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Abstract

Cytotoxic T lymphocytes (CTLs) Kill infected and cancerous cells. We detected transfer of
cytotoxic multiprotein complexes from CTLs to target cells, termed Supramolecular Attack
Particles (SMAPs). SMAPs were rapidly released from CTLs and were autonomously cytotoxic.
Mass spectrometry, immunochemical analysis and CRISPR editing identified a C-terminal
fragment of thrombospondin-1 as an unexpected SMAP component that contributed to target
killing. Direct stochastic optical reconstruction microscopy resolved a cytotoxic core surrounded
by a thrombospondin-1 shell of ~120 nm diameter. Cryo-Soft X-ray Tomography analysis revealed
that SMAPs had a carbon-dense shell and were stored in multicore granules. We propose that
SMAPs are autonomous extracellular killing entities that deliver cytotoxic cargo based on innate
specificity of shell components.

Cytotoxic T lymphocytes (CTLs) exocytose soluble granzymes and perforin (Prfl) from
secretory lysosomes (SLs) into the interface between the CTL and target, the cytotoxic
immunological synapse (1S) (1-5). Prf1 forms pores in the plasma membrane of target cells
that mediate entry of granzymes, such as granzyme B (Gzmb) into the target cell cytoplasm.
Cytoplasmic Gzmb initiates multiple pathways leading to target cell death (6-8). Gzmb and
Prfl are stored inside SLs in condensates with serglycin (Srgn) (9, 10). There are reports that
Prfl and Gzmb may be released in particles (11-13), but their nature has remained elusive.
To address this, we designed an experiment to follow putative cytotoxic particles from CMV

“Corresponding author: michael.dustin@kennedy.ox.ac.uk.

Author contributions: SB and MLD conceived study and designed experiments. SB performed experiments and analyzed data. SM
and SV performed CTL clone experiments. RF and BMK acquired and analyzed Mass Spectroscopy data. MH acquired and analyzed
CSXT data. SB and MLD wrote the manuscript.

Competing interests: M. Dustin and S. Balint have filed a provisional patent on SMAP isolation and engineering.
Data and materials availability: All data are available in the manuscript or the supplementary material.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Balint et al.

Page 2

pp65 specific human CTL clones (14) to target cells bearing pp65-HLA-A2 complexes. The
CTL clones were transfected with mMRNA encoding Gzmb-mCherry-SEpHIuorin that
concentrated in SLs. The SLs were also co-labeled with Alexa 647-wheat germ agglutinin
(WGA) (15). WGA does not interact with high mannose oligosaccharides of Gzmb (16, 17)
such that co-transfer of Gzmb and WGA to the target would implicate a multi-glycoprotein
particle. The double-labeled CTLs were mixed with HLA-A2 positive target cells with or
without the pp65 peptide and subjected to time-lapse microscopy. Within minutes of mixing,
the pp65 pulsed targets contained intense double-positive puncta, whereas unpulsed target
cells lacked these signals after interaction with the CTLs (Fig. 1A, Fig. S1 and Movie S1-3).
We defined these multiprotein structures as supramolecular attack particles (SMAPs) and
subjected them to further analysis.

We first investigated the kinetics of SMAPSs release. We incubated Gzmb-mCherry-
SEpHIuorin transfected human CD8* T-cells on a supported lipid bilayers (SLB) coated with
laterally mobile ICAM-1 and anti-CD3e (Fig. 1B, Fig. S2) (18). Total internal reflection
fluorescence microscopy (TIRFM) demonstrated that CTLs recruited acidic SLs displaying
only mCherry fluorescence to the IS with activating SLB. This was rapidly followed (within
1 min) by appearance of SEpHIuorin puncta in the IS (Fig. 1B, Fig. S2, Movie S4).
Consistent with release of Gzmb in a SMAP, the SEpHluorin signal persisted in the IS for 20
minutes rather then dispersing.

We next determined if the SMAPS remained attached to the SLB after removal of the CTLs
(Fig. 1C, Movie S5). Untransfected CTLs were incubated on the activating SLB, and either
directly prepared for immunofluorescence detection of Prfl and Gzmb or the cells were
removed prior to analysis (Fig. 1D). Prf1 and Gzmb immunoreactivity were detected in the
IS within 20 minutes, due to the kinetics of antibody binding (Figs. S3-4; Movies S6-9), and
remained as discrete particles attached to the SLB after the CTLs were removed (Fig. 1D).
The SMAPs were stable without loss of Prfl and Gzmb for hours without fixation (Fig. S5).
We next tested SMAPs for their ability to kill target cells in a cytotoxicity assay based on
release of the cytoplasmic enzyme lactate dehydrogenase (LDH). Target cells were killed by
SLB immobilized SMAPs (Fig. 1E, black circles) after correction for “spontaneous release”
of LDH by target cells (Fig. 1E, red circles). We also confirmed that SMAPs lacked LDH
activity (Fig, 1E, blue triangles). Thus, SMAPs are stable after release from CTLs and can
kill cells autonomously.

SMAPs captured on SLB were subjected to mass spectrometry (MS) analysis. We identified
over 285 proteins that were consistently present in SMAPs (Fig. 2A, B). Of these, 82 were
unique to SMAPs on SLB with ICAM-1 and anti-CD3e versus ICAM-1 alone and 18
proteins were detected in a majority of experiments (Fig. S6). One peptide from Prfl was
detected in multiple experiments and multiple Gzmb peptides were identified in all
experiments (Fig. S6). We also identified a number of proteins involved in cell signaling
(cytokines and chemokines) (Fig. S6). The presence of Prfl and Gzmb in SMAPSs was
further confirmed by SDS-PAGE and immuno-blotting (Fig S7). Plasma membrane proteins
such as the phosphatase CD45 and the degranulation marker LAMP-1 (CD107a) were not
detected (Fig. S7). This suggested minimal contamination with cellular membranes. LFA-1
was confirmed by immune-blotting, but not by immunofluorescence of SMAPs and thus
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may represent adhesion sites left on the SLB in parallel with SMAPs (19).
Thrombospondin-1 (TSP-1) stood out as a candidate based on its signature Ca2* binding
repeats (20, 21), which resonated with well-established Ca2* dependent steps in CTL
mediated Killing (22). Live imaging of the release of SMAPs on activating SLB showed that
TSP-1 and Prf1 are released together (Fig. S8; Movie S10). In addition, TIRFM on SMAPs
from CTLs transfected with full length TSP-1 with a C-terminal GFPSpark revealed co-
localization of the GFP signal with Gzmb and Prfl antibody staining in the SMAPs (Fig.
2C; Fig. S9), and anti-TSP-1 antibody staining co-localized with mCherry and pHluorin
signals from CTLs transfected with Gzmb-mCherry-pHluorin (Fig. S10). TSP-1-GFPSpark
and Gzmb-mCherry-SEpHIuorin were co-localized within cytoplasmic compartments in co-
transfected CTLs (Fig. S11, Movie S11). This result suggested that SMAPs were preformed
and stored in SLs. Enzyme-linked immunosorbent assays on soluble and SLB fractions from
stimulation of primary CD8*CD57* CTLs revealed similar levels of Gzmb and Prfl in both
fractions, but the dependence on anti-CD3e stimulation was higher for the SLB fraction
(Fig. S12). In contrast, TSP-1 was almost exclusively in the SLB fraction, and displayed
significant dependence on anti-CD3e stimulation (Fig. S12). When we analyzed TSP-1
protein by SDS-PAGE and immuno-blotting we found that CTLs and SMAPs contained not
the full-length, 145 kDa species stored in platelets, but a C-terminal 60 kDa fragment under
non-reducing and reducing conditions, which included the Ca2* binding repeats (Fig. S13)
(23). CRISPR/Cas9 mediated knockout of TSP-1 by 60% in CTLs reduced anti-CD3e
redirected killing of K562 cells by 30% (n =5, p < 0.001), whereas knockout of another
similarly enriched protein, galectin-1, by 90% had no effect on killing (Fig. 2D, E). While
TSP-1 is associated with T cell adhesion to extracellular matrix (24), TSP-1 knockout did
not alter T cell adhesion to activating SLB, but did reduce the signals for TSP-1, Prfl and
Gzmb in SMAPs (Fig S14). These results suggested that the C-terminal domain of TSP-1
was a component of SMAPs and is important in CTL mediated killing.

We next investigated the organization of molecules within SMAPs at 20 nm resolution by
direct Stochastic Optical Reconstruction Microscopy (ASTORM). SMAPs were detected
with WGA in clusters of 27 + 12 SMAPs per IS (Fig. 3A). On closer inspection, WGA
staining appeared as a dense ring in the 2D projections, which indicated a spherical shell
with an average diameter of 120 + 43 nm (Fig. 3A). Many supramolecular assemblies use
phospholipid bilayers as a scaffold and thus we asked if SMAPs stain with the lipophilic
membrane dye DiD, which brightly stains extracellular vesicles or lipoproteins. DiD did not
stain SMAPSs, consistent with the paucity of membrane proteins detected in the mass
spectrometry (Fig. S15). Thus, the WGA staining pattern was most consistent with a shell of
glycoproteins (16), rather than a phospholipid-based membrane surrounding SMAPSs. The
location of TSP-1 in SMAPs was investigated by multicolor ASTORM. Strikingly, TSP-1 co-
localized with WGA (59 £ 3 %) and similarly highlighted the shape of the SMAPs (Fig. 3B;
Fig. S16). Thus, SMAPs from CTLs have a glycoprotein shell that includes TSP-1.

To further investigate the structure of SMAPs, we used Cryo-Soft X-ray Tomography
(CSXT), a non-destructive 3D method based on the preferential absorption of X-rays by
carbon rich cellular structures within unstained, vitrified specimens with a resolution of 40
nm (25, 26). For this, CTLs were incubated on EM grids coated with ICAM-1 and anti-
CD3e. After incubation, samples were plunge-frozen with the T-cells in place or removed to
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leave only the SMAPs. Released SMAPs captured on the grid after cell removal (Fig. 3C;
Movie S12) were readily resolved and had an average diameter of 111 + 36 nm (Fig. S17).
The slightly larger size of SMAPs by dSTORM reflects the contribution of ~9 nm based on
the 2.45 nm hydrodynamic radius of WGA. The carbon dense shell observed in CSXT was
consistent with the TSP-1/WGA shell observed by dSTORM. The CSXT analysis further
emphasized intracellular multicore granules in the CTLs that appeared to be tightly packed
with SMAPs, where the lower density cores were resolved (Movie S13). These multicore
granules were associated with the basal surface of CTLs near activating grids (Fig. 3D;
Movie S14), as expected (3).

We next undertook 3-color dISTORM to determine the location of cytotoxic proteins within
SMAPs. The TSP-1/WGA shell enclosed partly overlapping Prfl and Gzmb positive areas
across the 2D projection (Fig. 4A,B). We also detected Srgn in the core of SMAPs (Fig
S18). Given the apparent density of material in the shell and stability of SMAPs, it was
surprising that 150 kDa antibodies had access to components in the core. This is an
unexpected property that will require further investigation. SMAPs containing Prfl and/or
Gzmb were bigger and more abundant than WGA™* particles devoid of cytotoxic proteins
(Fig. 4C, D). Primary CD8*CD57* CTLs and NK cells from peripheral blood also released
SMAPs with Prfl, Gzmb and TSP-1 (Fig S19). These results completed our picture of
SMAPs as being autonomously cytotoxic, ~120 nm in diameter with a dense shell including
TSP-1, a core of Prfl, Gzmb and Srgn and surprising accessibility to antibodies.

CTLs can also use the ligand for the death receptor Fas (FasL) to kill targets expressing Fas
(27). We only detected FasL in the CTL IS when Fas glycoprotein was incorporated in the
SLB with ICAM-1 and anti-CD3e (Fig S20). In these cases, FasL distribution in the IS was
in puncta distinct from Prfl and Gzmb. The related protein CD40L is released in a CD40
dependent manner in helper T-cell IS (28, 29). Synaptic ectosomes are a type of extracellular
vesicle similar to exosomes, but generated by budding from the plasma membrane of the T-
cell in the IS (29, 30). These results suggested that there were two types of cytotoxic
particles released by CTLs in contact with Fas expressing targets - vesicles with FasL and
SMAPs.

Our working model for SMAPs function is that they act as autonomous killing entities with
innate targeting through TSP-1 and potentially other shell components. While SMAPs
transferred through the IS may only impact one target, CTLs can kill without an IS using a
process involving rapid contacts (14, 31). The ability of SMAPs to autonomously kill target
cells may become important in situations of transient and multiple interactions where
delivery might be less precise. SMAPs may have other modes of action potentially including
chemoattraction through CCL5 and immune modulation through IFNy. The TSP-1 C-
terminus contains the binding site for the ubiquitous “don’t eat me” signal CD47 (32).
SMAPs may thus partner with myeloid cells to ensure that any cell that cannot be killed by
SMAPs is culled by phagocytosis (33).
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Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

Supramolecular attack particles with a dense shell and cytotoxic core are autonomous
killing entities released from adaptive cytotoxic T-cells.
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Fig. 1. SMAPswerereleased at the | Sand displayed autonomous cytotoxicity.
(A) Time-lapse confocal images depicting the transfer of Gzmb-mCherry* (green) and

WGA (magenta) labeled SMAPs from an antigen-specific CTL clone into pp65-pulsed JY
target cells (Target). Arrows and inset indicate the presence of SMAPs inside the target.
Scale bar, 10 um. Quantification of Gzmb mean fluorescence intensity (MFI) and number of
double-positive particles inside the target cell in CTL conjugates with unpulsed or pulsed
target cells. Each dot represents one target cell (< 50 cells). Horizontal lines and error bars
represent mean = SD from 2 independent experiments. **** p < 0.0001 (B) Live cell
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imaging of SMAPs release by CD8* T-cells transfected with Gzmb-mCherry-SEpHIuorin
(magenta/green) on activating SLB. IRM, interference reflection microscopy. Scale bar, 5
um. (C) Schematic of the working model for capturing SMAPs released by activated CD8*
T-cells. CD8" T-cells (grey) were incubated on SLB presenting activating ligands for the
indicated time. Cells were removed with cold PBS leaving the released SMAPs (purple) on
the SLB. Elements are not drawn to scale. (D) TIRFM images of CD8* T-cells incubated on
activating SLB in the presence of anti-Prfl (green) and anti-Gzmb (magenta) antibodies (top
panels). After cell removal, Prfl* and Gzmb* SMAPs remained on the SLB (bottom panels).
The formation of a mature IS is indicated by an ICAM-1 ring (blue). IRM, interference
reflection microscopy. Scale bar, 5 um. (E) Target cell cytotoxicity induced by density-
dependent release of SMAPs captured on SLB measured by LDH release assay. Data points
and error bars represent mean + SEM from 3 independent experiments.
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Fig. 2. TSP-1 wasamajor constituent of SMAPs and contributed to CTL Killing of targets.
(A) Two-set Venn diagram showing the number of individual and common proteins

identified by MS analysis of material released by CD8* T-cells incubated on non-activating
(ICAM-1) or activating (ICAM-1 + anti-CD3e) SLB. Representative of 3 independent
experiments with 8 donors. (B) Normalized abundance of the 285 proteins identified by MS
in each condition. Cytotoxic proteins are highlighted in red, chemokine/cytokines in blue
and adhesion proteins in green. (C) TIRFM images of SMAPs released from CD8" T-cells
transfected with TSP-1-GFPSpark (green; top row) or non-transfected cells (bottom row).

Science. Author manuscript; available in PMC 2021 March 03.




s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Balint et al.

Page 12

Released SMAPs were further stained with anti-Gzmb (yellow) and anti-Prfl (magenta)
antibodies. IRM, interference reflection microscopy. BF, bright field microscopy. Scale bar,
5 um. (D) Percentage of galectin-1 and TSP-1 knockout in CD8* T-cells by CRISPR/Cas9
genome editing measured from immuno-blotting analysis (left). Each colored dot represents
one donor. Bars represent mean = SEM. Representative immuno-blot for galectin-1 (Lgalsl)
and TSP-1 in Lgals1 and TSP-1, respectively edited CD8" T-cells (right). CD8" T-cells
(Blast) were analyzed in parallel as a control. (E) Target cell cytotoxicity mediated by
galectin-1 (Lgals1-CRISPR) or TSP-1 (TSP-1-CRISPR) gene edited CD8* T-cells measured
by LDH release assay. T cell blasts were used as a control. Bars represent mean + SEM. **,
p < 0.01. Donors are the same as in (D).
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Fig. 3. SMAPs shell wasrich in glycoproteins, TSP-1 and organic material.

(A) dSTORM image of SMAPs released on activating SLB by multiple cells (left; scale bar,

2 um) and two examples of individual SMAPs (top right; scale bar, 200 nm), showing their
heterogeneity in size. SMAPs were labeled with WGA. Quantification of SMAPs size and
number released per cell (bottom right; n>1800 and n=67, respectively). Horizontal lines and
error bars represent mean + SD from five donors. (B) dSSTORM images of SMAPs (labeled
with WGA, magenta) positive for TSP-1 (green) released on activating SLB. Scale bar, 1
um. (C) Multiple CSXT examples of released SMAPs after cell removal. Scale bar, 500 nm.
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(D) CSXT of CD8* T-cells interacting with carbon coated EM grids (note grid holes in C
and D) containing ICAM-1 and anti-CD3e. Scale bar, 2 um or 500 nm for zoomed in regions
(right). Arrows indicate SMAPs.
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Fig. 4. SMAPs had a TSP-1 shell and a core of cytotoxic proteins.

(A and B) dSTORM images of individual SMAPs positive for Prfl (green), Gzmb (magenta)

and TSP-1 (A, orange) or stained with WGA (B, orange). Scale bar, 200 nm. (C)

Quantification of the size of cytotoxic particles based on their protein composition (n=64 for

Prfl- and Gzmb- cytotoxic particles, n=149 and n=83 for Prf1* and Gzmb™* cytotoxic

particles, respectively). **** p < 0.0001. n.s, not significant. (D) Quantification of the
percentage of particles positive and negative for Prfl or Gzmb. (C-D) Horizontal lines/bars

and error bars represent mean + SD from five donors.
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