created 
using static imaging of lymphoid tissue. The history of dendritic 
cell biology has a storied past and is tightly linked to imaging. 
The development of imaging techniques that emphasize live 
cell imaging in situ has provided not only breath-taking movies, 
but also novel insights into the importance of spatiotemporal 
relationships between antigen presenting cells and T cells. This 
review serves to provide a primer on two-photon microscopy, 
TIRF microscopy, spinning disk confocal microscopy and 
optical trapping and provides selective examples of insights 
gained from these tools on dendritic cell biology.
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limit the usefulness of this characterization of the immune sys-
tem. DCs bridge the gap between innate immunity and adap-
tive immunity.9 Using surface disposed and endosomal TLRs, 
immature DCs lie in the periphery waiting for pathogens. Upon 
activation, microorganisms are taken up into membrane-delim-
ited compartments termed phagosomes. Instead of rapid degra-
dation of the content, the goal of DCs is to extract antigens from 
this compartment to load class II MHC molecules and present 
these molecules on the cell surface for inspection by antigen-
specific T cells. DCs are the only antigen presenting cell known 
that has the capacity to stimulate naïve T cells. By discharg-
ing these duties, DCs bridge the innate and adaptive immune 
system and thus play a critical role in the host defense against 
infections.

The role of microscopy in the study of DC biology is inexora-
bly linked. In fact, Ralph Steinman, a Nobel laureate physician 
scientist at the Rockefeller University, first described the presence 
of DCs in cell cultures from mouse spleens using phase micros-
copy.10 Both phase microscopy and electron microscopy provided 
our first glimpse into this important cell type. Its peculiar shape 
and behavior in live cell imaging captured Steinman’s attention 
for the bulk of his career that led to many seminal findings11,12 
that provided enough insight to justify the use of DCs in clinical 
trials for many types of cancer.13,14

Microscopy encompasses many modalities of imaging, so 
I have chosen to focus on those systems that permit time-lapse 
imaging of live cells. Recent advances in cellular imaging tech-
niques permit direct observation of these events in situ with good 
spatiotemporal resolution.15,16 The recent application of in vivo 
imaging to characterize the dynamics of T-cell activation by DCs 
has reshaped long-held beliefs of how adaptive immune responses 
are initiated. However, to improve our fundamental understand-
ing, these new observations must be evaluated against diverse 
paradigms within the field of immunology, most of which were 
established before the advent of these cutting-edge techniques. 
To determine the rules that govern the ability of antigen-bearing 
DCs to activate naïve T cells, numerous factors have been elu-
cidated including the density and spatial orientation of class II 
MHC molecules as well as costimulatory molecules found on the 
surface of DCs, and the signal transducing pathways associated 
with surface T cell receptors.17,18 The opportunity to view T-cell 
activation by DCs as a sum of independent factors allows for the 
integration of disparate observations into testable predictions for 
further experimentation.
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Application of live-cell imaging tools to the interface of immu-
nology and infectious disease is in its infancy though prelimi-
nary observations challenge our view of long-held beliefs about 
immune responses to microorganisms. To control Mycobacterium 
tuberculosis, the host forms granulomas, histologically-distinct 
structures regularly seen in clinical tissue of infected persons. 
Conventional wisdom suggested that macrophages, T cells and 
occasionally DCs formed this static barrier enveloping organ-
isms to control spread. The use of intravital two-photon micros-
copy into the liver of mice infected with Mycobacterium bovis 
demonstrated that immune cells showed remarkable dynamic 
movements to initiate and maintain these granulomas.19 TNF-a 
derived signals were required to recruit uninfected macrophages 
to granulomas and preserve the involvement of T cells. These 
observations challenge the dogma that granulomas are static 
warehouses of organisms locked in by dormant immune cells. 
Instead, granulomas require constant signaling to maintain this 
architecture, providing new insight into the pathogenesis of reac-
tivation of mycobacterial disease and possible pathways to pre-
vent reactivation.

To provide a framework for this review, I have divided the 
sections into different microscopy platforms with a primer on the 
technique followed by some of the key findings of DC biology 
elucidated using these systems. This review is not meant to be 
comprehensive as other papers have reviewed these platforms in 
great detail.20 I have chosen to focus the attention on two-photon 
microscopy, total internal reflection microscopy, spinning disk 
confocal microscopy and optical traps.

Two Photon Microscopy

Technique. The generation of the immune response requires pre-
cise choreography of cells in space and time within the lymph 
node and other immunologic tissue. Standard immunology assays 
to provide limited insight into these processes include immuno-
histochemistry of fixed tissues or flow cytometry of cells after 
disruption of normal tissue architecture. In a sense, we had used 
these still shots to understand a motion picture. Earlier attempts 
to visualize immune cells in vivo were hampered by three main 
problems that limit optical resolution.21 First, high-numerical-
aperture objective lenses used in fluorescence microscopy have 
a narrow depth of field. Second, emitted light from biological 
tissues becomes scattered, so that image is limited to close to the 
surface. Third, the intense excitation light bleaches the fluoro-
phore over time and photodamages cells.21 In order to overcome 
these technical obstacles, intravital two photon microscopy was 
adapted to real-time imaging of the immune system to permit 
direct visualization of cells in a spatiotemporal manner, at a level 
of resolution that previously had not been seen.

The term “two-photon” refers to the fact that excitation of 
the fluorophore occurs when there is near-simultaneous absorp-
tion of energy from two separate photons.15,21-24 This approach 
permits the three aforementioned technical obstacles to be over-
come. Longer wavelengths of light penetrate tissue deeper than 
shorter wavelengths of light permitting visualizing of tissues 
deeper than typical fluorescence microscopy. The use of a light 

source emitting longer wavelengths of light also minimizes pho-
todamage and bleaching because excitation only occurs at the 
focal plane. Finally, stromal elements can be seen using second-
harmonic generation because of the regularly repeating structure 
of polymers including collagen without the need of a second 
fluorophore. Coupled with mice that express fluorescent fusion 
proteins within immune cells including DCs and surgical tech-
niques that allow explants of lymphoid tissue in living mice, two 
photon microscopy quickly became an important modality in the 
imaging toolkit for immunologists.

Insights. With the opportunity to view DCs in their native 
environment, many observations obtained through a reduction-
ist approach toward the immune response could be integrated 
into a cohesive model. Mempel et al. showed that T-cell priming 
by DCs occurs in three successive stages:25 (1) transient serial 
encounters, (2) stable contact between DC and T cell culminat-
ing in cytokine production and (3) high motility and rapid pro-
liferation seen in activated T cells.25 In the absence of antigen, 
DCs scan at least 500 different T cells per hour, a number that far 
exceeded the estimations from static-based images.26 DCs tightly 
entrap the T cells within a complex net of membrane extensions 
requiring both Rac1 and Rac2 for the formation of dendrites in 
mature DCs and T cell cognate pairs.27 The timing of DC-T 
cell contact became an important determinant for robust T cell 
activation. Stable DC-T cell interactions occurred during the 
induction of priming, whereas brief contacts contributed to the 
induction of T cell tolerance.28 At least six hours of contact was 
required for efficient CD4+ T cell activation in vivo.29 Recently, 
two photon microscopy has been applied to clinically-relevant 
models tissue rejection.30 Tracking DCs and T cells in an ear 
skin graft model in mice, Celli et al. showed that donor dermal 
DCs migrated rapidly from the graft and were replaced by host 
CD11b+ macrophages. The infiltrating host cells captured donor 
antigen, reached the draining lymph node and cross-primed 
graft-reactive CD8+ T cells. These T cells disseminated through-
out the graft but many became arrested in the tissue.30 This 
application of microscopy to graft rejection provides more ques-
tions that should be addressed and raises the possibility of new 
pathways to modulate this clinical challenge.

Total Internal Reflection Fluorescence (TIRF) 
Microscopy

Technique. In some experiments, it is important to restrict the 
zone of observation to the plasma membrane or just beneath it. 
The adoption of TIRF microscopy is perfectly suited for this 
application. Using laser light at an angle to generate an evanes-
cent wave, fluorophores are excited only if they are located near 
the glass/cell membrane interface. The evanescent wave is created 
only when the light is totally reflected internally at the coverslip-
cell surface interface. As the composition and organization of cell 
surface molecules are critical to the production of an effective 
immune response, this imaging modality is helpful to illustrate 
surface characteristics of immune cells.

Insights. DCs undergo a remarkable transformation upon 
exposure to microorganisms or stimulation with TLR agonists. In 
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addition to increased mobility and decreased phagocytic capac-
ity, DCs translocate class II MHC molecules from the endoly-
sosomal compartment to the cell surface. Indeed, high level of 
class II MHC on the cell surface of DCs is a veritable marker 
of a mature cell. The mechanism of trafficking of class II MHC 
to the cell surface has been studied using TIRF microscopy31 as 
well as spinning disk confocal microscopy32 (see below). These 
studies convincingly showed that class II MHC molecules are 
rapidly deployed to the cell surface using long tubular structures 
containing other lysosomal membrane proteins.33-35 Migration of 
DCs from the tissue to the regional lymph node requires remark-
able reorganization of the cytoskeleton. Using TIRF microscopy, 
Lämmermann et al. showed that CDC42, a small GTPase, in 
DCs is required for in vivo motility, but dispensable for cell 
polarization and formation of protusions.36

Spinning Disk Confocal Microscopy

Technique. Epifluorescence microscopy provides detailed sub-
cellular localization of fluorescently-labeled cellular constituents. 
However, out-of-focus light obscures detail when imposing the 
image of a three-dimensional object into two dimensions. The 
similar problem exists in radiographic images in clinical medicine. 
Chest roentograms suffer from precise localization of pathology. 
To mitigate this, images taken at 90° are taken to augment local-
ization of findings. The development of confocal microscopy for 
biological samples addressed this issue in microscopy. Multiple 
pinhole apertures placed in the emission light path allow light 
to pass that originates from the point of focus, but block out of 
focus light. Spinning disk confocal microscopes use a rotating 
disk with thousands of lenslets aligned with pinholes such that 
thousands of points of light scan the specimen simultaneously. 
To continue the analogy, spinning disk confocal microscopy is 
similar to CT radiographic imaging (CT scan), where images 
are taken a focal plane and all out-of-focus light is discarded. 
Multiple images can be obtained by moving the focal plane in 
small increments. Three-dimensional rendering of the image can 
be done by reformatting this Z stack of images. For spinning disc 
confocal microscopes to provide illustrative insight into biology, 
high-intensity laser light sources including water-cooled lasers 
and diodes and sensitive digital cameras including EM-CCD 
cameras were necessary to add to the system. These systems per-
mitted video-rate imaging with minimal photobleaching and led 
to several insights into DC biology.

Insights. DCs had long been implicated in the pathogenesis 
of HIV-1 infection. Using spinning disk confocal microscopy, 
McDonald et al. showed that DCs can bind and transfer HIV 
without becoming infected themselves.37 This process was facili-
tated by DC-T cell interactions. To communicate with antigen 
specific T cells, DCs must display peptide-loaded class II MHC 
molecules on the cell surface. The molecular analysis of vesicular 
transport of peptide-loaded class II MHC molecules from the 
endolysosomal compartment to the cell surface has been greatly 
aided by spinning disk confocal microscopy. Boes et al. showed 
that DCs for long class II MHC-positive tubules upon DC 
stimulation.32 These tubules containing multiple endolysosomal 

proteins and require microtubules for transport (Fig. 1). In addi-
tion to these intracellular tubules, DCs are capable of forming 
intercellular connections called tunneling nanotubules.38 When 
DCs and monocytes are triggered to flux calcium, the signal can 
be propagated within seconds to other cells at distances hundreds 
of microns away through these nanotubules.38

The other cellular process that it is important to DC func-
tion is phagocytosis. Ingestion of microorganisms generates a 
novel subcellular compartment termed a phagosome.39,40 This 
compartment is modified over time in an effort to neutralize 
the offending pathogen and extract antigens from this compart-
ment to load onto MHC molecules. The study of remodeling of 
the phagosome has been greatly aided by spinning disk confo-
cal microscopy. One common theme that emerged from these 
collective studies is that the content of phagosomes dictates the 
community of mammalian membrane proteins recruited.41-44 
Specifically, CD63 and CD82, members of the tetraspanin 
family of proteins, are specifically recruited to phagosomes con-
taining fungal pathogens (Vids. S1 and S2) as compared with 
size-matched polystyrene beads devoid of any TLR or carbohy-
drate lectin receptor ligands.41,42

Optical Trap (Tweezers)

Technique. Research in biophysics and mechanics has devel-
oped novel technologies, in particular optical trapping, to probe 
non-destructively and study the mechanical properties of bio-
logical systems. By utilizing optical trapping, one can study the 
role of force and mechanics in biology to evaluate quantitatively 
and interpret the specific contribution of molecular and cellular 
machinery. Optical trapping is a technique used for non-contact, 
non-destructive manipulation of a microparticle, such as a cell 
or pathogen, and it is based on radiation pressure induced by 
a laser beam tightly focused by a high numerical aperture lens. 
The radiation pressure exerted on a particle or organism by the 
optical trap results when a focused laser beam illuminates the 
particle and is refracted twice, once when it enters, and once 
when it exits the particle.45 The difference in the photon momen-
tum before and after refraction is transferred to the particle such 
that the radiation pressure is exerted in the direction opposite 
to the momentum change. The sum of the forces at each point 

Figure 1. Spinning disk confocal image of class II MHC-GFP expressing 
primary bone marrow derived DC. Note that most of the GFP signal 
is found intracellularly. Endolysosomal tubes are present. Scale bar 
represents 5 mm.
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in the particle is directed to the highest-intensity region at the 
focal point. Thus, the particle is attracted to the focused beam 
and is trapped in the vicinity of the focal point. The force of 
the radiation pressure is on the order of piconewtons and can 
remotely control and manipulate cells and other microparticles 
on any imaging plane.

Radiation pressure was first observed46 and applied47,48 to opti-
cal tweezer systems and since then, optical tweezers has matured 
into a technology to probe biological phenomena. To simulta-
neously trap and image microparticles, optical tweezer systems 
are usually built in conjunction with epifluorescent microscope 
systems. Tweezer systems are typically implemented with laser 
scanning confocal microscopes,49,50 but the scan rate of the single 
laser beam are typically too slow to image cellular processes in 
real time. Recently, an optical trapping system was developed on 
a spinning disk confocal microscope platform.51,52

Insights. The adaptation of this technology to the field of 
immunology and host-pathogen interactions is at its infancy 
though the potential is significant to quantify mechanical forces 
imposed on particles destined for phagocytosis by professional 
antigen presenting cells including DCs. In the first proof of 
principle studies, Tam et al. showed that an optical trap can 
be used to control the spatiotemporal interaction of Aspergillus 
fumigatus with a macrophage (Vid. S3).51 The ability to per-
form force measurements permit quantification of the forces 
imparted on particles undergoing phagocytosis. Coupled with 
synthetic polystyrene beads displaying ligands for CLRs and 
TLRs53 and primary cells from mice lacking critical components 
of the innate immune response, the contribution of specific sig-
naling pathways on the net mechanical forces of phagocytosis 
may be evaluated. Some studies that have used optical traps 
to promote formation of immune synapses to characterize the 

dynamic protein rearrangement for optimal signaling or track 
HIV-1 transfer from one T cell to another.54,55 Indeed, one con-
sistent theme in DC biology has been that spatiotemporal inter-
actions potently influence DC function and affect the resulting 
immune response. The ability to control the spatio-temporal 
interactions of DCs and pathogens using optical trapping will 
permit us to ask questions that could not be addressed using 
other technologies.

Conclusions

The love affair between immunology and imaging techniques 
shows no signs of dissolving. After years of reductionist approach 
which served to catalog all of the constituents of the immune 
system, live cell imaging has provided integration of this infor-
mation coupled with new insights into the importance of spatio-
temporal relationships between host cells and pathogens and 
antigen presenting cells and T cells. New questions arise from 
these observations that require the use of ever more sophisticated 
imaging modalities. The ability to illustrate novel critical path-
ways in immune activation not appreciated by static imaging jus-
tifies the continued use of these optical-based techniques.
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