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REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

Shrivastava et al have developed a zinc finger protein targeting the HIV-1 LTR and demonstrate that
exosomes packaged with this ZFP-362 fused to DNA methyltransferase 3A domains can repress the
integrated HIV-1 provirus. The work is interesting, and conducts in vivo proof of principle studies in
humanized mice to advance this intervention as a potential ‘block and lock’ approach for stably silencing
HIV-1 in larger animal models or humans. It could be of interest to Nature Communication readers.

Major concerns/critiques-

-The authors provide no information whatsoever about the development and characterization of ZFP-362,
besides the information that it targets the NFkB doublet in the HIV-1 LTR. It is unclear how this was
identified or evolved and what the off-target effects are for this ZFP in terms of binding the multiple other
NFkB responsive promoter elements that are present in the human genome. This is particularly of concern
as ZFP-362, by itself appears to enhance transcription of the LTR in several experiments presented in the
manuscript (see below).

-ZFP362 by itself enhances gag expression in Fig. 1B, 1H, 3G, S1D

- In Fig. 2H, it is unclear why there is no increase in gag RNA expression in the control cells (black bars) and
cells transfected with ZFP alone in response to all inducers (except TSA) in comparison to the vehicle
control. TNF-a is a strong inducer in all standard latent cell line model of HIV-1, and even this does not seem
to elicit gag RNA expression in control cells and ‘ZFP alone’ samples. It would perhaps be better to represent
these as pre- and post- induction samples after treatment with the inducers.

- It is unclear if the exosomes preparations are pure enough to exclude microvesicles. Also unclear how the
ZFP fusion protein derived from the exosomes localizes to the nucleus.

-Most data is represented as fold changes in gag RNA expression which is misleading. This is misleading and
in fact very modest (about 2 fold in the best case) when considering experiments in cell lines and primary
cells. It would be better represented as the number of copies per million cells. The same suggestion applies
to data I animal experiments.

- Fig S3: The nLuc activity appears to vary widely across experiments despite using similar dosage- the
normalized data recorded with 140 billion exosomes in S3b appears identical to that obtained with 20 billion
exosomes in S3a. Why is this so? Along the same lines, published literature demonstrate that retro-orbital
route of exosome injection (refer to studies from Paul Crocker’s group) leads to trafficking through the heart
and liver and accumulation in the spleen. Is there a reason that the exosomes here appear to localize more
the bone marrow and the brain tissue?

- The Hu-PBMC-NSG model is a short term acute model for HIV-1 infection, which very rapidly displays CD4
T cell loss with increasing in HIV VLs within a couple of weeks of established infection. The 1 week period of
ART treatment appears to have no effect whatsoever on the plasma VLs in these mice. In the absence of a
CD4 T cell profile, it is difficult to gauge if VL control is because of reduced CD4 T cell frequencies. It is also
unclear, what is the HIV-infected cell type targeted in the BM in these animals by the exosomes and what
the levels of infection and impact of treatment are in hematopoietic tissues like the spleen which are a major
HIV reservoir in the Hu-PBL model.

-Very similar concerns with the experiments in the hu-CD34+ NSG mice model. This is not an optimal model
for the CNS reservoir. ART treatment does not appear to suppress the VLs and in the absence of CD4 T cell
data, it is unclear if the effects observed are due to CD4 T cell decline rather than the treatment
intervention. In what cell types are the exosomes suppressing the provirus? What are the levels of viral RNA
in the spleen and gut tissue?

Reviewer #2 (Remarks to the Author):



The manuscript by Surya Shrivastava and colleagues titled, "Exosome-mediated stable epigenetic repression
of HIV-1" describes an in-depth study whereas virus infected cells are targeted for suppression by epigenetic
means to induce a stable “block and lock” inhibition for viral-gene expression. An HIV-1 promoter was
developed to target a Zinc Finger Protein (ZFP-362) shown to bind to an NFkB doublet on the HIV-1 LTR.
ZFP-362 was fused to a spectrum of domains of DNA methyltransferase 3A to improve viral suppression
efficiency. Exosomes were engineered to package and deliver this therapeutic cargo. Results were affirmed
in humanized mouse models of HIV-1 infection. The works serve to suggest that exosome-mediated
systemic delivery platform for therapeutic cargos to epigenetically repress HIV-1 infection can provide a
novel therapeutic directive to combat ongoing HIV-1 infection/replication.

While the results are of potential interest there are a number of major concerns for this work in its current
form.

First, the specificity of ZPAMt to stably represses HIV-1 in a long term and specific manner by targeting CpG
methylation of the 5’ LTR warrants clarifications. The fact that the repression is relatively resistant to
reactivation is shown in one plate of a single experiment with viral measures at the transcriptional level.
These results should be affirmed over daily time periods with measures of progeny virus (reverse
transcriptase activity) production, viral protein synthesis along with viral RNA measures. The absolute
differences in the levels of virus being induced need be shown. These cross validating experiments are
important in that it forms the basis for why ZPAMt was selected and used to make it deliverable to virus
infected cells through exosomes. Re-analysis of the virological tests should include additional biological
replicates and positive controls beyond what is now illustrated for ZFP-362. These additional assays will
affirm these critical data sets.

Second, while the exosome system used to deliver mRNA for the epigenetic inhibitor of HIV-1 report that
they can induce an epigenetic “block and lock” of HIV-1 expression the results given are not uniform in that
different donor PBMC show variant results.

These data sets should be affirmed with multiple viral strains given at different multiplicities over varied time
points and beyond viral RNA for measures of actual virus production through RT activity measures in culture
fluids. The data may also be replicated by using a transformed cell line in measurements.

Third, while the observations purport to provide proof of principle demonstration for the utility of exosomes
for epigenetics-based therapeutics in vivo the results seen in humanized mice and for both PBMC and CD34
reconstituted mice are highly variable. An explanation should be provided for the different results seen and
the variant experimental protocols used. A secondary concern is the transient use of antiretroviral therapy
for one to two weeks without measured drug levels and evidence of complete viral suppression. This
questions the results for the conclusions of stable targeted modulation of gene expression. Differences are
observed in bone marrow and spleen which are not easily understood but need be explained.

Fourth, the data set illustrated for the brain is difficult to interpret as there is no reconstitution of human
cells in the brain and the only cells seen in these animals are cells that migrate from the periphery to the
CNS. No primary neural cells are of human origin. There again needs to be some explanation as to what is
being recorded in the brain experiments.

Fifth, in order to achieve stable transcriptional repression of HIV-1 the authors developed a vector
expressing recombinant fusion protein, ZFP 362b-DNMT3A (ZD3A) this was reported as being capable of
binding to the NF-kB doublet binding site within LTR promoter of HIV-1 and fused to a DNA methyl
transferase 3 domain (3A) to generate. Once again a more complete description of these constructs and its
development is in order.

Sixth, I do not see how a transfection assay can be monitored for 10 days? What is the evidence for gene
expression to continue this long? The transfection of ZD3A into HIV-1 infected Jurkat cells (CHI-Ju) is noted
but the levels of viral production (for example, RT activity in culture supernatant fluids) was not shown. The
reduced HIV-1 expression should be shown over time by more than one viral detection system. The TNF
induction was confusing as why was TNF needed if the cells are continuously releasing virus?



WAs another cell line used? If so how was it characterized? Was PMA, LPS or other inducers used to affirm
thee test results? The TNF appears to be a single time point and as such was this affirmed over time and if
so what time points were measured? Why was a model of HIV-1 infection of microglial cells used as in none
of the humanized mice are microglial cells of human origin present?

Reviewer #3 (Remarks to the Author):

The manuscript by Shrivastava etal., provided an interesting approach to suppress the replication of
integrated HIV provirus. Epigenetic modulation with selected fusion protein delivered by exosomes also is an
attractive approach.

However, it is not as practical as of today. Delivery of foreign proteins will induce immune responses and
minimize therapeutic efficacy.

There are some technical problems with in vivo studies on humanized mice.

The suppression of HIV replication by multiple injections of exosomes with selected construct is not
convinsing.

There are some problems with the results.

Figure 4. One week of ART treatment not clear what for and not explained in the text. The viral load declined
spontaneously in control exosomes treated mice.

Induction of latency (no production of viral particles and new infection of available naive CD4+ cells) in vivo
in the presence of actively replicating virus is very questionable. Sometimes in hu-PBL mice with time virus
destroy available CD4+ cells and viral load drop as no more targets for active replication and viral
production.

Information about the absolute number of human CD4+ cells is important and needs to be included. To
confirm the reduction of HIV replication all HIVgag PCR values should be adjusted to the number of human
cells in both models.

Figure 5. The ART treatment did not result in suppression of HIV replication. The strange result with an
increased viral load from 2 to 4 weeks post-infection.

In original reference #52, which was used as a protocol for the treatment of mice “Viremic hu-NSG mice
exhibited a robust suppression of viral load in response to the oral three-drug cART regimen within 2 weeks
of treatment” with significant recovery of CD4+ cells.

Material and Methods need to provide information about the infection of humanized NSG mice. Reference
#52 has at least three HIV strains. Which one and at what dose did the authors use?

Minor mistake:
Reference 19 is not Kojima et al. It is #27.



Response to Reviewers comments

We would like to thank the reviewer for their valuable and productive comments on this
manuscript. Our comments in response to the reviewer comments are shown below in
italics and underlined for clarity.

REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

Shrivastava et al have developed a zinc finger protein targeting the HIV-1 LTR and
demonstrate that exosomes packaged with this ZFP-362 fused to DNA
methyltransferase 3A domains can repress the integrated HIV-1 provirus. The work is
interesting, and conducts in vivo proof of principle studies in humanized mice to
advance this intervention as a potential ‘block and lock’ approach for stably silencing
HIV-1 in larger animal models or humans. It could be of interest to Nature
Communication readers.

Response: Thank you for recognizing the impact of this work and helping us to clearly
explain those experiments which were carried out to determine if the approach outlined
here could prove worthwhile as a means to delivering anti-HIV therapeutic modalities to
infected cells in vivo.

Major concerns/critiques-

(1) The authors provide no information whatsoever about the development and
characterization of ZFP-362, besides the information that it targets the NFkB doublet in
the HIV-1 LTR. It is unclear how this was identified or evolved and what the off-target
effects are for this ZFP in terms of binding the multiple other NFkB responsive promoter
elements that are present in the human genome. This is particularly of concern as ZFP-
362, by itself appears to enhance transcription of the LTR in several experiments
presented in the manuscript. ZFP-362 by itself enhances gag expression in Fig. 1B, 1H,
3G, S1D.

Response: A recent paper published from our group goes into the details of ZFP-362
functional interactions and ability to target the NF-kB doublet which is unique to the HIV
LTR and not found elsewhere in the human genome’. We have added this citation
(PMID: 33335944) to the resubmission. As per the reviewer’s suggestion we _have also
added a brief description of ZFP-362 to the manuscript. The observed enhancement of
Gag expression is _not significant in Fig 1B, and is variable as observed in 3 out of 5
PBMC donors (Fig 3G). In long term repression studies, we first see a decline in gag
RNA expression due to ZFP _and then an insignificant increase in later time points
(Figure 2G). The inherent variability in effect of ZFP permits D3A or PAMt to assert a
dominant repressive effect at the bound DNA. However, we cannot rule out that ZFP-
362 binding to this NF-kB doublet in the HIV LTR is having an effect on chromatin at the
LTR, but this was not the focus of this study. However, if this were the case then it




would be a useful feature of ZFP-362 fusions, as it would permit accessibility of proteins
to the DNA and enhance the ability to epigenetically modify the 362 target site in the
LTR.

(2) In Fig. 2H, it is unclear why there is no increase in gag RNA expression in the
control cells (black bars) and cells transfected with ZFP alone in response to all
inducers (except TSA) in comparison to the vehicle control. TNF-a is a strong inducer in
all standard latent cell line model of HIV-1, and even this does not seem to elicit gag
RNA expression in control cells and ‘ZFP alone’ samples. It would perhaps be better to
represent these as pre- and post- induction samples after treatment with the inducers.

Response: The cell lines used for these set of experiments are the chronically HIV-1
infected Jurkat cells which have persistent infection, which is not latent, but remains a
low-level infection. Since they are not latent, they do not get activated with TNFa or
Azacytidine treatments and thus we did not observe any increase in Gag expression
(refer to the black bars Fig 2H). Surprisingly we see an increase in_Gag mRNA
transcription under the influence of TSA. TSA being an HDAC inhibitor can influence
HIV-1 transcription in ways other than activating latency. For instance, TSA has been
observed to promote acetylation of HIV-1 trans activator (Tat) protein which then drives
HIV-1 transcription °. Furthermore, we cannot present a set of vehicle-treated cells as
pre- _or post-induction because all cells with _small _molecule treatment or vehicle
treatment were being monitored simultaneously.

(3) It is unclear if the exosomes preparations are pure enough to exclude micro
vesicles. Also unclear how the ZFP fusion protein derived from the exosomes localizes
to the nucleus.

Response: This is _an excellent point. Regrettably, there are no markers which
confidently differentiate between exosomes and micro-vesicles °. However micro
vesicles (150 to 1000 nm) and exosomes (50 to 150 nm) differ in terms of size.
Characterization via nanosight tracking analysis and transmission electron microscopy
(Figure 3B) confirms that the nanoparticles we were handling are classified under the
exosome cateqgory of extracellular vesicles. Notably all control and treatment exosome
are isolated in the same manner so if there is a contribution of microvesicles in the
various _experiments it would be presumed to be equally impacting in the control and
treated samples. ZFP fusion protein has nuclear localization signals (NLS) i.e. Tat NLS *
and nucleoplasmin NLS ° as is also depicted in Figure 1A which facilitates the ZFP
localization to the nucleus. After the exosomal cargo is _delivered to cytoplasm in the
recipient _cells, exosome bound ZPAMt mRNA can express ZPAMt protein which
localizes to nucleus with the help of the NLS.

-(4) Most data are represented as fold changes in gag RNA expression which is
misleading. This is misleading and in fact very modest (about 2-fold in the best case)
when considering experiments in cell lines and primary cells. It would be better
represented as the number of copies per million cells. The same suggestion applies to
data | animal experiments.



Response: We chose to present the data as fold change in gag RNA expression as this
is_conventionally done and intuitive for the readers to easier interpretation. As per
reviewer’s _suqqgestion viral _copy number/cell _data have now been added in
Supplementary Fig.1a and b which notably corroborates with the Gag RNA expression
data. As the viral copy/ml data and p24 assay data are in sync with ZD3A mediated
repression of Gag RNA data in Fig. 1D we found it redundant to repeat these assays for
every in vitro experiment. For the animal experiments, RNA was extracted from lysates
of tissue which is a heterogenous population of murine and human cells, making it
difficult of fiqure out the number of cells, as the copy number/cell will not be reflective of
infected cells. As such we reasoned that fold change is the ideal manner with which to
present the data as it allows for in vitro data to be contrasted more easily with the in vivo
data.

(5) Fig S3: The nLuc activity appears to vary widely across experiments despite using
similar dosage- the normalized data recorded with 140 billion exosomes in S3b appears
identical to that obtained with 20 billion exosomes in S3a. Why is this so? Along the
same lines, published literature demonstrate that retro-orbital route of exosome injection
(refer to studies from Paul Crocker’s group) leads to trafficking through the heart and
liver and accumulation in the spleen. Is there a reason that the exosomes here appear
to localize more the bone marrow and the brain tissue?

Response.: The variation in_observation can be afttributed to inter assay variability
depending on age of mice, differences in _handling and other technical aspects.
Nonetheless we learned that the Retro Orbital (RO) route was most convenient for
exosomes to access the blood and the brain, bone marrow and spleen, which was
consistently observed across both experiments (Fiqure S3a and b). As the reviewer
pointed out exosome delivery to spleen via intravenous route is also shown in °. The
biodistribution study data presented here allowed for a comparison of inter organ
accumulation of exosomes based on Nanoluc activity as a means for us to gauge which
route_would be most advantageous for the in vivo injection of exosomes. Nanoluc
activity provides a good indication of successful uptake of engineered exosomes into
these organs, as the nanoluc mRNA needs to be expressed in order to see signal. In
the absence of inter-tissue normalization, we do not claim organ specific preference of
engineered exosome uptake. However, this is no doubt a highly interesting field of study
and the source of much ongoing experimentation in the laboratory, e.q. to direct
exosomes to target cells. Paul Crocker’s group pursued such an effect by deletion of
CD169 which resulted in retention of florescent labelled splenocyte derived exosomes
within spleen following IV injection °. In this study they did not check for exosome
accumulation in the bone marrow or brain _and/or tested the functionality of unloaded
cargo. Although differing methodologies, we share commonality in the findings that the
exosomes are lost from systemic circulation within a few hours following intravenous

injection.

(6) The Hu-PBMC-NSG model is a short-term acute model for HIV-1 infection, which
very rapidly displays CD4 T cell loss with increasing in HIV VLs within a couple of



weeks of established infection. The 1 week period of ART treatment appears to have no
effect whatsoever on the plasma VLs in these mice. In the absence of a CD4 T cell
profile, it is difficult to gauge if VL control is because of reduced CD4 T cell frequencies.
It is also unclear, what is the HIV-infected cell type targeted in the BM in these animals
by the exosomes and what the levels of infection and impact of treatment are in
hematopoietic tissues like the spleen which are a major HIV reservoir in the Hu-PBL
model.

Response: We agree with the reviewer’s sentiments here on in vivo models of HIV
infection. We have provided data in which we observed cART mediated control of HIV
(Supplementary Fig. 6).We also observed that the no cART-treated hu-PBMC mice after
two _weeks of infection showed ~3 to 4 log higher viremia than the cART treated
(Supplementary Fig. 6). With the short term oral cART treatment, a decline in infection
was observed in 10 out of 18 mice at week 4 compared to week 2 (Fiqure 4b). This
observed individual variability in mice_may be attributed to a technical issue with the
dosing of cART which is carried out through the drinking water. As such the two weeks
of oral ART may not be exhaustive but still retain some moderate effect in _controlling
HIV infection

As the reviewer has rightly pointed out that the hu-PBMC NSG mouse model presents
rapid loss of CD4+ cells, and we have added data showing the relative increase in
CD4+ T-cells during ART treatment (Supplementary Fig. 6). Furthermore, as per the
reviewer’s suggestion, CD4+ rescue data from hu-PBMC mice has now been added in
Supplementary Fig.12 b. Surprisingly, we observed an increase in CD4+ cells in all the
three groups suggesting exosomes by themselves have CD4+ rescue effects and may
be explained by increased proliferation, activation or differentiation of CD4+ cells by
exosome treatment which has also been extensively established in literature”"”. Varying
in_methodology and outcome all these studies have a common underlying factor that
exosomes, irrespective of source, boost CD4+ T-cells. As only ZPAMt packed
exosomes can exert HIV-1 suppressing effects, we observed significant repression in
viremia levels (Fiqure 4B) at end of week 10. To confirm that ZPAMt mediated
repression of viremia is not a result of the loss of CD4+ cells, we baselined viremia by
absolute  CD4+ cells in _each mouse and have now presented these data in
Supplementary Fig. 12d.

As per reviewer’s remark on cell type targeting in BM, we know that exosomes are
efficiently taken up by CD4+ cells and PBMCs. We observed with in vitro studies that
Jurkat cells and PBMCs take up HEK293T/MSC derived exosomes and show significant
increase in Nanoluc activity (Supplementary Fiqure 4). We did observe a stronq trend in
exosomal ZPAMt mediated HIV-1 transcription suppression in hematopoietic organs like
bone marrow _and spleen from hu-PBMC NSG mice cohort (Supplementary Fig. 7).
While interesting, the study of individual cell types, the extent of exosome uptake and
response to therapeutic packed exosome in various organs and their enrichment would
be a separate study altogether and is outside the scope of this current body of work.




Very similar concerns with the experiments in the hu-CD34+ NSG mice model. This is
not an optimal model for the CNS reservoir. ART treatment does not appear to suppress
the VLs and in the absence of CD4 T cell data, it is unclear if the effects observed are
due to CD4+ T cell decline rather than the treatment intervention. In what cell types are
the exosomes suppressing the provirus?

Response. We appreciate the reviewer’'s comment, but all the recent reviews on animal
models of HIV-1 progression in _brain_highlight the importance hu-CD34+ NSG mice
model (refer to _'®%°). In the pioneer study done by Gorantla et. al. *" on the
development of this model p24 staining in various brain sections were shown along with
markers of HIV-1 infected human macrophages. We have added Supplementary Fig 10
and 11 which _demonstrates active HIV-1_infection in brain of our CD34+ NSG mice
cohort, which is in agreement with other studies*’*?> and demonstrates that this model
can _be used to evaluate anti-HIV _modalities in _the brain when delivered using an
exosome-delivered ZPAMt.

Furthermore, short term oral cART treatment showed a controlled rise in viremia to ~ 2
to 3 loq fold (Figure 5B). In the absence of no-ART control, we cannot comment to what
extent cART worked or not. However, the experimental approach utilized here was to
determine whether ZPAMt-exosomes suppress virus in adjunct to ART. As this was our
experimental objective, based on our ethics and IACUC to only utilize mice required for
the experimental objective and hypothesis testing, we did not include a no cART control.
In_essence to include the no cART mouse control would be in violation of the 3-R
quideline of our IACUC at the City of Hope. Additionally, we agree that oral cART is
variable (12 out of 25) show viremia increase up to ~1-to-2-fold change while the
remaining mice showed ~3 to 4 fold change at week 4 vs week 2). This is the result of
the variability in_the mouse’s consumption of the cART medicated water. As we
observed in these series of experiments, mice recovering from anesthesia and healing
from RO bleeding prefer diet-gel® for both their hydration and food instead of medicated
water containing cART. For reviewer’s consideration CD4+ cells rescue data in _hu-
CD34+ NSG mice has now been added as Supplementary Fig 12c. We see significant
increase in CD4+ cells at week 10 compared to week 2 in all mice and a slight loss of
CD4+ in nLuc exosomes treated mice compared to ZPAMt treated mice (Supplementary
figure 12c). The decline in viremia due to ZPAMt packed exosome treatment increases
in_significance when we baseline it to absolute CD4+ cells counted from hu- CD34+
NSG mice at week 10 as suggested by the reviewers (Supplementary figure 12e).
Though it is difficult to comment on cell specific uptake of exosome we are confident of
CD4+ cells (Jurkat cells) and PBMCs collectively take up exosomes (refer to
Supplementary Fig 4).

What are the levels of viral RNA in the spleen and gut tissue?

Response: We have added splenic virus levels in CD34+ mice cohort in Fig. 5e to the
manuscript. Regrettably we did not save qut tissues for HIV load detection.




Reviewer #2 (Remarks to the Author):

The manuscript by Surya Shrivastava and colleagues titled, "Exosome-mediated stable
epigenetic repression of HIV-1" describes an in-depth study whereas virus infected cells
are targeted for suppression by epigenetic means to induce a stable “block and lock”
inhibition for viral-gene expression. An HIV-1 promoter was developed to target a Zinc
Finger Protein (ZFP-362) shown to bind to an NFkB doublet on the HIV-1 LTR. ZFP-362
was fused to a spectrum of domains of DNA methyltransferase 3A to improve viral
suppression efficiency. Exosomes were engineered to package and deliver this
therapeutic cargo. Results were affirmed in humanized mouse models of HIV-1
infection. The works serve to suggest that exosome-mediated systemic delivery
platform for therapeutic cargos to epigenetically repress HIV-1 infection can provide a
novel therapeutic directive to combat ongoing HIV-1 infection/replication.

While the results are of potential interest there are a number of major concerns for this
work in its current form.

Response: Thank you for recognizing the impact of this work and taking the time to
provide insights and considered comments and suggestions.

First, the specificity of ZPAMt to stably represses HIV-1 in a long term and specific
manner by targeting CpG methylation of the 5’ LTR warrants clarifications.

Response: The reviewer’s curiosity _for ZPAMt's _mechanism of action is highly
appreciated. In the preceding paper from our lab =, the importance of the LTR 362 site
on HIV-1 LTR promoter in context of gene transcription and expression was
demonstrated. In a more recent paper from our lab, we describe the development and
characterization of the ZFP-362b protein which can specifically bind at site 362 in HIV-1
LTR promoter '. This LTR-362 site is comprised of NFkB binding site which is unique to
LTR and thus adds to specificity of ZFP domain containing proteins. Details of this site
and ZFP-362b binding are described in recent paper’. In the current manuscript we
confirmed that myc-tagged ZFP-362b and ZFP-362b fusion proteins like ZD3A, ZKMt
and ZPAMt bind to the same site as determined by ChIP assay using anti-myc antibody
for immunoprecipitation and designing specific primers towards LTR encompassing 362
site (Figure 2b). As per reviewer’s suggestion we have amended the text to provide a
brief description of ZFP’s binding specificity. Further, we have provided extensive data
charactering the suppressive mechanism of the ZPAMt. We have shown that the ZPAMt
in expressed (Fig. 1g), bind to the LTR (Figure 2b) and imparts CpoG methylation at the
site (Fig. 2e) and in vivo (Fig. 4d). This results in suppression of HIV in vitro (Fig. 2d)
and in vivo (Fig 4b-e) and Fig (5b-e) and was able to suppress virus in vitro for up 60
days invitro (Fig 2q) Importantly as we included ZFP control we affirmed that repression
is PAMt domain specific effect. Collectively this data demonstrates mechanistically the
mode of suppression of HIV is targeted via the ZFP and implemented via PAMt domain.




The fact that the repression is relatively resistant to reactivation is shown in one plate of
a single experiment with viral measures at the transcriptional level. These results should
be affirmed over daily time periods with measures of progeny virus (reverse
transcriptase activity) production, viral protein synthesis along with viral RNA measures.

Response: We appreciate the reviewer’s experimental approach here in juxtaposing
several _approaches to measure HIV expression. We reasoned that measuring Gag
RNA will _best reflect whether ZPAMt is able to exert transcriptional control. For
reviewer’s _consideration time course of ZD3A mediated repression _has now been
added in Supplementary Fiq. 1c, measurement of viral p24 measurement and viral copy
number have now all been added to this resubmission (Supplementary Figs 1a and b).
Additionally, as per Supplementary Fig 1a and b we are confident that transcriptional
repression _corroborates with the observed reduction of viral copy number and viral
protein as measured by p24 ELISA and thus is not redundantly repeated. Furthermore,
all experiments were done in triplicate simultaneously and the results of this work is

presented

These cross-validating experiments are important in that it forms the basis for why
ZPAMt was selected and used to make it deliverable to virus infected cells through
exosomes. Re-analysis of the virological tests should include additional biological
replicates and positive controls beyond what is now illustrated for ZFP-362. These
additional assays will affirm these critical data sets.

Response: We completely agree with the reviewer here regarding the impact of cross-
validating experiments to look at HIV expression. We provided extensive data here Fig
1b-d, f-h, Fig 2a-h, Fig 3 f-q, Fig 4 b-d Fig 5 b-e and Supplementary Fiq. 3, and 7 as
well as recently published works on the ability of ZFP-362 to target and modulate HIV
transcription’ (now added to this resubmission), to be exceedingly convincing with
reqards to the antiviral impact of ZPAMt. The rationale for this is that we present not
only antiviral expression analysis but also delineate ZPAMt directed CpG _methylation
and epigenetic silencing to the LTR. Notably this manuscript is the first demonstration of
exosome delivery CpG methylation of HIV in the brain _and bone marrow, a huge
observation portending the utility of exosomes to target difficult to access organs. The
juxtaposition of different experimental approaches to explain an observation is always
preferable compared to _multiple analysis of the same factor, as a greater depth of
understanding _and mechanistic _insights can _ensue. For reviewer’s consideration
substantial additional data to confirm ZPAMt's HIV-1 repressor activity has now added
in Supplementary Fig. 1,2, and 12

Second, while the exosome system used to deliver mRNA for the epigenetic inhibitor of
HIV-1 report that they can induce an epigenetic “block and lock” of HIV-1 expression the
results given are not uniform in that different donor PBMC show variant results.
These data sets should be affirmed with multiple viral strains given at different
multiplicities over varied time points and beyond viral RNA for measures of actual virus
production through RT activity measures in culture fluids. The data may also be
replicated by using a transformed cell line in measurements.



Response: CHI Jurkat cells used in the study are stably infected with pNL4-3 derived
HIV-1 and in the mouse studies we used pNL4-3 Bal derived HIV-1. As CHI Jurkat cells
are already harboring HIV-1 we cannot change multiplicity of infection. Our recent paper
published on characterization of ZFP demonstrates that ZFP fusion proteins have
conversed effects across different viral strains and cell lines '. Also, the use of two
independent HIV _mice models used here have human tissue derived from different
deidentified donors, and therefore reinforces the utility of ZPAMt across multiple donors
and donor_variability. For the reviewer’s consideration we have now added the
repressive effects of ZPAMt on different cell lines as well in Supplementary Fig 2.

Third, while the observations purport to provide proof of principle demonstration for the
utility of exosomes for epigenetics-based therapeutics in vivo the results seen in
humanized mice and for both PBMC and CD34 reconstituted mice are highly variable.
An explanation should be provided for the different results seen and the variant
experimental protocols used.

Response: We appreciate reviewer’s acknowledgement of present work as a proof of
principle demonstration however, we disagree with reviewer’s observation in variability
of results between the two mouse models of HIV used. In spite of differences in human
donor tissues, methodologies and progression of infection we consistently observe that
exosomes with ZPAMt mRNA are able to significantly suppress viremia (Figs 4b _and
5b). It's the inherent difference in these mouse models that we see active HIV-1
infection (and its repression) in the central nervous system of hu-CD34+ mice but not in
hu-PBMC NSG mice ?'. Differences in the protocol is only pertaining to the methodology
required to establish the PBMC or CD34+ cell transplant in mice, otherwise the ZPAMt
testing_methodology is same for both _models. Those papers which have done the
pioneer work in establishing these mouse models have been cited in manuscript.

A secondary concern is the transient use of antiretroviral therapy for one to two weeks
without measured drug levels and evidence of complete viral suppression. This
questions the results for the conclusions of stable targeted modulation of gene
expression.

Response: Although we don’t see ART mediated eradication of HIV, the use of cART for
two weeks prevented exceedingly high levels of infection. In a preliminary study, now
added as a supplementary data ‘no cART’ mice after two weeks of infection showed ~3
to 4 log fold higher viremia (Supplementary Fig 6). Although use of oral ART treatment
suppressed virus (Supplementary Fig 6) short term oral cART treatment resulted in -1 to
1 log fold change (Figure 4b) or a rise in viremia to only about ~2 to 3 log fold (Figure
5b). For the reviewer’s consideration an additional figure comparing median _viremia
progression in ART treated, noART and ART + control or therapeutic exosome is
added (Fig 4c) which demonstrates that only ZPAMt exosome treatment imparts stable
suppression of viremia in HIV-1 infected hu-PBMC NSG mice, even longer than cART
treated _mice. However, it should be noted by the reviewers and editor that the
experimental approach utilized here was not to determine the efficacy of ART, which is




well established in the literature, but rather to determine whether ZPAMt-exosomes
suppress virus in adjunct to ART.

Differences are observed in bone marrow and spleen which are not easily understood
but need be explained.

Response: For the reviewers question about bone marrow and spleen virus levels, if we
follow the median of fold change of Gag RNA in bone marrow and spleen cells from hu-
PBMC NSG mice we can see strong reduction of HIV-1 transcripts due to ZPAMt
packed exosome treatment on mice. Descriptions are now elaborated in manuscript as
per the reviewer’s suggestion.

Fourth, the data set illustrated for the brain is difficult to interpret as there is no
reconstitution of human cells in the brain and the only cells seen in these animals are
cells that migrate from the periphery to the CNS. No primary neural cells are of human
origin. There again needs to be some explanation as to what is being recorded in the
brain experiments.

Response: The reviewer has correctly pointed out that in the hu-CD34+ NSG mouse
model infected macrophages infiltrate the CNS?'. Currently, the HIV reservoir in CNS
resident macrophages appears to be the biggest challenge for HIV-1 management as
the virus remains hidden in ART inaccessible regions of the brain®*. As such, from the
hu-CD34+ NSG mouse model, we have made sections of formalin fixed paraffine
embedded (FFPE) brain tissue and stained for p24 to show signs of HIV-1 infection
which have now been added for reviewer’s consideration in Supplementary Fig 10 and
11. Also we isolated RNA from FFPE which was incredibly low in yield and assessed
with Tagman probes to quantitate RNA from Pol region instead of LTR refer to Figure
5C.

Fifth, in order to achieve stable transcriptional repression of HIV-1 the authors
developed a vector expressing recombinant fusion protein, ZFP 362b-DNMT3A (ZD3A)
this was reported as being capable of binding to the NF-kB doublet binding site within
LTR promoter of HIV-1 and fused to a DNA methyl transferase 3 domain (3A) to
generate. Once again, a more complete description of these constructs and its
development is in order.

Response: We apologize for this oversight. The molecular characterization of ZFP362 is
now published " We have amended this resubmission to cite this manuscript and
discuss the ZFP accordingly.

Sixth, | do not see how a transfection assay can be monitored for 10 days? What is the
evidence for gene expression to continue this long? The transfection of ZD3A into HIV-1
infected Jurkat cells (CHI-Ju) is noted but the levels of viral production (for example, RT
activity in culture supernatant fluids) was not shown. The reduced HIV-1 expression
should be shown over time by more than one viral detection system.



Response: Jurkat cells being a suspension cell line were transfected and maintained in
10% FBS containing RPMI. Every two to three days, half of the cells were discarded
and equal volume of fresh media was added. This way transfected cells were
maintained not only for 10 days but for sixty days. Most definitely gene expression from
plasmid is lost but the effect of ZD3A in exerting transcriptional repression takes a while
to buildup and becomes significant at day 10 post-transfection (Fiqure 1D, F, H). As we
were aiming to see transcription repression mediated by ZFP fusion proteins, gag RNA
gRT-PCR _was the chosen readout. For the reviewer’s consideration we have now
added viral copy number/cell and p24 readouts in (Supplementary Fig 1) for key
experiments which notably corroborates well with the gag RNA readouts provided in
manuscripts earlier submission. Repressive effects of ZPAMt on different cell lines was
also observed and is now reported (Supplementary Fig. 2)

The TNF induction was confusing as why was TNF needed if the cells are continuously
releasing virus?

Response: As for the reviewer’s remark on TNFa addition, it is known to decondense
the LTR promoter for transcription factors to access>° or in our case it seems to facilitate
access to ZFP fusion proteins. We can see sooner onset of LTR repression via ZD3A in
TNFa pretreated cells compared to non-treated cells (Fiqures 1D.E).

Was another cell line used? If so how was it characterized? Was PMA, LPS or other
inducers used to affirm thee test results? The TNF appears to be a single time point and
as such was this affirmed over time and if so what time points were measured? Why
was a model of HIV-1 infection of microglial cells used as in none of the humanized
mice are microglial cells of human origin present?

Response: To validate ZPAMt mediated repression across cells of non-hematopoietic
origin, microglial cells characterized in *° were also tested in the initial stage of project
(Figure 1H). For the reviewer’s consideration we have now added (Supplementary Fig
2) which shows the effect of ZPAMt on different latent cell lines. PMA and LPS and
other inducers were not used, as they did not provide any additional insights to what we
were asking in the current context. In the current scope of work however we selected
those inducers that modulate the transcriptional and epigenetic states, e.q. one working
on _methylation level, one working on HDAC inhibition and one over all NF-kB _inducer
and thus Azacytidine, TSA and TNFa were used. Like TNFa, PMA and LPS also act via
the NFkB site °"®. As for the reviewer’s concern about TNFa, it is well-known to show
activation within 12 hours, so _no_other time points were used. The reviewer has
correctly pointed out that microglial cells in_ mouse are not of human origin. HIV-1
infection of microglial cells in Fig 1H is only test ZPAMt’s efficacy in non-hematopoietic,
HIV infectible cell line.

Reviewer #3 (Remarks to the Author):

The manuscript by Shrivastava etal., provided an interesting approach to suppress the



replication of integrated HIV provirus. Epigenetic modulation with selected fusion protein
delivered by exosomes also is an attractive approach.

However, it is not as practical as of today. Delivery of foreign proteins will induce
immune responses and minimize therapeutic efficacy.

Response.: The reviewer is _correct that this represent a proof-of-concept study but
represent a significant development of a novel, targeted “block-and-lock” approach with
a_next-generation exosome delivery system, and describes a noteworthy and unique
addition to treatment strateqgies for HIV. However, this is exactly why this research
should be considered for publication in Nature communications, as the innovative work
and the data presented here provide proof of principle evidence that exosomes-based
therapeutics are feasibly and portend a future application to not only treat HIV but an
application that can be used for several other human diseases. Notably, several fusion
proteins and exosome-based therapeutics are already under clinical trial for a variety of
diseases including Covid-19 recently %,

There are some technical problems with in vivo studies on humanized mice.
The suppression of HIV replication by multiple injections of exosomes with selected
construct is not convincing.

Response: We observed significant suppression of viremia in mice when we measured
on week 10 after infection as depicted in Fiqure 4B and Figure 5B. We also observed
significant decline in viral Gag RNA levels in brain, bone marrow and spleen in CD34+
mouse cohorts as depicted Figures 5c, d and e. Additionally ZPAMt exosomes treated
PBMC mice cohort show a strong trend in decline in viral Gag RNA levels bone marrow
and spleen tissue, add in Supplementary Fig.4 (a) and (b).

There are some problems with the results. Figure 4. One week of ART treatment not
clear what for and not explained in the text.

Response: Reviewer 3 has rightly pointed our oversight about the lack of a suitable
explanation for using two weeks of oral cART. Administration of Oral ART in HIV-1
infected hu-PBMC-NSG mice was shown to prevent loss of CD4+ cells (recently added
Supplementary Fig 6b). We hypothesized that two weeks of oral ART administration will
decelerate loss of CD4+ cells and subsequent administration of exosomes will suppress
viremia. In absence of two weeks of oral cART, due to the rapid loss of CD4 T-cells, not
enough CD4+ cells will be left in murine system to evaluate effects of the anti-HIV
exosomes. With extended administration of oral cART, HIV-1 will more closely resemble
treatments _and viral infections in_humans and the virus _might go under indefinite
latency. We have now added these data substantiating this notion in Supplementary
Fig. 6 and Fig. 4c. In light of these observations and since we wanted to keep the
experimental parameters the same for the two mouse cohorts we used the same
methodology of administering two weeks of oral ART for hu-CD34+NSG mice as well.
Explanation about short term ART usage has now been elaborated in manuscript.




The viral load declined spontaneously in control exosomes treated mice.

Response: Even though we see decline in control mice as (possible after effect of oral
CART) the decline in viremia in ZPAMt treated mice were two log fold greater than
control or ZFP treated mice as shown in Fiqure 4B and Fiqure 5B. Collectively, these
data demonstrate that our approach works to repress HIV expression in vivo.

Induction of latency (no production of viral particles and new infection of available naive
CD4+ cells) in vivo in the presence of actively replicating virus is very questionable.

Response: The reviewer has keenly observed and is perhaps pointing to the
discordance between tissue specific virus levels in bone marrow of hu-PBMC-NSG mice
cohort and the hypermethylation of LTR promoter from viral DNA isolated from same
bone marrow sample. Unfortunately, the discordance between LTR methylation and
viremia levels is a natural aspect of HIV, as such discordance has been documented on
short term ART treated people living with HIV®.The data present here demonstrates a
way to achieve exosome mediated methylation at specific LTR promoter, systemically.
Perhaps in a few oultliers of treated population like any therapy, it will require more than
hypermethylation to induce true latency, although we see significant suppression of
viremia and hypermethylation in the studies presented here.

Sometimes in hu-PBL mice with time virus destroy available CD4+ cells and viral load
drop as no more targets for active replication and viral production.

Response: We understand the reviewer’s thoughts here. However, if the above scenario
were playing out in vivo then we would expect to see comparable viremia reduction in
reporter and ZFP controls as well as those treated with ZPAMt. We observed a two to
three log fold decline in viremia in ZPAMt treated mice as shown in Fiqures 4B and 5B.
We have also included new data in Supplementary Fig. 12 which depicts the
persistence of CD4+ cells until week 10 i.e. endpoint time of the experiment. Baselining
the viremia by absolute count of CD4+ cells in mice adds strength to our observation
that repression in viremia is due to specific effect of ZPAMt and not loss of CD4+ cells.

Information about the absolute number of human CD4+ cells is important and needs to
be included.

Response: As our primary aim was to report exosome mediated delivery of specific
suppressor protein which can impart methyl tags on the HIV-1 LTR promoter in mouse
models of HIV infection, we did not provide CD4+ data initially. However, we have now
added these data in Supplementary Fig. 12 which depicts the persistence of CD4+ cells
until week 10, the endpoint time of the in vivo experiments.

To confirm the reduction of HIV replication all HIVgag PCR values should be adjusted to
the number of human cells in both models.



Response: As per reviewer’s suggestion we have now added Supplementary Fig. 12 d
and e to the manuscript.

Figure 5. The ART treatment did not result in suppression of HIV replication. The
strange result with an increased viral load from 2 to 4 weeks post-infection. In original
reference #52, which was used as a protocol for the treatment of mice “Viremic hu-NSG
mice exhibited a robust suppression of viral load in response to the oral three-drug
cART regimen within 2 weeks of treatment” with significant recovery of CD4+ cells.

Response: Although we don’t see ART mediated eradication of HIV, the use of ART
prevented exceedingly high levels of virus and more closely represents ongoing HIV
infection in_humans on ART. ‘No cART treated mice after two weeks of infection
showed ~3 to 4 loq fold higher viremia Supplementary Fig. 6a. While one week of oral
ART treatment completely suppressed virus in Supplementary Fig. 6a, short term oral
CART treatment showed a rise in viremia to about ~2 to 3 log fold Figure 5b. We cannot
comment on the effects of viral infection in a no-ART treated mouse as to what extent
ART worked or not. The experimental approach utilized here was to determine whether
ZPAMt-exosomes suppress virus in_adjunct to ART. As this was our _experimental
objective, based on our ethics and IACUC to only utilize mice required for the
experimental objective and hypothesis testing, we did not include a no ART control for
CD34+ mice cohort. In essence to include the no ART mouse control would be in
violation of the 3-R quideline of our IACUC at the City of Hope. Additionally, we agree
that oral cART is variable (12 out of 25 mice show viremia change up to -1 to 2 fold
change and rest show 3 to 4 fold change at week 4 vs week 2) as it is subjected to
variability in mouse’s consumption of medicated water. As we observed in these series
of experiments the mice, following recover from anesthesia and healing from RO
bleeding, tended to prefer the diet-qel® for both hydration and food instead of
medicated water containing cART. We saw that CD4+ cell population was sustained in
CD34+ mice cohort till _the last time point week 10 of viremia progression
(Supplementary data 12c). For reviewer’s consideration we have also presented viremia
baselined with absolute CD4+ count, which shows highly significant decline in viremia in
CD34+ mice due to ZPAMt-packed exosomes treatment.

Material and Methods need to provide information about the infection of humanized
NSG mice. Reference #52 has at least three HIV strains. Which one and at what dose
did the authors use?

Response: Reference#52 has only used one pNL4-3 Bal derived HIV-1 whose NIH
AIDS repository catalogue number ARP-11440 is added to the manuscript. As already
described in manuscript 200 ng equivalent of p24 was used for 10’ activated PBMCs
and was injected intraperitoneally in each mouse for obtaining hu-PBMC NSG mice. For
CD34+ mice cohort 200 ng equivalent of p24 was injected into each mice.

Minor mistake:

Reference 19 is not Kojima et al. It is #27.



Response: We have amended this to correctly reflect the proper citation.
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REVIEWER COMMENTS
Reviewer #2 (Remarks to the Author):

The authors addressed my comments in a satisfactory manner.

Reviewer #3 (Remarks to the Author):

I am not convinced with the claim of HIV-1 suppression in the brain.

In CD34-humanized mice authors had very low levels of HIV-1 infection 10~3-1074 at starting point. The
two log increase during ART therapy means that ART was not efficient at all.

Figure 5b.The brain infection and measurement of pol RNA also is confusing. If mouse have in peripheral
blood 10”3 copies/ml and reduction 100 or 1000 times means that authors were able detect 1 pol copy by
RT-PCR Fig 5c¢? Without perfusion it is difficult to dissect blood and tissue viral RNA content.

If CD34-humanized mice have very low peripheral viral load, brain viral load will be also very low from the
beginning in selected model.

It is important for authors to claim brain accessibility of exosomes and efficacy of viral replication repression,
however provided evidences are not convincing due to technical parameters of the model.

To prove ability of exosome to enter brain and repress human microglia HIV-1 infection authors need
different model.

The real repression will be undetectable levels of HIV RNA in blood and tissues. Authors did not provide
information about detection limit of in house RT-PCR for HIV-1 gag RNA.

The supplemental figures 10 and 11 are not convincing. Brain sections in Figure 10 showed positive for p24
staining of neurons, which need explanation.
Brown inclusions in Figure 11 also are not HIV-1p24 protein.



“Response to reviewers’ comments. We appreciate the reviewers time reviewing this
manuscript. Our response is below in italics and underlined for clarity.

Reviewer #3 (Remarks to the Author):

| am not convinced with the claim of HIV-1 suppression in the brain. In CD34-humanized mice
authors had very low levels of HIV-1 infection 10"3-10"4 at starting point. The two log increase
during ART therapy means that ART was not efficient at all.

Response: While it may seem like a 2 week course of ART was not sufficient to reduce viral load
significantly, this is common in the oral ART mouse model as some mice will drink less
medicated water some days/weeks versus others. In the present study, where the aim was to study
exosome mediated repression of HIV, we did not need the suppressed viral load to test efficacy of
the ART treatment, rather we needed productive viremia and infection in the cells and ART
allows for repression of the HIV burst phase and therefore the viral infection to occur at the time
of Exosome treatment. Additionally, as shown in fig 4C without ART, viremia is found to
increase to 10"5- 10”6 copiesml and remain that high, leading ultimately to exhaustion of
CD4+ T cells which would not be ideal for testing the ability of therapeutic to control HIV
expression, and substantiates our rational for the 2 week ART treatment. So, in conclusion the
data presented here suggests that 2 weeks of ART allowed for a suitable reduction in the HIV
burst phase for the successfully testing of our hypothesis that ZPAMt repressor |oaded exosomes
canrepress HIV in vivo.

Figure 5b.The brain infection and measurement of pol RNA also is confusing. If mouse have in
peripheral blood 10"3 copies/ml and reduction 100 or 1000 times means that authors were able
detect 1 pol copy by RT-PCR Fig 5¢? Without perfusion it is difficult to dissect blood and tissue
viral RNA content.

Response: One full length cellular HIV-1 genomic RNA can yield 109 different splice variants >
and thus 1 to 2 log fold change in ratio of full-length read through transcript to Pol specific
transcript was observed from infected cells’. In the present study the brain infection was
measured after HIV infection progressed for 10 weeks in mice. Peripheral blood copy numbers
cannot be equated with formalin fixed paraffin embedded brain tissue (FFPE) sections. As
explained in the methods section, to calculate extracellular viremia copy number from serum,
primers specific for LTR region were used to detect the genomic transcripts in the serum. For
detecting the virus in brain, RNA was extracted from FFPE tissue section which also contained
cellular RNA (both mouse and potentially also human). Pol specific primers detected shorter
viral transcripts present in the infected cell which is expected to be much higher in concentration
compared to genomic HIV-1 full-length LTR containing transcripts. As such Pol specific primers
are much more sensitive in detecting HIV-1 transcripts but are incapable of confidently




guantitating viremia, rather they show you the presence and copies of HIV Pal transcripts. As
our aim was to detect transcriptional repression and not quantitating total HIV-1 copies from
brain tissue we have used these Pol specific primer in Fig 5C. Notably, the suitable controls
wer e also used.

It is widely known in literature that HIV-1 found in the brain is not transmitted to the brain
through the blood viremia but rather appears to be transmitted to the brain through the
infiltration of infected monocytes which become resident macrophage/microglial cells in brain
and act asreservoir of HIV-1*°. Due to existence of definite blood brain barrier in mice models
of HIV-1 infection, p24+ staining of blood borne free HIV in brain tissue can be ruled out.
Although perfusion was not performed, mice were bled to collect 700ul of blood via cardiac
puncture after anesthesia as per routine euthanasia protocol. Thus, we do not suspect blood
viremia are providing the p24+ staining in FFPE brain tissue or contributing to RNA extracted
from brain FFPE tissues. As the CD34+ mouse model is widely accepted model for studying
brain HIV-1 infection, we did not perform in-depth experiments to re-establish this model, rather
we followed the work of others and were able to recapitulate the model asit’s been described in
the literature and were able to use this model to establish that exosomes act as an efficient
carrier for our novel anti-HIV therapeutic moiety and repress HIV. Notably, we also used the
CID-PBMC mouse model and report similar findings. It is rare to see two HIV mouse models
used in one manuscript, but we chose to use both models as the exosome mediated repression or
HIV has never been reported before and two models offer more insights into the parameters of

our approach.

If CD34-humanized mice have very low peripheral viral load, brain viral load will be aso very
low from the beginning in selected model. It is important for authors to claim brain accessibility
of exosomes and efficacy of viral replication repression, however provided evidences are not
convincing due to technical parameters of the model. To prove ability of exosome to enter brain
and repress human microglia HIV-1 infection authors need different model.

Response: The potential of exosome to penetrate blood brain barrier has also been demonstrated
in several other studies "°. Exosome mediated delivery of reporter and ZFPAM cargo is shown,
relative to negative controls, in those data presented in Supplementary Fig 5 and 9 respectively.
The paper describing CD34+NSG HIV-1 mouse model *° is cited over 50 times including 19
papers wherein their methodology is adopted by researchers or more than 20 reviews whereit is
regarded as an apt for studying apt model of HIV neuropathogenesis. As the CD34+NSG mouse
model is widely acclaimed to study HIV-1 in brain ***, the effect of ZPAMT packed exosomes
were tested in this and the huPBMC+NSG mouse models. There are other models to study
HAND, HAD for macaques, however these are cost prohibitive models to use in proof of concept
studies and primates should always be used sparingly and in cases when other models cannot be
used, thisis not such a case. We would argue that the mouse models used here are well suited for
those studies developed here and to test our hypothesis. While no animal model is perfect, the




use of 2 distinct HIV mouse models, rendering similar observations, suggests that exosomes
functionally delivery anti-HIV modalities to transcriptionally repress HIV expression in vivo.

Thereal repression will be undetectable levels of HIV RNA in blood and tissues. Authors did not
provide information about detection limit of in-house RT-PCR for HIV-1 gag RNA.

Response: Limit of detection (LOD) is an arbitrary value which varies as per technology and
reagent used so we relied on satistical significance of results more than LOD. For the
reviewer’s consideration we have added the LOD in Fig 4b-c and Fig 5b where absolute viremia
of mice are shown. Although, after scouring the literature we yet to come across and literature
that is concordant with reviewer’s comment that real repression will be undetectable levels of
HIV RNA in blood and tissues. Reduction in viremia as well as tissue specific HIV-1 transcripts
in Figure 4B, 5B-E is statistically significant. These reductions can be attributed to repression of
LTR driven transcription due to LTR directed DNA methylation Figure 4D. As per reviewer’s
suggestion limit of detection is added in Figure 4B and Figure 5B where absolute viremia is
measured and described in methods section.

The supplemental figures 10 and 11 are not convincing.

Response: Regrettably these are the data, e.g. the data are the data. While we cannot change the
staining data, we hope that the inclusion of the positive control for the p24 antibody, as well as
the inclusion of the uninfected NSG mouse control indicates that the staining is most likely
representative of p24+ staining. We have also updated supplemental Figure 11 to include the
NSG mouse control to show the specificity of this antibody.

Brain sections in Figure 10 showed positive for p24 staining of neurons, which need explanation.

Response: Thank you for this comment. Yes, while initially surprising these data may not be
indicative of HIV-1 infection per say, but rather the accumulation of shed gp-120. It has been
well established in the literature that HIV-1 proteins like gpl120 are neurotoxic and are able to
enter neurons through CXCR4 or through a lipid-raft mediated internalization process **2. We
postulate that we are observing shed gp-120 accumulation in the Purkinje cell layer that may be
indicative of neuronal disfunction. However, we do not test this assumption here and rather we
only note that gp120 positivity is present in these sections, indicating that HIV gpl120 is present
in the mouse brains of this CD34 mouse model, which has been observed by others as well ***.
Additionally, at this magnification and in absence of cell-type specific markers, one cannot make
any claims that only the neurons are p24 positive, as there are no neuronal markers used here
and any such suggestion is circumstantial. Our purpose of IHC was to learn whether after 10
weeks of HIV- infection progression to what extent we observe p24+ cellsin brain FFPE tissue
sections, which is exactly what we show in supplementary fig. 10 and 11.




Brown inclusionsin Figure 11 also are not HIV-1p24 protein.

Response: As described above we have included an image of the negative control (an NSG

mouse stained with p24 antibody). While we observe some diffuse background staining, it is not

to the same level of staining observed in the HIV-1 infected mice in the same region.

Further more, these data are supported by both Gorantla et al.,*° and Li et al*® who observed p24

detection in the meninges of HIV-1 infected huCD34+ mice. As such we are confident that the

“brown inclusions’ are most likely indicative of a positive p24 signal.
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REVIEWERS' COMMENTS
Reviewer #3 (Remarks to the Author):

The argument “data is data” does not prove that data are correct.

The brown depositions detected do not reflect HIV-1p24 presence. Such an artificial signal can happen on
paraffin-embedded tissue sections but does not reflect the true presence of protein.

Reference 36 is a review article and does not provide experimental pieces of evidence of gp120
accumulation in neurons.

Reference 37 discuss mechanisms of gp120 internalization in cell culture.

Both references are not correct for positive staining for HIV-1p24 protein.

I cannot accept provided explanations and would like to recommend removing supplemental figures 10 and
11.

If authors claim that immune cells are infected they have to do double staining for immune cell markers and
HIV-1p24.

Authors already have PCR data for the presence of HIV pol sequences in brain tissue. No need to
compromise this manuscript.



REVIEWERS' COMMENTS

We would like to thank reviewer 3 for continuing to review this manuscript. Our response to reviewer
3’s comments are below in italics.

Reviewer #3 (Remarks to the Author):

The argument “data is data” does not prove that data are correct.

Response: The data are the data and the interpretation is based on what the controls and treatments
inform. We can only ask the question, carry out the experiments and then present the data. We interpret
these data agnostically and correct or incorrect implies a bias. We simply present the experimental
outcome.

The brown depositions detected do not reflect HIV-1p24 presence. Such an artificial signal can happen
on paraffin-embedded tissue sections but does not reflect the true presence of protein.

Response: We agree with the reviewer that brown deposits can happen reflecting false positive results.
This the reason we have controls which are included in fig 10i,j and fig 11 b to rule out pseudo staining.

Both references #36 and #37 are not correct for positive staining for HIV-1p24 protein.

Reference 36 is a review article and does not provide experimental pieces of evidence of gp120
accumulation in neurons.

Response: reference#36 presents a detailed review highlighting presence of HIV-1 in mice brain, as
detected by multiple independent labs. The purpose of this reference is to corroborate our findings with
known literature as science is a realized consensus of interpretation and builds on previous studies. It is
important to point out to the reviewer that the repeated denial of the utility of hu-CD34+NSG mice
models to study brain HIV-1 infection is not warranted when the HIV community has accepted this
model, consistently observed HIV p24 in the brain, as we too observed, and in general there have now
been dozens of studies carried out with reproducible findings to date using this model.

Reference 37 discuss mechanisms of gp120 internalization in cell culture.

Response: reference#37 shows that even if neurons do not get productively infected by HIV-1, which was
not discussed in this article or claimed, that they can still take up gp120 and will stain positive for HIV-1
p24 by IHC. The purpose of this reference is to corroborate our findings with known literature.



| cannot accept provided explanations and would like to recommend removing supplemental figures 10
and 11.

Response: Regrettably we cannot remove supplemental figures 10 and 11 as reviewer#1 and 2 had
enquired about proof of presence of HIV-1 in brain as well and both have accepted these data.

If authors claim that immune cells are infected, they have to do double staining for immune cell markers
and HIV-1p24.

Response: We do not claim that immune cells are infected with HIV-1 (which is however widely known in
literature to be the case, that’s why HIV infection causes Immunodeficiencies, because the virus infect
immune cells). We only claim that HIV-1 is detectable in brain tissues of HIV-1 infected hu-CD34+NSG
mice at 10 weeks post-infection.

Authors already have PCR data for the presence of HIV pol sequences in brain tissue. No need to
compromise this manuscript.

Response: It is unclear why presenting the data in a complete and unfettered manner, as we have done,
is problematic. We make no claims that are not substantiated by the data presented. Reviewer 3 appears
to have serious concerns about the detection of p24 and HIV in the brain. But this is a well-known
reported fact of the infection in SCID-CD34 mouse models. WE don’t see or report anything different than
what others have reported. We would submit that presenting the full data is always preferrable as it
allows for a thorough unbiased assessment of the scientific work.
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