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Abstract 
This chapter provides a summary of the work presented, as well as several future 
prospects that could be pursued, based on the techniques developed in this thesis. 
In the first example, both highly selective and broad-spectrum Activity Based-
Probes (ABPs) are combined with Bioorthogonal Correlative Light-Electron 
Microscopy (B-CLEM) to study the intracellular localization of active cathepsin 
populations with regard to bacterial antigens, within the ultrastructure of the cell. 
In the second example, the localization of cathepsins is studied in combination with 
pathogenic and non-pathogenic bacteria, and compared to a co-infection system. 
In the third example, the possibility of multiple orthogonal bioorthogonal reactions 
is explored, for simultaneous labeling of multiple biomolecules in a single sample. 
Finally, the remaining challenges and limitations of the current technique are 
discussed, and potential improvements and alternative approaches are suggested. 
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6.1 Summary 
In this thesis, bioorthogonal (click) chemistry is combined with in-gel fluorescence, 
flow cytometry, fluorescence (confocal) microscopy, super-resolution Stochastic 
Optical Reconstruction Microscopy (STORM), Correlative Light-Electron Microscopy 
(CLEM) and STORM-CLEM. Bioorthogonal chemistry as developed and applied in 
this thesis comprises a two-step labeling approach, in which first a bioorthogonal 
group or ‘click handle’ is incorporated into a biological system of interest by 
exploiting the organism’s natural metabolism (also known as metabolic labeling), 
followed by a biocompatible ligation reaction or ‘click reaction’ to attach a 
fluorophore for detection. In this way, the initial label exerts minimal interference 
on the biochemistry and biology of the targeted organism, while it can be detected 
by exploiting its intrinsic capability to selectively attach a fluorophore at the desired 
time. For many purposes, the fluorophore can be attached at the end of a biological 
time course, following chemical fixation to preserve the (sub)cellular distribution 
of biological components like proteins, carbohydrates and fatty acids. Combining 
this convenient labeling strategy with the appropriate analysis technique can 
provide useful information about the cellular content (flow cytometry), localization 
(confocal microscopy), subcellular distribution (CLEM) and even single-molecule 
distribution within the ultrastructure of the cell (STORM-CLEM). 

In chapter 1 a general introduction about bioorthogonal chemistry and its 
application for fluorescent analyses and imaging is presented. The general 
principles of bioorthogonal chemistry and metabolic labeling are introduced, and 
applications of bioorthogonal metabolic labeling to bacteria. Finally, the broad 
compatibility of bioorthogonal chemistry is illustrated by highlighting its potential 
application to the various analysis methods described above. 

In chapter 2 recent advancements in the field of metabolic labeling for imaging of 
intracellular pathogenic bacteria are reviewed. Recent results in metabolic labeling 
of the bacterial proteome, peptidoglycan and the mycomembrane of 
corynebacteria are described, and compared to another widely used chemical 
labeling methodology: Activity-Based Protein Profiling (ABPP). The application of 
both labeling approaches in imaging techniques is discussed, within the context of 
intracellular pathogenic bacteria. 

Chapter 3 describes that terminal alkynes and azides – two of the most widely 
applied bioorthogonal functionalities in metabolic labeling – are resistant to even 
the harshest of biochemical environments found in phagocytic cells of the immune 
system (dendritic cells and macrophages), while the widely used strained alkynes 
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BCN and DBCO quickly degrade under these conditions. In this chapter, flow 
cytometry was exploited to measure the fluorescence of click handle-modified 
beads, after attaching a fluorophore to each of the click handles by copper-
catalyzed or strain-promoted Huisgen-type cycloaddition reactions (ccHc and spHc, 
respectively). This allowed the quantification of click handle stability, since 
degradation of these handles reduced the number of fluorophores per bead, thus 
resulting in a lower fluorescent signal. Terminal alkynes proved ideal for labeling of 
biological systems such as bacteria for two reasons: 1) terminal alkynes were found 
to be resistant to the lysosomal compartments of the phagocytes (<6% degraded) 
and 2) azide-containing fluorophores showed significantly lower background 
fluorescence compared to the alkyne-containing fluorophore, in the inverse 
labeling strategy. 

In chapter 4 bioorthogonal labeling is used to visualize the facultative intracellular 
pathogen Salmonella enterica serovar Typhimurium (Stm) within the host 
phagocyte, through incorporation of bioorthogonal amino acids into the proteome 
or cell wall of Stm. Optimization of label incorporation was achieved using in-gel 
fluorescence analysis, flow cytometry and STORM. Incorporation of either L-
azidohomoalanine (Aha) or L-homopropargylglycine (Hpg) into the proteome was 
successful with negligible effect on bacterial viability but the alkyne-containing Hpg 
was preferred due to the lower background level of the azide-containing 
fluorophore, as discovered in chapter 3. Incorporation of D-propargylglycine 
(alkDala) into the peptidoglycan of the cell wall of Stm was also successful but 
proved inferior to Hpg in terms of labeling efficiency. The Hpg-labeled Stm were 
subsequently used to study their infection of dendritic cells, using flow cytometry 
and STORM-CLEM. Within this context, STORM-CLEM allowed for a >10-fold 
resolution improvement compared to confocal-CLEM, as well as providing single-
molecule detection, improved signal-to-noise ratio and crisper images with more 
details. Some small labeled structures were detected outside of the bacterial 
structure, which may represent secreted Stm proteins, although this remains to be 
confirmed. 

In chapter 5 the bioorthogonal labeling strategy, described in chapter 4, is 
translated to a more dangerous and clinically relevant facultative intracellular 
pathogen, Mycobacterium tuberculosis (Mtb) which is the causative agent of 
tuberculosis (TB). All analysis techniques had to be customized for Mtb due to its 
excessively thick and complex mycobacterial cell wall. In-gel fluorescence, flow 
cytometry, on-section confocal microscopy and CLEM were used to optimize the 
incorporation of bioorthogonal amino acids into the bacterial proteome and cell 
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wall of Mtb. Successful triple labeling of Mtb was achieved by combining DsRed 
fluorescent protein expression with Aha-labeling of the bacterial proteins and 
alkDala-labeling of the cell wall. 

Using these techniques, new information about the complex intracellular behavior 
of Mtb in macrophages was obtained. Most importantly, the effect of three first-
line anti-tuberculosis drugs (rifampicin, isoniazid and ethambutol) on intracellular 
distribution and shape of the bacteria was quantified using B-CLEM. Moreover, the 
effect of these drugs on label retention (Aha, alkDala and DsRed) was quantified 
using flow cytometry. The three drugs combined had the strongest effect on 
intracellular distribution, relocating almost every bacterium to a large/spacious 
vacuole. Surprisingly, this triple drug combination did not have the strongest effect 
on label retention but instead an intermediate effect, suggesting some mutual 
drug-drug interference may occur. 

6.2 Future prospects 
Whereas the bioorthogonal CLEM (B-CLEM) method presented in this thesis has 
proven to be of great value to the study of pathogenic intracellular bacteria such as 
Mtb, it should be of equal value in addressing various other biological questions. 
For example, the degradation and further processing of non-pathogenic bacteria 
towards antigen presentation could be studied in more detail. Alternatively, the 
differences between pathogenic and non-pathogenic bacteria could be 
investigated, as well as the triggers that cause a non-pathogenic strain to become 
pathogenic. Even for Mtb, many questions still remain that could be answered with 
B-CLEM and related techniques such as bioorthogonal STORM-CLEM, flow 
cytometry and proteomics. Moreover, the B-CLEM approach could still be improved 
and expanded in several ways. Whereas B-CLEM has thus far mostly been used in 
combination with bioorthogonal amino acids – to study the fate of intracellular 
bacteria – it may also be combined with different bioorthogonal probes, such as 
metabolic labels for non-protein biomolecules or selective enzyme probes. 
Additionally, since the B-CLEM approach is based on the Tokuyasu method for cryo-
sectioning, it should also be compatible with direct fluorescent probes (e.g. 
fluorescent enzyme probes or fixable organelle trackers), as well as 
immunofluorescence and immunogold labeling. This would expand the scope of 
potential targets and potentially increase the number of targets that can be studied 
simultaneously in a single sample. Another way to increase the number of targets 
would be to use multiple click ligation reactions that can be performed in a single 
sample without cross-reacting, so-called mutually orthogonal bioorthogonal 
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reactions. A first step towards this goal has already been illustrated in chapter 5 
where two metabolic labels, containing either an azide or an alkyne, could be 
reacted selectively to different fluorophores, using two sequential ccHc reactions. 

6.2.1 Application of a Highly Selective Cathepsin S Two-Step Activity-Based 
Probe in B-CLEM 
One way in which the B-CLEM approach could be improved would be to use a highly 
selective Activity-Based Probe (ABP) to specifically target an enzyme of interest. 
Cathepsin S (Cat S) is a lysosomal cysteine protease highly expressed in immune 
cells such as dendritic cells, B cells and macrophages.1,2 Its functions include 
extracellular matrix breakdown and cleavage of cell adhesion molecules to facilitate 
immune cell motility, as well as cleavage of the invariant chain during maturation 
of MHC II.3–9 Cat S is a major factor in MHC II-mediated antigen presentation and 
there is compelling (though not yet conclusive) evidence that it also contributes to 
MCH I-mediated cross-presentation.6–8 The identification of these diverse specific 
functions has brought the challenge of delineating Cat S activity with great spatial 
precision, relative to related enzymes and substrates. 
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Figure 1. Activity-Based Probes selective for cysteine cathepsins (BMV109)10 or cathepsin S only (FJD239)11. 
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When applying a potent and highly selective azide-containing ABP for Cat S (FJD239; 
Figure 1), confocal microscopy and B-CLEM can provide valuable information on 
the subcellular localization of Cat S. The broad compatibility of this technique 
allows for simultaneous identification of related cysteine cathepsins using a broad-
spectrum ABP (BMV109), as well as a relevant bioorthogonally-labeled antigen 
(Hpg-E. coli) during degradation (Figure 2). 

 

 
Figure 2. Localization of Cat S, studied by confocal microscopy. (A) Naïve BMDCs (at time point 0) were treated 
with FJD239 (green) for one hour and BMV109 (red) for one hour, and FJD239 was visualized through ccHC. 
(B) BMDCs were pulsed with Hpg-labeled E. coli (white) for 45 minutes, followed by treatment with FJD239 
(green) for one hour and BMV109 (red) for one hour. Hpg-E. coli and FJD239 were visualized by dual ccHc 
with AFDye555-azide and AF488-alkyne. DNA was counterstained with Hoechst for reference. Vesicles 
containing only Cat S are annotated with white arrows. Scale bar represents 5 µm. 
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Although colocalization of bacterial antigen with cathepsins was prevalent, a high 
variance in cathepsin activity between cells was observed (Figure 2). This may 
follow from the fact that the GM-CSF-generated BMDCs used here, form a highly 
heterogeneous population of monocytic cells.12 It was also noted that occasionally, 
intact bacteria could still be observed at three hours post-infection. While most 
vesicles labelled positive for both Cat S activity and the broad-spectrum cathepsin 
probe, some vesicles can be observed that exclusively contain Cat S activity without 
detectable activity of the other cathepsins (Figure 2, arrows), which is in line with 
a previous observation by Bender and co-workers.10 The exact function and nature 
of these vesicles remain elusive but would be interesting to study further. 

Since the B-CLEM method is compatible with immunogold labeling, additional 
proteins of interest (e.g., MHC II or LAMP1) can be identified, thereby overcoming 
the limited number of fluorescent channels (normally 4). Ultimately, this allows for 
the localization of Cat S (green) relative to other cathepsins (red), antigen 
(magenta) and LAMP1 (15 nm gold; Figure 3) or MHC II (15 nm gold; Figure 4). The 
number of labeled molecules of interest in one image can be increased even more 
by combining various sizes of gold particles (5, 10 & 15 nm).13 Alternatively, the 
number of fluorescent channels can be increased by adding an additional near-
infrared laser, or using tandem dyes.14 

The first example clearly illustrates the presence of LAMP1 on bacteria-containing 
phagosomes (Figure 3, arrow 1/2), as well as on vesicles containing both Cat S and 
other lysosomal cathepsins (Figure 3, arrow 3). Although complete colocalization 
of Hpg-E. coli with cathepsins was not observed in this example, large cathepsin-
containing vesicles (Figure 3, arrow 3/4) are in close proximity of the phagosomes 
and may be in a process of fusion or exchange of contents.15,16 One of the bacterial 
profiles is small and irregular in shape (Figure 3, arrow 2), suggesting partial 
degradation has already occurred (for more information see chapter 5). Although 
no quantification can be performed on this example alone, most of the detected 
Cat S activity appear in close proximity to this partially-degraded bacterium. 
Indeed, Cat S was shown to be actively involved with antigen presentation6, 
amongst various other activities. 
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Figure 3. The involvement of Cat S in bacterial degradation, studied by B-CLEM. BMDCs were pulsed with 
Hpg-E. coli (magenta) for 45 minutes, followed by treatment with FJD239 (green) for one hour and BMV109 
(red) for one hour. Cryo-sectioning was followed by on-section dual ccHc with AFDye555-azide and AF488-
alkyne, and LAMP1 was visualized with 15 nm immunogold labelling (black dots). The nuclei were stained 
with DAPI (blue) and the confocal and TEM images were correlated. Scale bar represents 1 µm. 

 

 
Figure 4. The involvement of Cat S in MHC II antigen presentation, studied by B-CLEM. BMDCs were pulsed 
with Hpg-E. coli (magenta) for 45 minutes, followed by treatment with FJD239 (green) for one hour and 
BMV109 (red) for one hour. Cryo-sectioning was followed by on-section dual ccHc with AFDye555-azide and 
AF488-alkyne, and MHC II was visualized with 15 nm immunogold labelling (black dots). The nuclei were 
stained with DAPI (blue) and the confocal and TEM images were correlated. Scale bar represents 1 µm. 
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The second example shows the presence of MHC II both on the plasma membrane 
and inside several vesicles. These MHC II-positive vesicles appear to contain either 
(almost) exclusively Cat S (Figure 4, arrow 1) or a combination of Cat S and other 
lysosomal cathepsins (Figure 4, arrow 2). A vesicle that apparently contains both 
Cat S and bacterial digest was observed as well (Figure 4, arrow 3), suggesting Cat 
S may indeed be involved in antigen processing in this example. Another vesicle can 
be observed, apparently containing exclusively Cat S but no MHC II (Figure 4, 
arrow 4). The presence of MHC II on Cat S-positive vesicles clearly illustrates a role 
for MHC II in antigen presentation, consistent with literature.6 It would be 
interesting to study the localization of Cat S with respect to MHC I, to potentially 
confirm that Cat S is involved in the production of antigenic peptides for cross-
presentation.7 

Although no definitive biological conclusions can be drawn from this pilot study, it 
clearly illustrates the potential of four color, dual bio-orthogonal fluorescence 
imaging in combination with CLEM and immunogold labelling. Together, this 
exemplifies the great applicability of FJD239 in fluorescence microscopy and 
state-of-the-art dual B-CLEM. 

6.2.2 Studying the role of cathepsins in bacterial degradation and immune 
evasion using CLEM 
B-CLEM has previously been used to study degradation of E. coli in dendritic cells, 
which showed colocalization of small Aha-positive foci, representing partially 
degraded bacteria, with lysosomal associated membrane protein 1 (LAMP1)-
positive compartments of the host cell.17 This implied that the Aha-labeled E. coli 
were degraded inside host cell lysosomes, which is in line with existing knowledge 
of the bacterial degradation pathway.18 However, this only confirms the initial 
uptake and degradation of E. coli until the degradation products reach the late 
phagosomes/phagolysosomes but do not clarify the subsequent processing 
towards antigen presentation. Several specialized lysosomal hydrolases, including 
multiple cathepsins, are involved in the processing of large foreign antigens (such 
as bacteria) into small antigenic peptides that can be presented on Major 
Histocompatibility Complex (MHC) II via the classical pathway or on MHC I via so-
called antigen cross-presentation.19 

When applying a broad-spectrum ABP for cysteine cathepsins (BMV109; Figure 1), 
confocal microscopy and CLEM can provide valuable information on the subcellular 
localization of E. coli, with respect to enzymatically active cathepsins. Although 
fluorescent proteins can be inactivated during bacterial degradation, GFP was 
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found to remain surprisingly fluorescent and can therefore be used as a practical 
first step in studying the degradation process by CLEM. However, bioorthogonally-
labeled E. coli will be more suitable to study antigen processing in more detail, since 
it remains detectable for longer periods of time.17 

Confocal microscopy of dendritic cells, shortly after phagocytosis of the bacteria 
did not yet show colocalization of the lysosomal cathepsins with GFP-E. coli (Figure 
5). However, in some cases large cathepsin-containing vesicles were found in close 
proximity to the bacterium, suggesting that fusion between phagosome and 
lysosomes may follow (Figure 5, arrows). 

 

 
Figure 5. Localization of E. coli relative to active cathepsins, studied by confocal microscopy. DC2.4 dendritic 
cells were pulsed with GFP-expressing E. coli (green) for 45 minutes, followed by treatment with BMV109 
(red) for one hour. DNA was counterstained with Hoechst for reference. Top arrow indicates an E. coli 
bacterium, bottom arrow indicates large cathepsin-containing vesicles. Scale bar represents 5 µm. 

 

CLEM confirmed that GFP-expressing E. coli (green) do not yet colocalize with active 
cathepsins (red) shortly after uptake (Figure 6) but show considerable 
colocalization after one hour chase in dendritic cells (Figure 7). As observed above, 
the cathepsin-containing vesicles are in close proximity to the bacteria-containing 
phagosomes but did not yet fuse for the earliest time point (Figure 6, arrows). After 
one hour chase, a large compartment was observed that contains a clear GFP-
positive bacterial structure, surrounded by a large BMV109-positive vacuole (Figure 
7, arrow). This compartment can be considered a classical phagolysosome due to 
the co-occurrence of a bacterium and the active lysosomal cathepsins.15 Indeed, 
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some of the large bacterial antigen appears to be processed into smaller pieces that 
lack a recognizable structure after three hours (Figure 8, arrow). This smaller GFP-
positive antigen seems to be localized in a multi-vesicular compartment, which is 
in accordance with literature, as it was found that MHC II and its associated 
antigens are often found in multivesicular bodies.20,21 

Additional research using B-CLEM, STORM-CLEM (see chapter 4) and further 
quantification (see chapter 5) could shine a light on the antigen processing pathway 
and help to further elucidate the process of antigen (cross-)presentation. Indeed 
bioorthogonal model antigens have recently been used to study the effect of 
posttranslational modifications on antigen processing and presentation22, whereas 
bioorthogonal antigens have also been used to obtain chemical control over T cell 
activation.23,24 Ideally, the entire pathway from bacterial or viral uptake until 
antigen (cross-)presentation can be studied using the techniques described in this 
thesis, in combination with other techniques such as proteomics25, to further 
elucidate this process and open new doors for therapeutic intervention. 

 

 
Figure 6. The involvement of cathepsins in bacterial degradation directly after uptake, studied by CLEM. D1 
cells were pulsed with GFP-expressing E. coli (green) for 45 minutes, followed by treatment with BMV109 
(red) for one hour. Cryo-sectioning was performed according to the Tokuyasu method. The nuclei were 
stained with DAPI (blue) and the confocal and TEM images were correlated. Arrows indicate BMV109-positive 
compartments. Scale bar represents 1 µm. 
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Figure 7. The involvement of cathepsins in bacterial degradation one hour post-uptake, studied by CLEM. D1 
cells were pulsed with GFP-expressing E. coli (green) for 45 minutes and chased for one hour, followed by 
treatment with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu 
method. The nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrow 
indicates a large GFP-positive and BMV109-positive compartment. Scale bar represents 1 µm. 

 

 
Figure 8. The involvement of cathepsins in bacterial degradation three hours post-uptake, studied by CLEM. 
D1 cells were pulsed with GFP-expressing E. coli (green) for 45 minutes and chased for three hours, followed 
by treatment with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu 
method. The nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrow 
indicates a GFP-positive multivesicular compartment. Scale bar represents 1 µm. 
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Contrary to the non-pathogenic E. coli, intracellular pathogenic bacteria have 
evolved many ways to evade the host immune response, thereby allowing them to 
survive and often even proliferate inside host (immune) cells26. One of the survival 
strategies employed by Stm is to inhibit fusion of the Salmonella-containing vacuole 
(SCV) with lysosomes through several (secreted) effector proteins27,28, effectively 
avoiding exposure to acidic pH, antimicrobial peptides and hydrolytic enzymes29,30. 
Indeed, when DsRed-expressing Stm was studied by CLEM, colocalization of Stm 
with lysosomes (judged by BMV109 fluorescence) was not detected (Figure 9), 
although close encounters were observed (Figure 10, arrow). 

Interestingly, when allowing both E. coli and Stm to infect dendritic cells 
simultaneously, colocalization of Stm with cathepsins appears to be more prevalent 
in cells containing both bacterial species (Figure 11, top arrow), suggesting an 
immunostimulatory effect may be elicited by the presence of E. coli. Cells 
containing only Stm are less likely to show colocalization of this bacterium with 
cathepsins (Figure 12). This effect must be quantified and further studied to 
confirm (or reject) this observation but it is interesting to speculate that immune-
modulatory secreted proteins from Stm31 may protect the bystander E. coli in this 
context. 

There is a clear difference between the Stm-containing vacuole, which spaciously 
surrounds the bacterium, and the E. coli-containing vacuole that is tightly wrapped 
around the bacterium (Figure 11). This allows for reliable identification of the 
bacterial species, even when the fluorescent protein loses fluorescence (Figure 12, 
top arrow), either due to degradation or loss of expression. Interestingly, in the 
small dataset presented here (n≈500 bacteria), Stm seems to lose DsRed 
fluorescence before structural integrity, while E. coli appears to lose its structural 
integrity before GFP fluorescence. Loss of DsRed fluorescence by Stm may either 
represent degradation (Figure 11, arrow) or loss of its expression plasmid and 
subsequent proliferation, resulting in fluorescent protein dilution. Loss of structure 
(as the result of degradation) by E. coli is often accompanied by the presence of 
small vesicles surrounding or inside the bacterial structure, as well as colocalization 
with cathepsins, suggesting phagolysosomal degradation is occurring (Figure 13). 
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Figure 9. The involvement of cathepsins in Stm immune evasion, studied by CLEM (example 1). D1 cells were 
pulsed with DsRed-expressing Stm (magenta) for 45 minutes and chased for one hour, followed by treatment 
with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu method. The 
nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrows indicate 
BMV109-positive compartments. Scale bar represents 1 µm. 

 

 
Figure 10. The involvement of cathepsins in Stm immune evasion, studied by CLEM (example 2). D1 cells were 
pulsed with DsRed-expressing Stm (magenta) for 45 minutes and chased for one hour, followed by treatment 
with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu method. The 
nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrow indicates a 
BMV109-positive compartment. Scale bar represents 1 µm. 
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Figure 11. The involvement of cathepsins in bacterial degradation in a dual-infection system with E. coli and 
Stm, studied by CLEM (example 1). D1 cells were pulsed with GFP-expressing E. coli (green) and DsRed-
expressing Stm (magenta) simultaneously for 45 minutes and chased for one hour, followed by treatment 
with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu method. The 
nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrows indicate 
BMV109-positive compartments. Scale bar represents 1 µm. 

 

 
Figure 12. The involvement of cathepsins in bacterial degradation in a dual-infection system with E. coli and 
Stm, studied by CLEM (example 2). D1 cells were pulsed with GFP-expressing E. coli (green) and DsRed-
expressing Stm (magenta) simultaneously for 45 minutes and chased for one hour, followed by treatment 
with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu method. The 
nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrows indicate Stm-
containing vacuoles. Scale bar represents 1 µm. 
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Figure 13. The involvement of cathepsins in bacterial degradation in a dual-infection system with E. coli and 
Stm, studied by CLEM (example 3). D1 cells were pulsed with GFP-expressing E. coli (green) and DsRed-
expressing Stm (magenta) simultaneously for 45 minutes and chased for one hour, followed by treatment 
with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu method. The 
nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrow indicates a 
BMV109-positive, E. coli-containing compartment. Boxes show zoom-ins of the indicated regions. Scale bar 
represents 1 µm. 

 

Once again, additional research using B-CLEM, STORM-CLEM and further 
quantification could help to further elucidate the immune-evading strategies of 
Stm, as well as provide information on the effect of co-infection by multiple 
pathogenic and non-pathogenic bacteria. Moreover, it would be interesting to use 
B-CLEM to study pathogenic E. coli variants such as the enteropathogenic E. coli 
(EPEC), uropathogenic E. coli (UPEC) or meningitis-associated E. coli (MNEC), which 
cause enteric/diarrheal disease, urinary tract infections (UTIs) and 
sepsis/meningitis, respectively.32 

6.2.3 Triple orthogonal bioorthogonal reactions for further expansion of the 
B-CLEM method 
Using multiple bioorthogonal reactions simultaneously to selectively label more 
than one biomolecule in a single experiment, has been a topic of great interest to 
chemical biologists, ever since the discovery of the first bioorthogonal reaction.33,34 
Several mutually orthogonal bioorthogonal reactions have been discovered to 
date35 and have been applied to label up to three different targets in a single 
sample.36–41 In this thesis, it was found that even the copper-catalyzed azide-alkyne 
ligation can be performed in conjunction with the inversed alkyne-azide ligation in 
a single microscopy sample, as long as the bioorthogonal labels are incorporated 
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into different parts of the cell, and the reactions are performed sequentially with 
intermediate washing (chapter 5). Given the fact that several bioorthogonal 
reactions are mutually orthogonal (Figure 14), this theoretically allows for at least 
three different bioorthogonal ligations in one microscopy sample. 
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Figure 14. Reactivity profile of the most commonly used bioorthogonal groups. Arrows indicate reactivity 
between indicated groups. Dashed arrow indicates reactivity occurs exclusively under special conditions; +CuI 
= copper(I)-catalyzed conditions are required for reaction to occur42, PAB = para-azidobenzyl is required for 
this reaction to occur43. 

A potential triple orthogonal bioorthogonal ligation (triple click) strategy could be 
a combination of alkyne, azide and cyclopropene metabolic labels, which are 
mutually unreactive in the absence of copper(I). The corresponding reporter 
moieties (e.g. fluorophores) can be chosen with some flexibility, depending on the 
nature of the sample and the analysis method. An alkyne label can only react with 
an azide-reporter and exclusively under copper-catalyzed conditions. An azide label 
can be ligated either to an alkyne-reporter under copper-catalyzed conditions or to 
a cyclooctyne-reporter under copper-free conditions. Since cyclooctynes react with 
tetrazines as well, the bulky dibenzocyclooctyne (DBCO) is the preferred reaction 
partner for azides, as it is sterically hindered in its reaction with aryltetrazines.35 
Strained cycloalkenes readily react with tetrazines but the rate of reaction heavily 
depends on the actual structure of both the cycloalkene and the tetrazine.44–46 
When prioritizing the small size of bioorthogonal label (as for the alkyne and azide 
groups) the cyclopropene is the obvious choice. The corresponding reporter must 
then contain a tetrazine but the exact structure (R and Ar groups) remains open for 
optimization. 
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When applying this triple click strategy to the metabolic labelling and imaging 
strategy presented in this thesis, a combination of the alkyne-containing nucleoside 
5-ethynyl-2'-deoxyuridine (EdU), the azide-containing sugar 1,3,4,6-tetra-O-acetyl-
N-azidoacetylmannosamine (Ac4ManNAz) and the cyclopropene-containing fatty 
acid sterculic acid (StA) can be used. To confirm the viability of this approach, cells 
were incubated with the three metabolic labels simultaneously for two hours, 
followed by fixation with PFA and permeabilization with Triton-X100 with 
intermediate washing. A sequential triple click approach was chosen, with 
intermediate washing steps to minimize potential cross-reactivity or interference. 
StA was first reacted to 5 µM AFDye 488-tetrazine in PBS for one hour, followed by 
a washing step with PBS to remove excess dye. EdU was next reacted to 5 µM AFDye 
647-azide under ccHc conditions, followed by a washing step with PBS to remove 
excess dye. Finally, Ac4ManNAz was reacted to 5 µM AFDye 555-alkyne under ccHc 
conditions, followed by a washing step with PBS to remove excess dye and a 30 
minute wash with 1% BSA in PBS to remove any non-specifically bound dye. Indeed, 
the three click reactions were found to be mutually orthogonal, succeeding in 
selectively labelling StA, Ac4ManNAz and EdU (Figure 15A) without any detectable 
background staining (Figure 15B). 

It would be interesting to combine this triple click approach with CLEM as it creates 
the possibility to study three metabolic bioorthogonal labels simultaneously, at the 
subcellular level. This could for example allow the study of three bacterial 
components (e.g., proteins, peptidoglycan and lipids) simultaneously and observe 
how these components are processed by the host immune cell after degradation 
of the bacterium. Alternatively, this approach could be reversed to study the uptake 
of host components by an intracellular pathogenic bacterium, in order to 
understand which nutrients are taken up by the pathogen under different 
conditions, in situ. 

Theoretically, a fourth orthogonal group could be added for a quadruple click 
strategy but when considering only the bioorthogonal groups discussed here, 
selectivity will have to be obtained through the difference in reaction rate and/or 
sterics.46 Hypothetically, kinetic selectivity could be obtained between the fast 
trans-cyclooctene (TCO) and the slow norbornene group or even an unstrained 
vinyl group, which has been shown to react with tetrazines, albeit slowly.47 When 
considering steric factors, selectivity can be obtained between a TCO and a 
cyclopropene group, when using two different tetrazines containing either small or 
bulky side groups.46 Alternatively, a fourth (and potentially even fifth) orthogonal 
group may potentially be found in the ever expanding collection of novel 
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bioorthogonal chemistries.41,48,49 Since pure orthogonality in reactivity is difficult to 
obtain, special conditions may be required to obtain a fourth fully orthogonal group 
such as photoinduction.50 It remains to be experimentally confirmed if these 
bioorthogonal labeling and ligation strategies can indeed be applied to a single 
sample, without cross-reactivity. 

 

 
Figure 15. Triple orthogonal bioorthogonal labeling (triple click), studied by confocal microscopy. (A) U2OS 
cells were incubated with StA (green), Ac4ManNAz (gray) and EdU (red) simultaneously for two hours, and 
visualized through sequential triple click reactions using AFDye 488-tetrazine, AFDye 555-alkyne and AFDye 
647-azide, with intermediate washing. (B) U2OS cells were incubated without labels for two hours, and 
background labeling was analyzed by subjecting the unlabeled cells to the same triple click treatment as 
above. DNA was counterstained with Hoechst for reference.  Scale bar represents 5 µm. 
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6.3 Challenges and limitations of the current B-CLEM approach 
Although bioorthogonal labeling has proven to be a useful partner for various 
fluorescence-based analysis and imaging techniques, including CLEM, it does 
introduce some intrinsic challenges and limitations. First of all, the introduction 
of a click handle through metabolic labeling can be challenging, depending on 
the biomolecule and organism of interest. For example, it has been shown that 
while bioorthogonal analogues of mannosamine and various other sugars are 
readily metabolized and incorporated into cell surface glycans, analogues of 
galactose are not.51 This hurdle could be overcome by injecting a bioorthogonal 
analogue of a downstream metabolite (UDP-galactose) but clearly exemplifies 
how a single approach cannot always be translated directly to similar 
biomolecules. Similarly, while bioorthogonal analogues of D-alanine are readily 
incorporated into the peptidoglycan of many bacteria, Chlamydia trachomatis 
does not accept D-alanine analogues.52 Again, this hurdle could be overcome by 
using a bioorthogonal analogues of a downstream metabolite (D-alanine-D-
alanine dipeptide) but it exemplifies how a potential difference between 
organisms. 

Another challenge is the selective ligation of a fluorophore to the incorporated 
click handle, which starts with selecting a suitable bioorthogonal reaction. The 
ccHc reaction is a logical first choice, since the alkyne and azide groups are the 
smallest available click handles, resulting in minimal interference in the 
function of the labeled biomolecule. The reaction is also fast, selective (low 
background) and well-established. However, the copper(I)-dependency of this 
reaction makes it unsuitable for live cell ligation and causes several problems 
for copper/redox-sensitive techniques. The copper-free spHc reaction can be 
used to avoid this issue but at the expense of speed and selectivity. An IEDDA 
reaction provides a viable alternative but at the expense of click handle size, 
potentially causing interference in the function of the biomolecule of interest. 

Performing the ligation reaction can bring challenges as well. Whereas cell 
surface labels can easily be reached by a fluorophore in solution, an intracellular 
click handle requires additional consideration. Cell permeable fluorophores are 
often poorly water soluble, causing additional background labeling, while water 
soluble fluorophores are often cell impermeable. It is therefore desirable to 
chemically fix and permeabilize (or section) the cells in order to allow 
fluorophores to freely access the intracellular environment. If live cell imaging 
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is required, a compatible reaction should be chosen, in combination with a cell 
permeable fluorophore. 

Since electron microscopy requires fixation of the biological sample, all 
available bioorthogonal reactions should theoretically be compatible with 
CLEM. However, only the Tokuyasu cryo-sectioning method has thus far been 
proven to be compatible with on-section click reactions.17 Other techniques 
usually involve resin embedding, for which the click handles are expected to 
either be degraded in the polymerization process or become unreachable for 
the fluorophore.53 It is important to note that cryo-sectioning provides poorer 
contrast and preservation of ultrastructure when comparing to resin-based 
methods.54 It would therefore be beneficial to identify a method that is 
compatible with bioorthogonal ligation reactions, while providing better 
contrast and preservation of ultrastructure. A recent publication showed that, 
surprisingly, immunogold labeling can still be performed on ultrathin sections 
of resin-embedded cells.54 Therefore, if a mild resin-embedding method can be 
identified that is compatible with click handles, this could potentially open up 
new possibilities for on-section click reactions as well. Alternatively, if the 
bioorthogonal ligation reactions are performed on live cells, the cells could then 
be fixed and resin-embedded, potentially providing better contrast and 
preservation of ultrastructure (assuming the fluorescence is preserved).55 

STORM-CLEM provides roughly 10-fold better spatial resolution in the 
fluorescent signal and much higher sensitivity compared to confocal-CLEM.56 
However, this technique introduces several additional challenges and 
limitations. Whereas the entire process of sample preparation, cryo-sectioning, 
imaging and correlation of images for CLEM is already highly laborious, the 
addition of STORM makes the process even more laborious and time 
consuming. Additionally, due to the single-molecule sensitivity of STORM, the 
observable background labeling of non-specifically bound fluorophores is 
increased significantly.57 Reduction of this background is highly desirable but 
difficult to achieve. Finally, the high laser power required for STORM has a 
negative effect on the preservation of ultrastructure.57 It would therefore be 
desirable to use an alternative super-resolution fluorescence microscopy 
technique that requires lower laser power, such as DNA-based point 
accumulation for imaging in nanoscale topography (DNA-PAINT) in combination 
with on-section click reactions.58 
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6.4 Conclusion and future outlook 
In summary, the current B-CLEM method can be applied to many different research 
questions and still has a lot of room for improvements. Its broad compatibility with 
many labeling strategies, as well as the potential for direct translation to 
bioorthogonal STORM-CLEM, flow cytometry and other techniques, is a great 
virtue. Nevertheless, alternative strategies combining click chemistry with CLEM 
can be conceived, in order to overcome intrinsic limitations of the current 
technique. 

First, 3D information could also be obtained with CLEM. To achieve this, a large 
series of sections must be obtained, individually correlated, and manually stacked 
in a retrospective manner, known as array tomography. Although not impossible, 
this is very difficult to achieve with Tokuyasu cryo-sections. A different approach 
would be to perform the click reaction(s) on live cells, followed by resin embedding 
and room-temperature sectioning to obtain strong, consistent sections that are 
more suited for array tomography.55 

Second, the need for chemical fixation can be overcome by using cryo-EM. To 
achieve this, the click reaction(s) must be performed on live cells, after which the 
sample is plunge-frozen. Super-resolution cryo-CLEM can then be performed to 
obtain high-resolution fluorescence information within the native 
ultrastructure.59,60 

Finally, the need for electron microscopy may be circumvented by using of 
expansion microscopy.61 Although technically not CLEM, this technique uses 
physical swelling of the sample to enlarge the cells enough to obtain EM-resolution 
using only light microscopy.62 

It is important to note that all three examples have limitations of their own, such 
as the need to perform the click reactions on live cells, rendering the ccHc reaction 
nearly impossible. Therefore, when the small size of the incorporated click handles 
is a priority, the current B-CLEM method is still preferred. 
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6.5 Experimental 
Safety statement 
All biological experiments with S. enterica serovar Typhimurium described in this 
study were performed under strict Bio Safety Level 2 conditions. Following fixation 
and disinfection of the tubes, further sample preparation for CLEM was performed 
under normal laboratory conditions. No unexpected or unusually high safety 
hazards were encountered. 

Reagents 
Lysogeny broth (LB) medium, methionine (Met), Dulbecco’s modified Eagle 
medium (DMEM), Iscove's Modified Dulbecco's Medium (IMDM), GlutaMAX, 
pyruvate, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), glycine, 
gelatin type A bloom 300 (gelatin), paraformaldehyde (PFA), bovine serum albumin 
(BSA), Copper(II) sulfate pentahydrate, (+)-sodium L-ascorbate, tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA), aminoguanidine hydrochloride, and 
IGEPAL CA-630 were purchased from Sigma-Aldrich, Zwijndrecht, The Netherlands. 
Non-essential amino acids (NEAA), 2-mercaptoethanol, L-glutamine, Hoechst 
33342, 4',6-Diamidino-2-Phenylindole (DAPI) and Alexa Fluor 488 (AF488)-alkyne 
were purchased from Thermo Fisher Scientific, Bleiswijk, The Netherlands. 
AFDye488-tetrazine, AFDye555-alkyne and AFDye647-azide were purchased from 
Click Chemistry Tools, Scottsdale, USA. SelenoMet minimal medium was purchased 
from Molecular Dimensions, Sheffield, UK. D-propargylglycine (alkDala) was 
purchased from Combi-Blocks, San Diego, USA. EM-grade 8% paraformaldehyde, 
EM-grade 8% glutaraldehyde and BSA-c were purchased from Aurion, Wageningen, 
The Netherlands. Fetal calf serum (FCS) was purchased from VWR International, 
Amsterdam, The Netherlands. Penicillin G sodium and streptomycin sulphate were 
purchased from Duchefa, Haarlem, The Netherlands. Granulocyte-Macrophage 
Colony-Stimulating Factor (GM-CSF) was purchased from ImmunoTools, 
Friesoythe, Germany. BMV109 and FJD239 were kindly provided by Floris van Dalen 
and Dr. Martijn Verdoes. 

Organic synthesis 
Synthesis of (S)-2-Aminohex-5-ynoic acid (L-homopropargylglycine; Hpg) 

 

OH

O

NH2
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Hpg was synthesized according to previously described procedure by Li et al.63, 
adjusted to obtain the enantiomerically pure L-Hpg variant based on Chenault et 
al.64, Biagini et al.65 and Dong et al.66 

Chiral deprotection of N-acetyl-DL-homopropargylglycine (2-acetamidohex-5-
ynoic acid) 
A solution of 303 mg (1.13 mmol, 1 eq.) N-acetyl-DL-homopropargylglycine in 20 
mL H2O and adjusted to pH 7.5 using 1M NH4OH. 1 mg kidney acylase I (≥2000 
units/mg) was added and the mixture was stirred for 16 h at 37°C. The enzyme was 
recovered by centrifugation dialysis, using a 10kDa membrane at 4000 rpm for 35 
min at 10°C. Next, the solution was acidified to pH 3 with 2M HCl and extracted 
with 3 x 20 mL diethyl ether. The organic layers were concentrated to retrieve the 
N-acetyl-D-homopropargylglycine. The aqueous layer was loaded on a pre-washed 
and regenerated Dowex 50WX8 cation exchange resin (60 mL). The column was 
washed with 5 x bed volume of water, maintaining a pH of 5.5 at the exit and eluted 
with 200 mL 1.5M NH4OH. Product was detected by TLC and the eluate was 
concentrated and lyophilized to yield chirally pure L-Hpg (68 mg, 0.535 mmol, 95%) 
as a white powder. 

1H NMR (400MHz, D2O): δ [ppm] = 4.11 (t, J = 6.4 Hz, 1H), 2.42 – 2.36 (m, 2H), 2.36 
(s, 1H), 2.19 – 2.10 (m, 1H), 2.07 – 1.98 (m, 1H); 13C NMR (101MHz, D2O): δ 82.28, 
71.16, 52.05, 28.44, 14.16; HRMS (ESI): C6H9NO2 [M+H]+ 128.06, found 128.07; 
[α]20

D: +32.4 (c = 1, 1 M HCl); Ref 66: +28 (c = 1, 1 M HCl). 

Bacterial culture and metabolic labeling 
E. coli B834, E. coli B834 expressing GFP17 and Stm SL1344 expressing DsRed67 were 
grown overnight at 37°C in LB medium. The following day cultures were diluted 
1:33 and grown at 37°C to an OD600 between 0.3-0.5. In case of metabolic labeling, 
the bacteria were collected and resuspended in SelenoMet medium, supplemented 
with 4 mM Hpg and incubated for 30 min at 37°C to allow for label incorporation. 
The bacteria were washed (1x PBS), resuspended in PBS and their concentration 
was measured by OD600. Throughout culturing, the medium was supplemented 
with 100 µg/ml ampicillin. 

Mammalian cell culture 
U2OS cells were cultured in DMEM, supplemented with with 10% heat-inactivated 
FCS, 2 mM GlutaMAX, penicillin 100 l.U./mL and streptomycin 50 μg/mL. 
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DC2.4 and D1 cells were cultured in IMDM, supplemented with 10% heat-
inactivated FCS, 2 mM GlutaMAX, 10 mM HEPES pH 7.3, 1 mM pyruvate, penicillin 
100 l.U./mL and streptomycin 50 μg/mL, 50 μM 2-Mercaptoethanol and 1X non-
essential amino acids. D1 cells were additionally supplemented with fibroblast 
supernatant from NIH/3T3 cells, collected from confluent cultures and filtered. 

Mouse bone marrow-derived dendritic cells (BMDCs) were generated from 
B57BL/6 mice bone marrow essentially as described68 with some modifications. 
Briefly, bone marrow was flushed from femurs and tibia and cells were cultured in 
IMDM supplemented with 8% heat-inactivated FCS, 2 mM L-glutamine, 20 μM 2-
Mercaptoethanol, penicillin 100 l.U./mL and streptomycin 50 μg/mL in the 
presence of 20 ng/mL GM-CSF. Medium was replaced on day 3 and 7 of culture and 
the cells were used between days 10 and 13. 

Infection with Hpg-labeled E. coli and incubation with Activity-Based Probes 
For confocal microscopy, 2 x 105 BMDCs were seeded on an 8-chamber slide (Ibidi) 
and left to attach for 3 hours. For CLEM, 10 x 106 BMDCs were seeded on a 10 cm 
dish and left to attach for 3 hours. Infection of dendritic cells was achieved by 
adding Hpg-labeled E. coli at an MOI of 50 and incubating for 45 min at 37°C, 5% 
CO2. Unbound/non-internalized bacteria were washed off (2x PBS) and medium 
was replaced for immediate analysis (t = 0) or further incubation for 1 or 3 hours. 
The cells were then incubated for 1 hour with 100 nM FJD239 and washed (2x PBS). 
Next, the cells were additionally incubated for 1 hour with 1 µM BMV109 and 
washed (2x PBS). 

Infection with E. coli and/or Stm and incubation with Activity-Based Probes 
For confocal microscopy, 5 x 104 DC2.4 cells were seeded on an 8-chamber slide 
(Ibidi) and left to grow overnight. For CLEM, 10 x 106 D1 cells were seeded on a 10 
cm dish and left to attach for 3 hours. Infection of dendritic cells was achieved by 
adding GFP-expressing E. coli and/or DsRed-expressing Stm at an MOI of 50 and 
incubating for 45 min at 37°C, 5% CO2. Unbound/non-internalized bacteria were 
washed off (2x PBS) and medium was replaced for immediate analysis (t = 0) or 
further incubation for 1 or 3 hours. The cells were then additionally incubated for 
1 hour with 1 µM BMV109 and washed (2x PBS). 

Triple bioorthogonal metabolic labeling 
For confocal microscopy, 2 x 105 U2OS cells were seeded on an 8-chamber slide 
(Ibidi) and left to attach for 3 hours. A metabolic label cocktail was prepared, 
containing 100 µM sterculic acid (StA), 100 µM 1,3,4,6-tetra-O-acetyl-N-



Summary & Future Prospects 

241 

azidoacetylmannosamine (Ac4ManNAz) and 10 µM 5-Ethynyl-2'-deoxyuridine 
(EdU) in cell medium. The cells were incubated with metabolic label cocktail for 2 
hours at 37°C, 5% CO2, additionally incubated with fresh cell medium for 15 min to 
allow for diffusion of non-incorporated metabolic labels and washed (2x PBS). 

Preparation for whole cell confocal microscopy 
Following the biological experiment, the cells were fixed for 2 hours in 4% PFA at 
RT, then kept in 0.5% PFA at 4°C until further processing. Fixed cells were then 
washed with PBS and 20 mM glycine in PBS to quench potential aldehyde residues. 
Cells containing click handles were then permeabilized for 20 min with 0.1% Triton-
X100 and washed (1x PBS). 

Samples without click handles were immediately counterstained with 2 µg/mL 
Hoechst 33342 in PBS for 5 min and washed once more with PBS, without additional 
staining. 

Samples containing an azide (FJD239) and an alkyne (Hpg-E. coli) functionality were 
first reacted with 5 µM AFDye555-azide in ccHc cocktail (0.1 M HEPES, pH 7.3, 1 
mM CuSO4, 10 mM sodium ascorbate, 1 mM THPTA ligand, 10 mM amino-
guanidine) for 1 hour, washed (2x PBS) and subsequently reacted with 5 µM AF488-
alkyne in ccHc cocktail. 

Samples containing a cyclopropene (StA), an azide (Ac4ManNAz) and an alkyne 
(EdU) functionality were first reacted with 5 µM AFDye488-tetrazine in PBS, 
washed (2x PBS), then reacted with 5 µM AFDye647-azide in ccHc cocktail, washed 
(2x PBS) and finally reacted with 5 µM AFDye555-alkyne in ccHc cocktail. 

After the click reactions, the cells were washed (1x PBS) and incubated for 30 min 
with 1% BSA in PBS to facilitate removal of non-specifically bound fluorophores, 
and washed (1x PBS). Nuclei were counterstained with 2 µg/mL Hoechst 33342 for 
5 min and washed once more with PBS. All samples were imaged in glycerol/DABCO 
solution to minimize photobleaching. 

Preparation of dendritic cells for CLEM 
Following the biological experiment, the cells were fixed for 24 hours in 2% EM-
grade PFA in 0.1M phosphate buffer pH 7.2 at RT, then kept in 0.5% EM-grade PFA 
at 4°C until further processing. Fixed cells were rinsed with PBS, harvested in warm 
1% gelatin in PBS with cell scrapers and transferred to a 15 mL Falcon tube. The 
cells were collected by centrifugation, resuspended in warm 1% gelatin in PBS, 
transferred to a 1.5 mL Eppendorf tube, resuspended in warm 12% gelatin in PBS 
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and pelleted by centrifugation (3 min at 800 rcf). After jellification on ice, the 
sample pellet was cut off from the tube and cut in half with a razor knife. Sample 
cubes of approx. 1 mm2 were prepared and rotated in a 2.3 M sucrose solution for 
18 hours to allow for sucrose infiltration, as a cryo-protectant, followed by plunge-
freezing the cubes on metal support pins. 

Cryo-sectioning and on-section ccHc reaction 
Ultrathin (75 nm) cryo-sections were prepared according to the Tokuyasu 
technique 69,70, using a cryo-ultramicrotome (Leica) and diamond knife (Diatome). 
Sections were thawed on a droplet of pickup fluid (1.15 M sucrose, 1% 
methylcellulose) and transferred to a Formvar/carbon-coated TEM grid (titanium, 
100 square mesh, 3.05 mm, center-marked; Agar Scientific), pre-coated with blue 
0.2 µm FluoSpheres (Thermo Fisher) as fiducial markers. Thawed cryo-sections 
attached to the TEM grid were incubated on 2% gelatin in PBS for 30 min at 37°C, 
followed by washing on 20 mM glycine in PBS (5x 2 min). 

Samples without click handles were immediately counterstained with 0.2 µg/mL 
DAPI in PBS for 5 min and washed once more with PBS without additional staining. 

Samples containing an azide (FJD239) and an alkyne (Hpg-E. coli) functionality were 
first reacted with 5 µM AFDye555-azide in ccHc cocktail (0.1 M HEPES, pH 7.3, 1 
mM CuSO4, 10 mM sodium ascorbate, 1 mM THPTA ligand, 10 mM amino-
guanidine) for 1 hour, washed (2x PBS) and subsequently reacted with 5 µM AF488-
alkyne in ccHc cocktail. These samples were then incubated on 1% BSA in PBS (3x 
10 min), to assist the removal of non-specifically bound fluorophores and 
additionally blocked on 0.1% BSA-c in PBS (2x 2 min). Immunogold staining was 
achieved by 1 hour incubation on anti-LAMP1 (1D4B, 1:300, eBioscience) or anti-
MHC II (M5/114, 1:300, BioXCell), followed by washing (2x 0.1% BSA-c in PBS), 20 
min incubation on rabbit-anti-rat (1:50, Abcam), washing (2x 0.1% BSA-c in PBS), 20 
min incubation on protein-A conjugated to 15 nm gold (1:50; Aurion). These 
samples were then washed (2x 0.1% BSA-c in PBS and 3x PBS), followed by 
immobilization of the antibody complexes by incubating 5 min on 1% 
glutaraldehyde in PBS. The samples were then washed (3x PBS), counterstained 
with 0.2 µg/mL DAPI in PBS for 5 min and washed once more (3x milliQ H2O). 

The fluorescently-labeled sections attached to TEM grids were mounted in water 
containing 30% glycerol between a microscopy slide and a coverslip, and sealed 
with silver Scotch tape. 
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Confocal microscopy 
All samples were imaged on an Andor Dragonfly 505 Spinning Disk Confocal (Oxford 
Instruments), containing an 8-line integrated laser engine, on a Leica DMi8 inverted 
microscope equipped with a 63X/1.40-0.60 HCX PL APO oil objective or 100X/1.47 
HC PL APO TIRF-corrected oil objective. Hoechst, DAPI and FluoSpheres were 
excited with the 405 line and collected with the 450/50 BP emission filter, AF488 
was excited with the 488 line and collected with the 525/50 BP emission filter, 
DsRed was excited with the 561 line and collected with the 620/60 BP emission 
filter and AF647 was excited with the 637 line and collected with the 700/75 BP 
emission filter.  Images were acquired with the Zyla 2048x2048 sCMOS camera and 
2x2 camera binning controlled with the integrated Fusion software. Z-series optical 
sections were collected with a system-optimized step-size of 0.13 microns and 
deconvolved using the integrated ClearView-GPUTM deconvolution software. 
Gamma, brightness and contrast were carefully adjusted (identically for compared 
image sets) using FIJI.71 In case of CLEM, maximum intensity projections were 
made, in order to compensate for non-flat sections. 

TEM imaging and correlation 
After acquiring the confocal fluorescence microscopy (FM) images, the TEM grids 
containing the sections were recovered from the microscopy slides, rinsed in milliQ 
water and incubated for 5 min on droplets of uranyl acetate/methylcellulose. The 
negatively-stained sections were then imaged on a FEI Tecnai 12 BioTwin TEM 
System (FEI Technologies) at 120 kV acceleration voltage. Correlation of FM to TEM 
images was performed in Adobe Photoshop CC 2020 (Adobe Systems). The 
separate fluorescence channels were imported as layers, set to overlay mode 
‘Lighten’, then grouped and set to overlay mode ‘Color’, placed on top of the TEM 
image. Transformation of the FM image to match the TEM image was achieved by 
isotropic scaling with interpolation setting ‘bicubic smoother’, translation and 
rotation. Alignment at low magnification was guided by the grid bars and nuclei. 
Alignment at high magnification was guided by the shape of the nucleus and the 
position of the fiducial beads. 
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