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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The manuscript presents a rational framework to engineer protein loading into EVs by taking lipid
membrane ordering and raft association into consideration. The end result is improved loading of
proteins into EVs via lipidation and their delivery to target cells. Overall, the paper presents a well-
executed set of studies and has potential to impact the field of EV-based delivery and therapeutics.
As the paper acknowledges, previous studies already showed that lipidating proteins improves their
loading into EVs. Thus, it will be important to more precisely determine whether raft association (as
opposed to general plasma membrane loading) specifically causes EV loading, and if so, which EV
biogenesis pathways are involved. The following revisions are suggested.

1. Itis notable that most results in the manuscript are presented from 2 independent experiments.
The results from at least n = 3 experiments need to be included with statistical analysis to make
conclusions.

2. The authors employed DiO labeling of GPMVs from transfected HEK cells and measured protein
partitioning into ordered lipid regions. These results were then correlated with quantification of
proteins per EV and EV partitioning. To establish a stronger link between raft association and EV
loading in cells, it will be important to validate some of the findings by perturbing pathways
associated with raft association in cells and test their impact on protein loading into EVs. For
instance, will temporary cholesterol depletion in cells by drugs (e.g., Filipin Ill) or caveolin
knockdown result in less protein loading into large vs small EVs?

3. The population pelleted at 120,416 g consists of hot only exosomes (the term specifically used
for vesicles secreted via multivesicular bodies; MVB) but also other small EVs and non-vesicular
particles (PMID: 30951670). Thus, it would be too premature to use the term ‘exosome’ throughout
the manuscript. The same applies to the term ‘microvesicle’; rather, the term ‘large EV’ would be
more appropriate (PMID: 30637094). Using unfractionated large or small EVs may confound the
interpretation of the results that have implications in EV biogenesis and cargo loading.

4. Exosomes and microvesicles are known to be made via distinct biogenesis pathways (MVB fusion
and membrane budding, respectively). So, one would expect that membrane lipid/protein
compositions will be different between the two. However, ‘exosomes’ and ‘microvesicles’ in the
manuscript show a similar degree of lipid ordering (Fig. 1c). Yet, the effect of raft localization and
plasma membrane localization on protein loading into EVs seems more prominentin
‘microvesicles’ (Fig. 5h, Fig. 6). Cholesterol (major lipid raft component) is known to be the main



lipid component of small EVs (PMID: 28342835). Together, it is unclear if lipid ordering is a true
indicator of protein loading into large vs small EVs.

5. Supporting the point above, Fig. 5¢c shows that all of the tested proteins are not well partitioned
towards the ordered region (below 0.0) despite that different lipids are tested (in contrast to WT LAT
in Fig. 3e). So, does this result mean that protein loading into EVs may have less to do with raft
association but more to do with plasma membrane localization?

6. While it makes practical sense to combine large and small EV fractions for transcription factor
(TF) delivery experiments in Fig. 7, it will be important to compare TF delivery by large EVs vs. small
EVs at least with the PM variant in order to better understand which EV biogenesis pathway likely
plays a role in lipid-mediated protein loading.

Reviewer #2 (Remarks to the Author):

In terms of originality, | think that the present paper is worthy of publication. It dwells into the idea
that a higher raft partitioning and plasma membrane association can be utilized to increase
formation of extracellular vesicles, increase protein association with extracellular vesicles (EV) in
EV producing cells and increase the efficiency of transferring proteins from EV to target cells. This
concept is quite new and highlights the roles of membrane domains in the formation of
extracellular vesicles and how proteins can be modified structurally to increase their transfer to
possible target cells through the transport by EVs. However some results need clarification and
some additional experiments should be done to reinforce their conclusions and results.

Major comments

1) p.5: fig 1c: The authors should compare the order of extracellular vesicles to the order of the
plasma membrane. The comparison towards whole cells is less interesting because these contain
also very disordered intracellular membranes. Here, the authors want to show that EV are derived
from plasma membrane lipid rafts which should be more ordered than the rest of the plasma
membrane and especially intracellular membranes. One way of doing this would be doing GP-
imaging of C-Laurdan or analysis of GPMVs produced by these cells.

2) Fig. 3f,g ; Fig S8: Fig. 5d,e,f,g: There need to be some statistical analysis here.



3) Fig S7,IV the plasma membrane mask looks somehow if it were inside the cell. If the dye is
endocytosed over the timeframe of the experiment, it is no longer an efficient plasma membrane
mask.

4) L. 551: cells. “The addition of lipid tags to the transcription factor impaired the ability to induce
reporter expression to different extents across our constructs (compared to the non-lipidated “Sol”
synTF control).”

Would lipidation according to the data not increase plasma membrane localization and hence
inhibit its localization to the nucleus and prevent transcription in the target cells? Can you prove
that some of the products effectively travel to the nucleus? Is it not possible to follow the
fluorescent protein constructs that are used to determine GPMV raft partitioning in EVs, to observe
fusion to endosomal membranes in target cells and hence follow protein delivery and possible
partitioning to the nucleus in target cells?

5) L.567: “We treated reporter cells with EVs containing lipidated ZFs and a surface displayed viral
glycoprotein (vesicular stomatitis virus G protein, VSV-G) to promote EV uptake and membrane
fusion with recipient endosomal membranes ”

- Is the viral protein equally expressed in the EV containing different proteins? If not this would
obviously modify the fusion efficiency and hence bias the result. A control should be done.

6) L. 668 “We hypothesize that the PPF-tagged synTFs may be more tightly bound to plasma
membranes than PM-tagged synTFs53."

- Butin figure 5, PM is as clearly bound to the plasma membrane as the PPF. Why would it be tightly
bound to the membrane in the EV producing cells but not in the EV receiving cells? Could the
authors please elaborate?

7) Would it be possible to co-transfect cells with PM or PPF to increase the formation of
microvesicles and hence to increase the delivery of other proteins to target cells?

8) Fig 6a. It is not clear if the displayed pearson correlation coefficients refer to a significant
correlation. Please display the significance of the correlation (p-value) in the graph or elsewhere.
This is very important since many interpretations derive from this result.



Minor comments

1) L. 263: “Surprisingly, a raft-partitioning value could not be measured for LAT dCore because this
protein did not localize to the plasma membrane and accordingly did not end up in GPMV
membranes. This result agrees with cellular trafficking data in Fig. 3c, but it does not match similar
studies performed using RBL cells22,25. This discrepancy might suggest that membrane-protein
interactions are cell-type specific, perhaps due to interaction with other cellular molecules not
explicitly evaluated here.”

The data might also suggest that the lipid composition or membrane properties of these cells are
different.

2) L.415&416&712 “Myristylation” should be spelled: “myristoylation”

3) Fig. 1b: Please be more precise what “Biophysical evaluation of select proteins” means. Here in
this article it is rather determining structural features of protein transmembrane domains.

4) L.183: phosphorylation was chosen as they “affect protein-membrane interactions, cellular
trafficking, and lipid raft localization”:

- Itis not sure if phosphorylation affects raft partitioning. It was rather discovered as a feature of
raft-like proteins and which is possibly enriched in “raft-proteins” because they are signaling
domains. (ref 21)

5) Fig 4b,c “protein hydrophobic thickness” should be replaced by “protein transmembrane domain
hydrophobic length”

6) L. 387: “This outcome that transmembrane domain length is not always predictive of EV loading
is consistent with our bioinformatic data, since transmembrane domain length did not correlate
with raft or EV association for multi-pass transmembrane proteins (Fig. 2c).

- This has also been previously observed in (ref 21).



Reviewer #3 (Remarks to the Author):

In this paper, the authors investigated the role of membrane-protein interaction to enhance EV
cargo loading through bioinformatics, biophysical evaluation, and functional delivery of synthetic
cargo molecules. The high degree of the association of proteins in EVs and lipid rafts supported the
idea that modulating lipid raft affinity of proteins affects cellular trafficking and loading into
extracellular vesicles. With this, the authors went on to engineer transcriptional factors (TFs) for EV
loading by adding lipid tags and showed their efficient EV loading and functional delivery to reporter
cells. The empirical determination for the choice of lipid tags seems to be required depending on
proteins of interest, while the limitation and the future directions are clearly stated. Most, if not all
of their conclusions are supported by data. The methods are comprehensive and the experimental
details in the text are almost complete. Overall, this is a well-designed study that brings innovations
in engineering EVs and provides deeper insights into EV cargo sorting mechanisms. | would support
the publication of this paper in Nature Communications only after the authors fully addressed my
concerns.

Major comments

1. The authors should demonstrate the compatibility of their engineered EVs in reporter mice
systems or clinically relevant mice models.

2. The mechanism behind the dissociation of lipidated cargo from EVs in recipient cells is not clear.
One might argue that the functional cargo transfer is mediated by the non-lipidated fraction (e.g.,
cargo with lipid tags but not lipidated) in EVs, which may explain why the functional transfer is very
inefficient (less than 10%). In this context, the lipidation states of engineered EV cargos were not
investigated at all.

3. C-laurdan staining suggests that EVs from HEK293FT cells are liquid ordered (lipid raft-like). This
conclusion could be further strengthened by in-depth lipidomic analysis of EVs.

4. The authors should repeat experiments for EV incorporation and EV partitioning, and should
perform statistical analysis.

5. About 20% of raft-associated proteins were not associated with exosomes (Figure 1d). Could the
authors analyze key features of these proteins and further highlight the importance of lipidation and
transmembrane domain length (especially for single-pass TM proteins) as the determinants for
proteins to be associated with both rafts and EVs?

6. The claim (line 500) that “this is a generalizable mechanism governing protein loading into EVs” is
not justified well, as this hypothesis was tested only for LAT, Halo and synTF.

Minor comments

1. The authors could improve data presentation by showing individual data points.



2. The rationale behind the use of 4TMD and 12 TMD in Figure 4 is missing from the text.

3. Supplementary figures 10 and 12 may be redundant.



Response to Reviewers
Reviewer #1 (Remarks to the Author):

The manuscript presents a rational framework to engineer protein loading into EVs by taking lipid
membrane ordering and raft association into consideration. The end result is improved loading of
proteins into EVs via lipidation and their delivery to target cells. Overall, the paper presents a well-
executed set of studies and has potential to impact the field of EV-based delivery and therapeutics.
As the paper acknowledges, previous studies already showed that lipidating proteins improves their
loading into EVs. Thus, it will be important to more precisely determine whether raft association (as
opposed to general plasma membrane loading) specifically causes EV loading, and if so, which EV
biogenesis pathways are involved. The following revisions are suggested.

Thank you for your thoughtful review and for highlighting the contribution of our study on the EV-delivery
field, particularly in the context of existing literature. Based upon your suggestions, we have performed
additional wet lab experiments, data analysis, and added discussion to this revised manuscript.

1.1t is notable that most results in the manuscript are presented from 2 independent experiments.
The results from at least n = 3 experiments need to be included with statistical analysis to make
conclusions.

We agree with the reviewer’'s central point that conclusions should be justified by statistical support; to
address this comment, we updated the manuscript to include the results of statistical analyses in key places
including figures Fig. 1c, d; Fig. 3f, g; Fig 4d, e; Fig. 5d, e, f, g; Fig. 7c, Fig. S4-10. However, we respectfully
disagree that an n of 3 independent experiments is required to draw conclusions. We have carefully designed
the experiments presented in the study to capture the error within each type of experiment and across
experimental replicates, and our conclusions are contextualized within that measured variation. While it is
possible that performing additional experiments would enable us to draw additional conclusions about other
phenomena (i.e., to evaluate whether minor trends are meaningful or simply variation), we limited our
conclusions to conservative statements which are already supported by statistically significant comparisons
in the data as presented.

2. The authors employed DiO labeling of GPMVs from transfected HEK cells and measured protein
partitioning into ordered lipid regions. These results were then correlated with quantification of
proteins per EV and EV partitioning. To establish a stronger link between raft association and EV
loading in cells, it will be important to validate some of the findings by perturbing pathways
associated with raft association in cells and test their impact on protein loading into EVs. For
instance, will temporary cholesterol depletion in cells by drugs (e.g., Filipin Ill) or caveolin
knockdown result in less protein loading into large vs small EVs?

Thank you for this interesting suggestion. To address this comment, we performed an experiment in which
Sol, M, or PM HaloTag variants of our probe protein were expressed via transient transfection in HEK293FTs.
Cells were cultured with Filipin 11l for approximately 30 hours, and then harvested cell lysates and EVs were
analyzed for HaloTag expression and loading, respectively, via fluorescence analysis of protein gels as we
did in other experiments. Unfortunately, we observed that treating transfected HEK293FTs with Filipin Il was
highly toxic even at a low dose of 1 uM (Response Fig. 1a). When this experiment was run under conditions
of 0.5 uM Filipin 1ll, we did not observe meaningful differences in



HaloTag loading for Sol, M, or PM variants when comparing Filipin IlI-treated or vehicle-treated conditions
(Response Fig. 1b). This result is not entirely conclusive, however, given that typical lipid raft disruption studies
in HEK293s use Filipin Il at much higher doses (10 uM) and for a short period of time?, we surmise that the
experimental conditions used to evaluate EV loading (including transfection method, cell type, culture time,
etc.) are not compatible with the use of Filipin Ill to address this question. For example, it is possible that the
highest tolerable dose (0.5 uM Filipin 1) is not sufficient to disrupt lipid rafts in a manner that enables us to
perturb raft-associated HaloTag loading due to the time scale required to generate EVs.

Although we could not use Filipin 11l as a tool to further evaluate the connection between lipidation and EV
loading in our system, our conclusions are plausible based upon other similar studies probing the impact of
lipidation in distinct systems. For example, Ye et al. investigated how Filipin Ill treatment modulated loading
of two peripheral proteins into EVs isolated from PC-3 cells?; we note that this experiment probed natively
expressed proteins (not introduced by transfection). They found that Filipin Il treatment disrupted EV-
loading of Fyn kinase, which possesses a myristic acid and 2 palmitic acids on its N-terminus, but this
disruption was not observed for Src kinase, which possess a single N-terminal myristic acid (the same
terminus as our M tag). Based on these results, one would hypothesize that Fyn is raft associated, while
Src kinase is not. Our observations support that conclusion; we evaluated the Src kinase tag and observed
that it does not mediate association with lipid rafts. In other supporting evidence, the N-terminus of Fyn
kinase has been shown to drive raft association in GPMVs3. Overall, our results are concordant with these
two additional studies demonstrating that raft associated protein loading into EVs is disrupted by Filipin 111,
while non-raft associated protein loading is not.



Response Figure 1. Filipin iii treatment is highly toxic to transfected HEK293FTs and does not
cause meaningful differences in HaloTag loading for Sol, M, or PM variants at a tolerated dose. a
Micrographs of HEK293FTs transfected with plasmids encoding the PM HaloTag variant, followed by
treatment with 0.5 pM or 1.0 pM Filipin Il (F) to disrupt lipid rafts or a vehicle (V), DMSO, control.
Treatment occurred for approximately 30 h before harvesting cell lysates and EVs. 1 pM Filipin 11l
demonstrates toxicity to transfected HEK293FTs. Scale bar is 500 pm. b Fluorescent protein gels for cell
lysates (left, 5 pg protein loaded) and EVs (right, 5x108 EVs loaded) for Sol, M, and PM-tagged HaloTag.
When producer cells were treated with 0.5 pM Filipin Ill, there was minimal effect on HaloTag expression
in the producer cell lysate or loading into EVs.

3. The population pelleted at 120,416 g consists of not only exosomes (the term specifically used for
vesicles secreted via multivesicular bodies; MVB) but also other small EVs and non-vesicular
particles (PMID: 30951670). Thus, it would be too premature to use the term ‘exosome’ throughout
the manuscript. The same applies to the term ‘microvesicle’; rather, the term ‘large EV’ would be
more appropriate (PMID: 30637094). Using unfractionated large or small EVs may confound the
interpretation of the results that have implications in EV biogenesis and cargo loading.

Thank you for the comment. We agree that based on our present characterization, it is imprecise to use the
terms ‘exosome’ and ‘microvesicle.” We have altered the text to refer to vesicle populations as “high-speed
centrifugation EV fraction” (HS-EV, formerly microvesicle) and “ultracentrifugation EV fraction” (UC-EV,
formerly exosome). By referring to vesicle populations by the way each was purified, we are more accurately
describing by physical features (density), rather than implying from where in the cell each population is derived.
We use these terms rather than size references because in this system HS-EVs and UC-EVs are similar in
size but differ in density (as this is what vesicles purifications were based on).

4. Exosomes and microvesicles are known to be made via distinct biogenesis pathways (MVB fusion
and membrane budding, respectively). So, one would expect that membrane lipid/protein
compositions will be different between the two. However, ‘exosomes’ and ‘microvesicles’ in the
manuscript show a similar degree of lipid ordering (Fig. 1c). Yet, the effect of raft localization and
plasmamembrane localization on protein loading into EVs seems more prominent in ‘microvesicles’
(Fig. 5h, Fig. 6). Cholesterol (major lipid raft component) is known to be the main lipid component
of small EVs (PMID: 28342835). Together, it is unclear if lipid ordering is a true indicator of protein
loading into large vs small EVs.

First off, we appreciate and generally agree with all points made in this comment as they pertain to
expectations based upon prior literature. Generalized polarization of Laurdan labeled membranes is a
classical measurement to determine lipid order. Lipid order is not equivalent to lipid composition. We thus
do not endeavor to equate the compositions of both vesicle populations, but rather we found that both
vesicle populations are ordered (which is often described as lipid-raft like). For example, a membrane could
be highly ordered, and possess a high Laurdan GP, if itis composed of long, fully saturated lipids. A separate
membrane could have a similar Laurdan GP with more unsaturated fatty acid chains but higher cholesterol
content. Here in Figure 1c, we are trying to demonstrate that both vesicle populations are more ordered and
lipid-raft like, compared to other cellular membranes. This can all be true while acknowledging that the
biogenesis, lipid, and protein composition of each vesicle fraction likely differs and contributes to differences
in loading.

We have added the following sentence to clarify this point:



“Both vesicle fractions were found to have similar Laurdan GP values, despite the fact that their
biogenesis, lipid composition, and protein content may likely differ4-8.”

5. Supporting the point above, Fig. 5¢ shows that all of the tested proteins are not well partitioned
towards the ordered region (below 0.0) despite that different lipids are tested (in contrast to WT LAT
in Fig. 3e). So, does this result mean that protein loading into EVs may have less to do with raft
association but more to do with plasma membrane localization?

We agree that our data demonstrate that protein loading into EVs is strongly related to protein localization
to the plasma membrane. The data in Fig. 5¢c demonstrate that the PM and PPF HaloTag constructs prefer
the Lo phase more than the M and GG Halo constructs. The correlation for EV loading with plasma
membrane localization and raft association can be further seen in Supplementary Figure 18. Fig. S18
demonstrates that protein loading more strongly correlates with plasma membrane localization than lipid
raft partitioning. This is not necessarily contradictory, as trafficking to the plasma membrane and raft
localization are related. Proteins which associate with lipid rafts more are more effectively trafficked to the
plasma membrane?®.

DTT was used in the process employed to generate GPMVs, and DTT can cleave disulfides and thioesters
leading to depalmitoylation of proteins'®. This possibility could confer an underestimate of raft association for
palmitoylated proteins (LAT, PM, and PPF) in our GPMV analysis. Thus, such proteins could be more strongly
raft-associated in the cellular context, and raft-association could be more correlated to EV loading than we
observed in this GPMV assay.

We have added the following text and citation to clarify this point:

Protein association with lipid rafts has been shown to enhance plasma membrane localization®.
Because of this relationship, it is unsurprising that both raft and plasma membrane localization
correlate with protein loading into EVs and this observation supports the hypothesis that lipid rafts
play a role in EV biogenesisé.

Furthermore, the raft association of palmitoylated proteins is potentially underestimated; DTT was
used in the process to form GPMVs, and DTT can cleave disulfides and thioesters leading to
depalmitoylation of proteins!®. Thus, palmitoylated proteins (LAT, PM, and PPF) are potentially
more strongly raft associated in cellular systems and more correlated to EV loading than was
observed in this assay.

6. While it makes practical sense to combine large and small EV fractions for transcription factor
(TF) delivery experiments in Fig. 7, it will be important to compare TF delivery by large EVs vs. small
EVs at least with the PM variant in order to better understand which EV biogenesis pathway likely
plays arole in lipid-mediated protein loading.

We agree that it would be interesting to compare loading and the ability of each vesicle population to deliver
cargo. Here, we focused on understanding how different lipid-protein interactions could be modulated to
enhance loading, and thus our conclusions were written so as not to depend upon that further analysis. We
are planning future studies to better understand how choice of EV subpopulation affects functional delivery
in different contexts, which include different methods of EV fractionation (i.e., to better dissect the
relationships with routes of biogenesis), different cell sources, and different culture conditions, each of which
likely affects the phenomena introduced in this first study.

Reviewer #2 (Remarks to the Author):



In terms of originality, | think that the present paper is worthy of publication. It dwells into the idea
that a higher raft partitioning and plasma membrane association can be utilized to increase
formation of extracellular vesicles, increase protein association with extracellular vesicles (EV) in
EV producing cells and increase the efficiency of transferring proteins from EV to target cells. This
concept is quite new and highlights the roles of membrane domains in the formation of extracellular
vesicles and how proteins can be modified structurally to increase their transfer to possible target
cells through the transport by EVs. However some results need clarification and some additional
experiments should be done to reinforce their conclusions and results.

Thank you for your supportive comments regarding the novelty and potential impact of this study.

Major comments

1) p.5: fig 1c: The authors should compare the order of extracellular vesicles to the order of the
plasma membrane. The comparison towards whole cells is less interesting because these contain
also very disordered intracellular membranes. Here, the authors want to show that EV are derived
from plasma membrane lipid rafts which should be more ordered than the rest of the plasma
membrane and especially intracellular membranes. One way of doing this would be doing GP-
imaging of C-Laurdan or analysis of GPMVs produced by these cells.

Thank you for this suggestion. To address this comment, we have added C-Laurdan analysis of GPMVs to
Figure 1c. GPMVs are significantly more ordered than are whole cells, as expected (p=0.027). However,
both EV populations are more ordered than GPMVs, which supports the idea that EVs are more ordered
than plasma membrane-derived membrane-mimetic such as GPMVs. This is likely because GPMVs
possess both ordered and disordered lipid domains.

New Figure 1:



Figure 1. EV membrane physical properties and protein content mirror those of lipid rafts. a
Schematic of our hypothesis that lipid-raft association could be used as a handle to load proteins into
EVs. b Overall analysis and experimental workflow. We used RaftProt 2.0 and Exocarta to understand
features of proteins found in EVs and lipid rafts (I); we then built a library of structurally diverse proteins to
understand how such features affect protein trafficking, interactions with lipid rafts, and loading into EVs
(In); applying these design rules, we demonstrate how lipid-protein interactions can be used to functionally
deliver cargo to cells via EVs (lll). ¢ Laurdan generalized polarization (GP) for ordered liposomes (Lo)
composed of 70 mol% DPPC/30 mol% Chol, disordered liposomes (Lo) composed of 70 mol% DOPC/30
mol% Chol, HEK293FT cells, giant plasma membrane vesicles (GPMVs) and vesicles from the high-
speed centrifugation EV fraction (HS-EVs) and ultracentrifugation EV fraction (UC-EVs) derived from
HEK293FT cells. HS-EV and UC-EVs had high laurdan GP, similar to Lo membranes. Each dot
represents an independent experiment. A one-way ANOVA was performed to compare the Laurdan GP
of HS-EVs and UC-EVs to the Laurdan GP of all other membranes measured, and comparisons were
evaluated using the Sidak multiple comparisons correction. Both EV populations were significantly
different from all other vesicle populations (****, p<0.0001). d The frequency at which human membrane-
associated proteins and raft proteins are found in EVs as calculated via bioinformatic analysis. Raft
associated proteins are more frequently found in EVs compared to a random selection of human
membrane-associated proteins. Each dot represents a separate query of 100 human proteins. An
unpaired parametric t-test was performed to compare the fraction of all proteins and raft associated
proteins found in exosomes. The fraction of raft associated proteins found in exosomes was significantly



different than the fraction of all proteins (p<0.0001). n=3, error bars represent the standard error of the
mean (SEM) throughout the figure.

2) Fig. 3f,g ; Fig S8: Fig. 5d,e,f,g: There need to be some statistical analysis here. We have

added statistical analysis for these figures, as well as Fig. 1c, d; Fig 4d, e; Fig. 7c, Fig. S4-10.

3) Fig S7,IV the plasma membrane mask looks somehow if it were inside the cell. If the dye is
endocytosed over the timeframe of the experiment, it is no longer an efficient plasma membrane
mask.

We have readjusted these images to better represent the plasma membrane stain. We do not have evidence
that the dye is endocytosed over the course of the experiment. Furthermore, we would like to highlight that
our staining and experimental methodology is validated by Figure 3c, as we were able to recapitulate
previously reported analyses of the plasma membrane localization results of LAT proteins (Fig. 3c)!*.

4) L. 551: cells. “The addition of lipid tags to the transcription factor impaired the ability to induce
reporter expression to different extents across our constructs (compared to the non-lipidated “ Sol”
synTF control).”

Would lipidation according to the data not increase plasma membrane localization and hence inhibit
its localization to the nucleus and prevent transcription in the target cells? Can you prove that some
of the products effectively travel to the nucleus? Is it not possible to follow the fluorescent protein
constructs that are used to determine GPMV raft partitioning in EVs, to observe fusion to endosomal
membranes in target cells and hence follow protein delivery and possible partitioning to the nucleus
in target cells?

We agree that lipidation likely inhibits localization of constructs to the nucleus in both the direct transfection
and delivery experiments (Fig. 7b and Fig. 7f respectively). While line 551 refers to experiments where plasmid
DNA encoding the synTFs were transfected into reporter cells, we are interpreting the reviewer’s questions to
be referencing delivery of synTFs to reporter cells via EVs. We hypothesize that proteins which are loaded
into EVs are lipidated. However, once in an EV or delivered to a cell, we are not yet certain if or how the
lipidation state of each construct changes. We found that the PM tag yielded the highest functional delivery,
but PPF was found to load best into EVs. It is very possible that the PPF tagged transcription factors are also
delivered best to receiver cells but remain tethered to the membrane, and thus do not initiate gene
transcription. We comment on this further in response to your major comment 6 below.

In order to initiate transcription of the downstream dsRedExp2 protein, the transcription factors delivered by
EVs must travel to the nucleus. Thus, this assay confirms that the protein cargo is able to travel to the
nucleus. Tracking the delivery of a fluorescent protein is an interesting suggestion that could provide insights
beyond the confirmation included here, and we are currently planning to pursue this in a follow up study
(obtaining the signal-to-noise required for visualization is substantial work beyond the scope of this study).

To capture these ideas, we have added the following text to clarify the above points:

The differences in functionality between lipidated synTFs may be partially attributed to lipidation-
mediated sequestration of synTFs to a membrane, preventing them from entering the nucleus.



5) L.567: “We treated reporter cells with EVs containing lipidated ZFs and a surface displayed viral
glycoprotein (vesicular stomatitis virus G protein, VSV-G) to promote EV uptake and membrane
fusion with recipient endosomal membranes ”

- Is the viral protein equally expressed in the EV containing different proteins? If not this would
obviously modify the fusion efficiency and hence bias the result. A control should be done.

Thank you for this suggestion. To answer this question, we performed a new experiment in which we probed
each of our EV populations for VSV-G loading via a western blot (n = 3). The images are available in
Supplementary Figure 23a and have been quantified in panel b of the same figure. Interestingly, we see slight
differences in VSV-G loading into EVs depending on the lipidation-tagged SynTF variant that was co-
transfected, despite transfecting in equal amounts of VSV-G-encoding plasmid into the EV producer cells
across all conditions. We are unaware of evidence in prior literature demonstrating that small differences in
VSV-G loading (as observed here) drive substantial differences in functional delivery. Importantly, these
experiments demonstrated that VSV-G loading is similar for many of the synTF variants, and so differences in
functional delivery are unlikely to be due to differences in VSV-G loading (e.g., VSV-G loading is not likely to
account for differences between PM and PPF delivery).

We have added the following text to the manuscript to contextualize these additional experiments:

Small differences in VSV-G loading into EVs were observed across the SynTF variants
(Supplementary Fig. 23); these minor variations are unlikely to explain the large differences in
functional delivery observed in Fig. 7f.

6) L. 668 “We hypothesize that the PPF-tagged synTFs may be more tightly bound to plasma
membranes than PM-tagged synTFs53."

-Butin figure 5, PM is as clearly bound to the plasma membrane as the PPF. Why would it be tightly
bound to the membrane in the EV producing cells but not in the EV receiving cells? Could the
authors please elaborate?

We agree that Figure 5b demonstrates that PM and PPF both localize to the plasma membrane to a similar
extent in the producer cell. Notably, these data represent a quasi-equilibrium state when the cargo protein
is in excess, and the driving forces for association/dissociation would be very different in recipient cells when
the cargo protein is at a low (zero, initially) concentration. We hypothesize that PM may also be more likely
to dissociate from membranes because: (i) PM is modified with two lipids (1 myristic and 1 palmitic acid)
compared to three lipids for PPF (2 palmitic acids and 1 farnesyl), and (ii) palmitoylation is a reversible post-
translational modification!?. We have added the following text to clarify this point.

We hypothesize that the PPF-tagged synTFs may be more tightly bound to membranes than PM-
tagged synTFs in reporter cells because the PPF tag is composed of 3 lipids (2 palmitic acids and
1 farnesyl) compared to two for PM (1 myristic and 1 palmitic acid)*3.

7) Would it be possible to co-transfect cells with PM or PPF to increase the formation of
microvesicles and hence to increase the delivery of other proteins to target cells?

Thank you for this question. We hypothesize that this is possible and are currently thinking about ways to
leverage this phenomenon. We speculate this possibility in the following passage of text:



Microvesicles, or EVs which are derived from the plasma membrane, are likely enriched within the
HS-EV fraction. The observed increase in HS-EVs could be explained by enhanced microvesicle
formation due to increased membrane budding as a result of protein crowding on the plasma
membrane, and this observation suggests a possible strategy to intentionally increase EV
productiont4,

8) Fig 6a. It is not clear if the displayed pearson correlation coefficients refer to a significant
correlation. Please display the significance of the correlation (p-value) in the graph or elsewhere.
This is very important since many interpretations derive from this result.

Thank you for raising this excellent point. We have added an additional supplementary figure (Fig. S19) to
present the p-values of these correlations. Indeed, not all Pearson’s correlation coefficients refer to a
significant correlation. However, key correlations, such as the correlation between protein partition and
plasma membrane localization and the correlation between protein loading/partition and raft localization, are
significant. We do not believe that these values should be necessarily linearly correlated, yet Pearson’s
correlation provides a simplistic model to demonstrate that some of these values are indeed significantly
related.

Supplementary Figure 19. P-values for correlation data presented in Figure 6a and Supplementary
Figure 18. P-values for Pearson’s correlation in a Figure 6a for all proteins analyzed in this study, b LAT
proteins (LAT WT, LAT C26A, LAT dCore, LAT High ASA), ¢ de novo designed proteins (24 A TMD4, 32
A TMD4, 40 A TMD4, 24 A TMD12, 40 A TMD12), and d lipid tagged HaloTag proteins (Sol, M, PM, G,
PPF).

Minor comments

1) L. 263: “Surprisingly, a raft-partitioning value could not be measured for LAT dCore because this
protein did not localize to the plasma membrane and accordingly did not end up in GPMV membranes.
This result agrees with cellular trafficking data in Fig. 3c, but it does not match similar studies
performed using RBL cells22,25. This discrepancy might suggest that membrane-protein
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interactions are cell-type specific, perhaps due to interaction with other cellular molecules not
explicitly evaluated here.”

The data might also suggest that the lipid composition or membrane properties of these cells are
different.

Thank you for raising this point. This is what we were trying to suggest, but the wording was unclear. We
have reworded this sentence as follows:

This discrepancy might suggest that membrane-protein interactions are cell-type specific,

perhaps due to differences in membrane composition and membrane physiochemical
properties between cell types.

2) L.415&416&712 “Myristylation” should be spelled: “myristoylation”

Thank you for pointing this out. We have corrected those misspellings.

3) Fig. 1b: Please be more precise what “Biophysical evaluation of select proteins” means. Here in
this article it is rather determining structural features of protein transmembrane domains.

We have edited Figure 1b to now read “Evaluation of membrane protein structural features” to be more
specific. The new Figure 1 is below.
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Figure 1. EV membrane physical properties and protein content mirror those of lipid rafts.

4) L.183: phosphorylation was chosen as they “affect protein-membrane interactions,

cellular trafficking, and lipid raft localization”:

- Itis not sure if phosphorylation affects raft partitioning. It was rather discovered as a feature of
raft-like proteins and which is possibly enriched in “raft-proteins” because they are signaling
domains. (ref 21)

Thank you for pointing this out. We have rephrased the sentence to make it more accurate.
These properties were chosen as they affect protein-membrane interactions, cellular trafficking,
lipid raft localization, or have been identified as a feature of lipid-raft like proteins39.11.15-18,

5) Fig 4b,c “protein hydrophobic thickness” should be replaced by “protein transmembrane

domain hydrophobic length”

Thank you for this suggestion. We have changed the graph labels to be “Protein transmembrane domain
hydrophobic thickness (A).”
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6) L. 387: “This outcome that transmembrane domain length is not always predictive of EV loading
is consistent with our bioinformatic data, since transmembrane domain length did not correlate with
raft or EV association for multi-pass transmembrane proteins (Fig. 2¢).

- This has also been previously observed in (ref 21).

Thank you for identifying this additional context. We have added the following sentence to better
contextualize our finding with previous work done in ref 21.

Furthermore, this trend concords with previous observations by Yurtsever and Lorent?5.

Reviewer #3 (Remarks to the Author):

In this paper, the authors investigated the role of membrane-protein interaction to enhance EV cargo
loading through bioinformatics, biophysical evaluation, and functional delivery of synthetic cargo
molecules. The high degree of the association of proteins in EVs and lipid rafts supported the idea
that modulating lipid raft affinity of proteins affects cellular trafficking and loading into extracellular
vesicles. With this, the authors went on to engineer transcriptional factors (TFs) for EV loading by
adding lipid tags and showed their efficient EV loading and functional delivery to reporter cells. The
empirical determination for the choice of lipid tags seems to be required depending on proteins of
interest, while the limitation and the future directions are clearly stated. Most, if not all of their
conclusions are supported by data. The methods are comprehensive and the experimental details
in the text are almost complete. Overall, this is a well-designed study that brings innovations in
engineering EVs and provides deeper insights into EV cargo sorting mechanisms. | would support
the publication of this paper in Nature Communications only after the authors fully addressed my
concerns.

Thank you for your thoughtful consideration of how our study contributes to the field’s understanding of
native and engineered EV cargo sorting.

Major comments
1. The authors should demonstrate the compatibility of their engineered EVs in reporter mice
systems or clinically relevant mice models.

We agree that exploring the translational potential for this technology will ultimately require preclinical
evaluations in relevant animal models. In this work, we focused on characterizing the underlying biophysical
interactions of protein loading to better understand how to load and deliver EV encapsulated cargo in vitro
(rather than optimizing delivery of a specific translationally motivated cargo for a specific application). We
are planning to extend this work and evaluate in vivo delivery of therapeutic cargos loaded using the
concepts elucidated in this study, but given the substantial amount of technical work required to execute
such experiments in a meaningful manner (e.g., to quantitatively evaluate the extent to which lipidation
improves performance over a baseline condition) we would respectfully argue that such work is outside the
scope of the current, foundational study.

2. The mechanism behind the dissociation of lipidated cargo from EVs in recipient cells is not clear.
One might argue that the functional cargo transfer is mediated by the non-lipidated fraction (e.g.,
cargo with lipid tags but not lipidated) in EVs, which may explain why the functional transfer is very
inefficient (less than 10%). In this context, the lipidation states of engineered EV cargos were not
investigated at all.
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We agree that it would be interesting to explore the lipidation states of engineered EV cargos in the future.
In this study, we found that lipidation of peripheral proteins has a clear impact on protein loading, and that
the presence of a lipidation tag influences the degree of functional delivery in our model system. We do not
yet know if proteins remain lipidated in the EV or after delivery to a recipient cell, and that is an important
guestion that we plan to explore in a follow-on study.

With the caveat that a direct comparison to other systems is not feasible due to differences in assay setup
(e.g., genomic vs. transient reporter, choice of membrane fusion protein, luciferase expression instead of
fluorescent protein expression as an output, different definitions of EV number, etc.), we would nonetheless
note that while PM’s degree of activation in Fig 7f (~7.4%) may seem low, its fold induction compared to the
mock condition is quite high (54-fold). Other groups have reported fold induction for EV-mediated delivery
of synthetic transcription factors in HEK293 cells. For a non-enzymatic (i.e., non signal-amplifying) output
that is most similar to the one discussed in this manuscript, a fold induction of 3.2 has been reported?®. Other
groups using luciferase outputs (i.e., signal-amplifying) with stronger activation domains have reported a
fold induction of 14 to 160%%2%. Thus, the lipidated synTFs in our study have a comparable or higher ON/OFF
signal than the most similar other systems, and they have a competitive fold induction when compared to
signal-amplifying systems.

To address this comment and capture these considerations, we have added the following text to both provide
speculative explanations and delineate what we do not yet know about the lipidation state of the proteins:

The differences in functionality between lipidated synTFs may be partially attributed to lipidation-
mediated sequestration of synTFs to a membrane, preventing them from entering the nucleus.

We hypothesize that the PPF-tagged synTFs may be more tightly bound to membranes than PM-
tagged synTFs in reporter cells because the PPF tag is composed of 3 lipids (2 palmitic acids and
1 farnesyl) compared to two for PM (1 myristic and 1 palmitic acid)*3.

3. C-laurdan staining suggests that EVs from HEK293FT cells are liquid ordered (lipid raft-like). This
conclusion could be further strengthened by in-depth lipidomic analysis of EVs.

We agree that it would be interesting to perform in-depth lipidomic analysis on our EVs, but we would
respectfully argue that such analysis is out of the scope of the present work. Lipidomic analysis of EVs has
previously been reported and demonstrates that the EVs are composed largely of cholesterol and saturated
lipids?223, Laurdan allows for the measurement of bulk lipid properties and has been used widely in the
membrane biophysics community to characterize lipid rafts. We believe that the characterization of our
vesicles with C-Laurdan, coupled with published lipidomics analysis of EVs, allows us to strongly conclude
that EV membranes are ordered without performing further lipidomic analysis.

4. The authors should repeat experiments for EV incorporation and EV partitioning, and should
perform statistical analysis.

Thank you for the suggestion to perform additional statistical testing on the datasets provided. We have
therefore added additional statistical analysis to Fig. 1c,d; Fig. 3f,g ; Fig 4d,e, Fig. 5d,e,f,g; and Fig S4-10.

Overall, we carefully designed the experiments presented in the study to capture the error within each type
of experiment and across experimental replicates, and our conclusions are contextualized within that
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measured variation. While it is possible that performing additional experiments would enable us to draw
additional conclusions about other phenomena (i.e., to evaluate whether minor trends are meaningful or
simply variation), we limited our conclusions to conservative statements which are already supported by
statistically significant comparisons in the data as presented.

5. About 20% of raft-associated proteins were not associated with exosomes (Figure 1d). Could the
authors analyze key features of these proteins and further highlight the importance of lipidation and
transmembrane domain length (especially for single-pass TM proteins) as the determinants for
proteins to be associated with both rafts and EVs?

Thank you for this comment. We have added this additional analysis to the supplement (Supplementary
Figures 8-11). We find that transmembrane proteins associated with lipid rafts found in EVs are not
significantly different from those not found in EVs (Note: there are significant comparisons present, but not
when comparing plasma membrane (PM) or internal membrane (IM) associated proteins between groups).
This may suggest that the raft associated proteins which are excluded from EVs are not excluded on the
basis of biophysical properties or mechanisms evaluated in this study (Fig. S8, 9). However, peripheral
membrane proteins associated with lipid rafts which were found in EVs were significantly more
myristoylated and prenylated than were raft proteins not found in EVs (Fig. S10). We also evaluated the
percentage of proteins within each group that were associated with the plasma membrane. We found that
a smaller percentage of raft associated, non-EV proteins were found in the plasma membrane compared
to raft associated proteins that have been identified in EVs (Fig S11). This further underscores the
importance of plasma membrane localization for protein loading into EVs. It has previously been shown
that membrane raft association is a determinant of plasma membrane localization®. In this light, one could
hypothesize that there exists a gradient of raft association, and weakly raft associated proteins may not
load into EVs.

6. The claim (line 500) that “this is a generalizable mechanism governing protein loading into EVs”
is not justified well, as this hypothesis was tested only for LAT, Halo and synTF.

We have adjusted the manuscript to reflect the scope of the study more accurately. The claim now reads as
follows:

Furthermore, the strong agreement between our bioinformatic analysis (Fig. 1d, Fig. 2) and EV
loading data for a diverse set of natural and de novo designed proteins (Fig. 3, 4, 5) suggests that
strategies presented here may be applied to improve loading of a wide array of protein classes into
EVs.

Minor comments
1. The authors could improve data presentation by showing individual data points.

Thank you for this comment. We have added an additional supplementary figure (Supplementary Figure 4)
presenting the data in Figure 2 as individual points. We believe that the amount of data for these plots makes
it more difficult to interpret and thus have kept the original figure in the main text. All other main text figures
present data as individual points when possible.

Below please find the new Supplementary Figure 4:
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Supplementary Figure 4. Plots of protein structural features presented in Figure 2 as violin plots
with individual points. a-g Average transmembrane domain length and number of palmitoyls per protein
(Npamitoy/protein) for (a, b) single-pass and (c, d) multi-pass transmembrane proteins, and (e, f, g) number
of myristoyl, palmitoyl, and prenyl groups on peripheral membrane proteins were compared. Error bars
represent SEM, number of proteins in each category can be found in Supplementary Table 1. A one-way
ANOVA was performed to compare structural features between each data set, and comparisons were
evaluated using the Sidak multiple comparisons correction (*, p<0.05, **, p<0.01, ***, p<0.001).
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2. The rationale behind the use of 4TMD and 12 TMD in Figure 4 is missing from the text.

We have added additional text to better explain the rationale behind the use of the 4TMD and 12TMD
proteins.

We reasoned that these proteins are ideal candidates to test the core hypothesis in this study
because they are completely synthetic, and therefore we expected that they would be trafficked and
loaded into EVs based primarily on physical interactions with membranes, rather than through
evolved protein-protein interactions and trafficking mechanisms. Furthermore, evaluating both the
4TMD and 12TMD proteins would enable us to test the extent to which the trends observed for the
LAT proteins held for proteins with different numbers of transmembrane domains and different
hydrophobic surface area.

3. Supplementary figures 10 and 12 may be redundant.

Thank you for identifying this issue. We mistakenly placed the wrong figure in Figure 12 (Now Fig. S17).
This has been corrected.
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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The authors addressed most of the comments but the following concerns still remain.

1. Deriving statistics (e.g., error bars, p values) from a sample size less than three (n<3) is not
considered appropriate, and such statistical measures must be excluded in these instances.
Consequently, the conclusions drawn from most of the figures (e.g., Fig. 3f, 4d, 5d, e, f, g) lack
statistical support. Additionally, some error bars, notably in Fig. 5e, appear to be quite large. The
authors are strongly encouraged to offer more substantial justifications, going beyond statements
like 'carefully designed the experiments' or 'limited our conclusions to conservative statements,' in
order to clarify the rationale behind justifying statistical conclusions based on a sample size of n =2
independent experiments within the context of their studies. Otherwise, the results fromn=3
experiments should be provided to support statistical conclusions.

2. The authors endeavored to establish a mechanistic link between raft association and
extracellular vesicle (EV) loading in cells through treatment with Filipin Ill. However, they observed
that the drug induced toxicity in HEK cells at 1 uM and had no effect at 0.5 uM. Despite citing other
studies to support their claims, the mechanistic link remains unclear within the context of their
research. To establish this connection, exploring alternative approaches such as using different
drugs or employing siRNA against lipid raft pathways could be considered.

Reviewer #2 (Remarks to the Author):

The authors have addressed most of my concerns and | would suggest publication after the authors
confirm one of their statements by a small experiment or rephrase their statement.

Regarding question 6 (reviewer 2):

The authors argue that the PPF construct (containing 2 palmitoyls) and the PM construct
(containing 1 palmitoyl) would be associated differently to the membrane because "palmitoylation
is reversible." Because it is reversible, both palmitoyl groups could be reversed for the PPF
construct which would simply leave one farnesyl group. The PM construct would have one myristoyl
group left if the palmitoyl group is detached.



Right now the statement reads "We hypothesize that the PPF-tagged synTFs may be more tightly
bound to membranes than PMtagged

synTFs in reporter cells because the PPF tag is composed of 3 lipids (2 palmitic acids and 1
farnesyl) compared to two for PM (1 myristic and 1 palmitic acid)13."

If the authors want to prove this statement why not prove this point with a fluorescent PPF/PM
construct?

Otherwise, if they do not want to prove this point, it would be better to say that they cannot explain
the difference right now.

Reviewer #3 (Remarks to the Author):

The authors have answered all concerns raised by this reviewer.



REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):
The authors addressed most of the comments but the following concerns still remain.

1. Deriving statistics (e.g., error bars, p values) from a sample size less than three (n<3) is not considered
appropriate, and such statistical measures must be excluded in these instances. Consequently, the conclusions
drawn from most of the figures (e.qg., Fig. 3f, 4d, 5d, e, f, g) lack statistical support. Additionally, some error bars,
notably in Fig. 5e, appear to be quite large. The authors are strongly encouraged to offer more substantial
justifications, going beyond statements like 'carefully designed the experiments' or 'limited our conclusions to
conservative statements,' in order to clarify the rationale behind justifying statistical conclusions based on a
sample size of n = 2 independent experiments within the context of their studies. Otherwise, the results from n =
3 experiments should be provided to support statistical conclusions.

We thank the reviewer for this comment; in response, we have carefully reviewed our statistical analyses
and conclusions drawn from these analyses. To employ a statistical test, one must ensure that the data
satisfies underlying assumptions of the chosen statistical test. Formally, all statistical tests employed in this
study can be used when n=2; however upon checking that our data also satisfied the assumptions upon
which such tests are based, we found some instances where particular assumptions were not met, and we
have adjusted the analyses accordingly with no major impacts on the key conclusions of our study (outlined
in detail below). Thus, we respectfully disagree that deriving statistical measures from n<3 is always
inappropriate, and we provide a thorough justification for this position here:

On performing statistical analyses when n=2:

All statistical tests performed in this study can be performed with n=2.

One can estimate the error of a distribution for n=2. The formula for standard error of the mean is as follows:
a

S.E.M. =1N

re g represents the standard deviation and n represents the sample size. When n=2, SEM simplifies to
of the range!?.

Further, the statistical tests that we have employed in this study, such as t tests and ANOVA, are still valid
for small samples sizes as long as the assumptions required to the perform the test (for any sample size)

are met. Indeed, these tests have been shown to be accurate for small samples sizes in typical

cases!s. Examination of assumptions required for statistical analysis:

We are grateful to the reviewer for prompting us to review our statistical analysis choices, in general, because
this drove us to carefully reexamine all statistical tests performed in our study to ensure they were appropriate
for the dataset being analyzed. Most of the analyses did not change as a result of this review. In some cases,
assumptions for particular tests were not met, and in this revised manuscript, we employed different (and
appropriate) statistical methodologies as a result. In the following table, we have listed all statistical tests
performed in this study and documented the relevant assumptions upon which such tests



are based. The raw output from GraphPad, the software used to perform theses analyses, has been
incorporated into Source Data accompanying this manuscript, and the following table has been added to

the manuscript as Supplementary Table 9.

Supplementary Table 9. Summary of statistical tests used in this study and their assumptions.

Assumptions
Figure Statistical Test n are Homogeneity of Normally distributed
independent? | variances met? residuals met?

1c 1-way ANOVA + Sidak Yes Yes, Brown-Forsythe Yes, D’Agostino-Pearson

1d Unpaired t test Yes Yes, F test Yes, Shapiro-Wilk

2a Kruskal-Wallis Yes Not required for test Not required for test

2b Kruskal-Wallis Yes Not required for test Not required for test

2c Kruskal-Wallis Yes Not required for test Not required for test

2d Kruskal-Wallis Yes Not required for test Not required for test

2e Kruskal-Wallis Yes Not required for test Not required for test

2f Kruskal-Wallis Yes Not required for test Not required for test

29 Kruskal-Wallis Yes Not required for test Not required for test
Sha Kruskal-Wallis Yes Not required for test Not required for test
S5b Kruskal-Wallis Yes Not required for test Not required for test
S5¢ Kruskal-Wallis Yes Not required for test Not required for test
S5d Kruskal-Wallis Yes Not required for test Not required for test
S5e Kruskal-Wallis Yes Not required for test Not required for test
S5f Kruskal-Wallis Yes Not required for test Not required for test
S5h Kruskal-Wallis Yes Not required for test Not required for test
S6a Kruskal-Wallis Yes Not required for test Not required for test
S6b Kruskal-Wallis Yes Not required for test Not required for test
S6¢ Kruskal-Wallis Yes Not required for test Not required for test
S6d Kruskal-Wallis Yes Not required for test Not required for test
S6e Kruskal-Wallis Yes Not required for test Not required for test
S6f Kruskal-Wallis Yes Not required for test Not required for test
S6g Kruskal-Wallis Yes Not required for test Not required for test
S7a Kruskal-Wallis Yes Not required for test Not required for test
S7b Kruskal-Wallis Yes Not required for test Not required for test
S7c Kruskal-Wallis Yes Not required for test Not required for test
S7d Kruskal-Wallis Yes Not required for test Not required for test
S7e Kruskal-Wallis Yes Not required for test Not required for test
S7f Kruskal-Wallis Yes Not required for test Not required for test
S7¢9 Kruskal-Wallis Yes Not required for test Not required for test
S8a Kruskal-Wallis Yes Not required for test Not required for test
S8h Kruskal-Wallis Yes Not required for test Not required for test
S8c Kruskal-Wallis Yes Not required for test Not required for test
S8d Kruskal-Wallis Yes Not required for test Not required for test
S8e Kruskal-Wallis Yes Not required for test Not required for test
S8f Kruskal-Wallis Yes Not required for test Not required for test
S8h Kruskal-Wallis Yes Not required for test Not required for test




S9%a Kruskal-Wallis Yes Not required for test Not required for test
S9b Kruskal-Wallis Yes Not required for test Not required for test
S9c Kruskal-Wallis Yes Not required for test Not required for test
S9d Kruskal-Wallis Yes Not required for test Not required for test
S9%e Kruskal-Wallis Yes Not required for test Not required for test
Sof Kruskal-Wallis Yes Not required for test Not required for test
S10a Kruskal-Wallis Yes Not required for test Not required for test
S10b Kruskal-Wallis Yes Not required for test Not required for test
S10c Kruskal-Wallis Yes Not required for test Not required for test
S10d Kruskal-Wallis Yes Not required for test Not required for test
S10e Kruskal-Wallis Yes Not required for test Not required for test
S10f Kruskal-Wallis Yes Not required for test Not required for test
S10g Kruskal-Wallis Yes Not required for test Not required for test
3c 1-way ANOVA + Tukey Yes Yes, Brown-Forsythe Yes, D'Agostino-Pearson
3e Welch’s ANOVA + | Yes Not required for test Yes, D’Agostino-Pearson
Dunnett T3
3f 2-way ANOVA + Dunnett | Yes Yes, Spearman Yes, D’Agostino-Pearson
39 2-way ANOVA + Dunnett | Yes Yes, Spearman Yes, D’Agostino-Pearson
S13a Ordinary 2-way ANOVA Yes Yes, Spearman Yes, Kolmogorov-Smirnov
4b,ATMD | 1-way ANOVA + Tukey Yes Yes, Brown-Forsythe Yes, D’Agostino-Pearson
4b,12TMD | Unpaired t test Yes Yes, F test Yes, D’Agostino-Pearson
4c 1-way ANOVA + Tukey Yes Yes, Brown-Forsythe Yes, Shapiro-Wilk
4d,ATMD | 2-way ANOVA + Tukey Yes Yes, Spearman Yes, D'’Agostino-Pearson
4d,12TMD | 2-way ANOVA + Tukey Yes Yes, Spearman Yes, D’Agostino-Pearson
4e,ATMD | 2-way ANOVA + Tukey Yes Yes, Spearman Yes, D’Agostino-Pearson
4e,12TMD | 2-way ANOVA + Tukey Yes Yes, Spearman Yes, D'’Agostino-Pearson
S13b Ordinary 2-way ANOVA Yes Yes, Spearman Yes, Kolmogorov-Smirnov
5b Welch's ANOVA +| Yes Not required for test Yes, D’Agostino-Pearson
Dunnett T3
5c 1-way ANOVA + Tukey Yes Yes, Brown-Forsythe Yes, D'’Agostino-Pearson
5d 2-way ANOVA + Dunnett | Yes Yes, Spearman Yes, Anderson-Darling
S13c Ordinary 2-way ANOVA Yes Yes, Spearman Yes, D’Agostino-Pearson
7b 1-way ANOVA of log Yes Yes, Brown-Forsythe Yes, D’Agostino-Pearson
transform + Dunnett
7c Yes, Brown-Forsythe No per D’Agostino-
1-way ANOVA + Pearson, butjust.ifying test
Dunnett Yes use because reS|duaI§ are
expected to be Gaussian
(see 5d)
7f 1-way ANOVA + Dunnett | Yes Yes, Brown-Forsythe Yes, D’Agostino-Pearson




Examination of specific claims from select studies with n = 2:

With regards to the reviewer's assertion that “the conclusions drawn from most of the figures (e.qg., Fig. 3f,
4d, 5d, e, f, g) lack statistical support,” we respectfully disagree.

We state the following with regards to Figure 3f:

“Notably, wild-type LAT loaded into vesicles from both the HS-EV fraction and UC-EV fraction to a
greater extent than did most LAT mutants (Fig. 3f, Supplementary Fig. 15). Protein loading for the
C26A and dCore mutants was less than observed for wild-type LAT, which is consistent with the
plasma membrane localization and raft partitioning experiments (Fig. 3c, 3e, Supplementary Fig.
13).”

These statements are supported by statistical tests which are described above in “Examination of
assumptions required for statistical analysis.”

We state the following regarding Figure 4d:

“Transmembrane domain length positively correlated with EV loading and EV partitioning for the
proteins with four transmembrane domains (Fig. 4d, 4e, Supplementary Fig. 16). However, this
trend was not observed for the hexameric transmembrane hairpin designs (12TMD). This outcome
that transmembrane domain length is not always predictive of EV loading is consistent with our
bioinformatic data, since transmembrane domain length did not correlate with raft or EV association
for multi-pass transmembrane proteins (Fig. 2c).”

These statements are supported by statistical tests which are described above in “Examination of
assumptions required for statistical analysis.”

We state the following regarding Figure 5d:

“Lipidation increased HaloTag loading relative to soluble HaloTag for all conditions in both EV
populations, achieving up to 400 proteins per vesicle and a loading improvement of up to ~4x over
passive loading (Fig. 5d, Supplementary Fig. 17).”

These statements are supported by statistical tests and are described above in “Examination of assumptions
required for statistical analysis.” Figures 5e, f, and g were all found to fail homogeneity of variance tests,
and we have therefore removed indications of statistical significance related to those figure panels and have
reviewed the associated conclusions to reflect the removal of these tests.

In summary, we have carefully reevaluated our statistical methodologies and associated claims to support
our interpretations of the data—not just for those in which n = 2, but for all experiments in this manuscript.
We believe these steps have improved the quality and rigor of our science, and we are grateful for the
reviewer’s suggestion to explicitly provide justification for the statistical analyses used.

2. The authors endeavored to establish a mechanistic link between raft association and extracellular vesicle
(EV) loading in cells through treatment with Filipin Ill. However, they observed that the drug induced toxicity in
HEK cells at 1 uM and had no effect at 0.5 uM. Despite citing other studies to support their claims, the



mechanistic link remains unclear within the context of their research. To establish this connection, exploring
alternative approaches such as using different drugs or employing siRNA against lipid raft pathways could
be considered.

We agree with the reviewer that it would be valuable to demonstrate that by disrupting lipid rafts, protein
loading into EVs is reduced. As the reviewer noted, we unfortunately found that Fillipin 1l was too toxic in
our system (i.e., dose required, time course, etc.) to disrupt rafts without compromising cell viability. The
suggestion to use alternate drugs or siRNA against lipid raft pathways is intriguing, and one could imagine
an impactful study that systematically determines the contributions of individual lipid raft pathways or
lipidation machinery towards the loading of one or more lipidation tags. Such mechanistic studies represent
an important future direction for such research, and we respectfully argue that such analysis is out of the
scope of the present, foundational work.

We would highlight that through the careful selection of different transmembrane and peripheral proteins with
differential lipid raft localization and cellular trafficking, we were still able to establish a connection between
lipid-protein interactions and EV loading, particularly for certain protein classes (Figure 6, S18). As we discuss,
cite, and contextualize in the discussion, our work is concordant with observations made by others that have
used Filipin 11l to evaluate the loading of lipidated cargo into EVs in an alternate cell type.

Reviewer #2 (Remarks to the Author):

The authors have addressed most of my concerns and | would suggest publication after the authors confirm
one of their statements by a small experiment or rephrase their statement.

Thank you for your review and thoughtful comments. They have greatly improved the quality of this
manuscript!

Regarding question 6 (reviewer 2):

The authors argue that the PPF construct (containing 2 palmitoyls) and the PM construct (containing 1
palmitoyl) would be associated differently to the membrane because "palmitoylation is reversible." Because it
is reversible, both palmitoyl groups could be reversed for the PPF construct which would simply leave one
farnesyl group. The PM construct would have one myristoyl group left if the palmitoyl group is detached.

Right now the statement reads "We hypothesize that the PPF-tagged synTFs may be more tightly bound to
membranes than PM-tagged synTFs in reporter cells because the PPF tag is composed of 3 lipids (2 palmitic
acids and 1 farnesyl) compared to two for PM (1 myristic and 1 palmitic acid)13."

If the authors want to prove this statement why not prove this point with a fluorescent PPF/PM construct?

Otherwise, if they do not want to prove this point, it would be better to say that they cannot explain the
difference right now.

The proposed experiment is an excellent suggestion and one we are very interested in evaluating in the future.
As suggested, we have modified the statement to clarify that the reason for the difference in EV loading and
EV bioactivity between the PM and PPF constructs is unknown, but we retained some speculation as to
potential reasons for the difference in function which warrant exploration in future studies.



Interestingly, the PPF tag conferred the highest loading of protein cargo, and it performed better than
the PM tag when directly expressed in reporter cells but did not enable functional delivery of our
synTF. Presently, we cannot explain the discrepancy between loading and EV-mediated activity (i.e.,
reporter gene expression) between the PM and PPF tags and believe this is an interesting area for
future research. The difference in functional delivery may possibly arise from the ability of each tag
to enable transport to the nucleus. One potential hypothesis is that the PPF-tagged synTFs may be
more tightly bound to membranes than PM-tagged synTFs in reporter cells because the PPF tag is
composed of 3 lipids (2 palmitic acids and 1 farnesyl) compared to two for PM (1 myristic and 1
palmitic acid) 58 . Alternatively, differences in delivery could be explained by inherent trafficking
differences between lipidation tags—indeed, the SH4 domain of Lyn, the protein domain from which
the PM tag is derived, drives association of Lyn with the plasma membrane and internal membranes
such as the Golgi and nuclear membranes 5%-61 ,

Reviewer #3 (Remarks to the Author):

The authors have answered all concerns raised by this reviewer.

Thank you for your time and thoughtful review of our work.
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REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author):

The authors have made significant efforts to extensively justify the use of n = 2 in several figures,
supported by Supplementary Table 9. However, | leave the final decision regarding adherence to
Nature's editorial policies in deriving statistics from n < 3 to the editorial team.

Reviewer #2 (Remarks to the Author):

The authors have adressed all my concerns and | recommend hence publication.



Reviewer #1 (Remarks to the Author):

The authors have made significant efforts to extensively justify the use of n = 2 in
several figures, supported by Supplementary Table 9. However, | leave the final
decision regarding adherence to Nature's editorial policies in deriving statistics from n <
3 to the editorial team.

Reviewer #2 (Remarks to the Author):

The authors have adressed all my concerns and | recommend hence publication.

We thank both reviewers for their time and thoughtful comments and suggestions and
have prepared the final revision documents.
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