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1st Editorial Decision February 4, 2020

February 4,2020
Re: Life Science Alliance manuscript #LSA-2020-00640-T

Prof. Christian Munz

University of Zurich

Viral Immunobiology Institute of Experimental Immunology University of Zuerich
Winterthurerstrasse 190

Zuerich, Zurich CH-8057

Switzerland

Dear Christian,

Thank you for submitting your manuscript entitled "EBV renders B cells susceptible to HIV-1in
humanized mice" to Life Science Alliance. The manuscript was assessed by expert reviewers,
whose comments are appended to this letter.

As you will see, the reviewers appreciate your analyses. However, they are not convinced by the
proposed mechanism involving CD4 upregulation and think that the involvement of other receptors
should get considered. Looking at correlations with CR2 expression could address this point. The
reviewers also note some other inconsistencies that need addressing.

Based on the reviewer input and cross-comments received, we would like to invite you to submit a
revised version of your manuscript to us. Importantly,

- the requested statistical analyses and quantifications should get performed (rev#1)

- alternative explanations should get considered (rev#1-3)

- comparisons to previous data sets available should get performed and the discrepancies need to
get discussed / alternative mechanisms considered

- some drawbacks of the present work should get more openly discussed

- the conclusion on the impact of CD8+ T cells, particularly in the passive transfer of CD19+ T cells
from the co-infected mice seems inconsistent and needs clarifying

To upload the revised version of your manuscript, please log in to your account:
https://lIsa.msubmit.net/cgi-bin/main.plex

You will be guided to complete the submission of your revised manuscript and to fill in all necessary
information. Please get in touch in case you do not know or remember your login name.

We would be happy to discuss the individual revision points further with you should this be helpful.
While you are revising your manuscript, please also attend to the below editorial points to help
expedite the publication of your manuscript. Please direct any editorial questions to the journal

office.

The typical timeframe for revisions is three months. Please note that papers are generally
considered through only one revision cycle, so strong support from the referees on the revised



version is needed for acceptance.

When submitting the revision, please include a letter addressing the reviewers' comments point by
point.

We hope that the comments below will prove constructive as your work progresses.

Thank you for this interesting contribution to Life Science Alliance. We are looking forward to
receiving your revised manuscript.

Sincerely,

Andrea Leibfried, PhD

Executive Editor

Life Science Alliance

Meyerhofstr. 1

69117 Heidelberg, Germany

t +49 6221 8891 502

e aleibfried@life-science-alliance.org
www life-science-alliance.org

A.THESE ITEMS ARE REQUIRED FOR REVISIONS
-- A letter addressing the reviewers' comments point by point.
-- An editable version of the final text (DOC or .DOCX) is needed for copyediting (no PDFs).

-- High-resolution figure, supplementary figure and video files uploaded as individual files: See our
detailed guidelines for preparing your production-ready images, http//www life-science-
alliance.org/authors

-- Summary blurb (enter in submission system): A short text summarizing in a single sentence the
study (max. 200 characters including spaces). This text is used in conjunction with the titles of
papers, hence should be informative and complementary to the title and running title. It should
describe the context and significance of the findings for a general readership; it should be written in
the present tense and refer to the work in the third person. Author names should not be mentioned.

B. MANUSCRIPT ORGANIZATION AND FORMATTING:

Full guidelines are available on our Instructions for Authors page, http/www life-science-
alliance.org/authors

We encourage our authors to provide original source data, particularly uncropped/-processed
electrophoretic blots and spreadsheets for the main figures of the manuscript. Iif you would like to
add source data, we would welcome one PDF/Excel-file per figure for this information. These files
will be linked online as supplementary "Source Data" files.

**IMPORTANT : It is Life Science Alliance policy that if requested, original data images must be



made available. Failure to provide original images upon request will result in unavoidable delays in
publication. Please ensure that you have access to all original microscopy and blot data images
before submitting your revision***

Reviewer #1 (Comments to the Authors (Required)):

In this manuscript, the authors investigated an unexpected change in cellular tropism of HV1 in the
context of Epstein Barr virus (EBV) co-infection. Notably, the authors showed that showed EBV-
transformed B cells started to upregulate the HIV-coreceptors CD4 and CXCR4 and became
susceptible to X4-tropic HIV infection in vitro. McHugh and colleagues subsequently confirmed a
similar profile of proviral integrants in LCL and CD4 T cells. To confirm their observations in vivo, the
authors took advantage of the only challenge model for HIV and EBV, namely human CD34+ HSC
injected NSG mice which engrafted with components of a human immune system. As previously
reported and consistent with clinical observations HIV infection reduced the numbers of CD4 helper
T cells but not of CD8 T cells. McHugh et al provide evidence that CD8+ T cells expand in numbers
upon co-infection but fail to control EBV in dually infected animals. Interestingly, transfer of B cells
extracted from HIV/EBV co-infected humanized mice resulted in HIV infection in naive animals.
While there is currently no evidence from the clinical literature suggesting that B cells from EBV/HIV
co-infected patients are actually sensitive to HIV infection clinically, the data presented here are
certainly intriguing and provide a strong rationale for more mechanistic follow-up studies. Overall,
the manuscript is well written, the experiments are will designed and the data largely support the
claims by the authors.

Additional comments.

- Please apply stringent statistical analysis to all data presented to affirm significance.

- Do the authors have any data that would possibly hint a mechanism for the upregulation of
CD4/CXCR4 in LCLs? Have the authors analyzed other (cytokine) receptor loci to ascertain how
specific the change in transcription is to CD4/CXCR47?

- Do the transformed B cells acquire any other markers of T helper cells (phenotypic or functional)?
- Figure 1

A. Please provide the data of at least 2 donors

B. This reviewer is wondering why the kinetics of p24 differ between human donor-derived LCLs
and NSG-HIS mice derived LCLs. This indicates their humanized mice does not mimic the actual
human behavior. Please discuss and provide the data of two additional mice with RNA copy on 20,
25 days post infection.

- Fig.2

There is a considerable difference in the number of samples (CD4+ T cells vs LCLS) that were
including in this analysis. Why are the numbers to heavily skewed towards LCLs? Also, it would have
been desirable to compare the integration profile of LCL with CD4+high and CD4+low expressing
cells.

- Fig.3
B. The reviewer is not convinced that CD8+ T cell frequencies are actually decreased during co-
infection based on the histological data provided. Please provide quantitative data.

- Fig.5
0 The data of "HIV-infected LCL vs non-infected LCLs" is not so helpful. LCLs should be stratified by
expression levels of CD4+ since the phenotype of "bulk LCLs" is dissimilar to actual CD4+T cells.



o What was the rationale for not comparing HIV-infected LCL (CD4+high) and non-infected LCL
(CD4+ high)?

Minor comments:
1. Page 13: Please add "in vitro" after the sentence "Furthermore, we found that dual-infected
mice...

Reviewer #2 (Comments to the Authors (Required)):

The manuscript by McHugh and Myburgh and colleagues describes an interesting set of
experiments making use of a humanized mouse model to examine B cell co-infection with EBV and
HIV-1 and its potential impact on both EBV and HIV-1 disease and latency. AIDS patients are
particularly susceptible to EBV-associated lymphomas (due to a loss of EBV-specific CD4 T cells)
and B cells have been proposed as an additional reservoir for latent HIV-1 (there is previous
evidence of B cell infection by HIV-1 and of EBV positive cell line infection by HIV-1). The detailed in
vivo co-infection studies here therefore have a basis and are important for our understanding of
both viruses and their interactions. The manuscript investigates co-infection in a good model
environment and the technical quality of experiments is excellent. My concerns lie with
interpretation of some of the data and its potential significance and a lack of comparison with
previous data available.

Major points:

1. A key question addressed was whether EBV infection (which activates B cells) makes B cells
more susceptible to HIV-1 infection and if so why. Previous studies have shown that HIV-1 infection
of B cells is enhanced when they are activated (e.g. by IL-4 and CD40 ligand). IL-4 and CD40L
activation of B cells was previously shown to upregulate CD4 and CXCR4 but not CCR5 and the
susceptibility of these cells to HIV-1 infection correlated with the level of receptor expression and
was blocked by antibodies/peptides to CD4/CXCR4 (ref 14). B-cell infection can however also be
blocked by antibodies against CD21 (CR2) or CD35 (ref 13 and 18). The authors show here that
CXCR4-tropic strains and not CCR5-tropic strains infect EBV infected B cells and not CD19+ B
cells and correlate this with CD4 and CXCR4 co-expression (Fig 1D). They propose that increased
CD4 expression on EBV infected B cells is responsible (uninfected CD19+ B cells express high
levels of CXCR4 but not CD4 by FACS and EBV infected cells actually downregulate CXCR4). The
CD4 high and low B cell population experiments add some weight to this (Fig S1E and F), but the
other candidate receptor/co-receptors (CR2 and CD35) are not incorporated into analysis.
Importantly, published transcriptomics data indicate that CD4 is not always upregulated by EBV
infection. These previous data are not referred to here and this is an important point. In the
microarray study of Smith et al (2013, PLoS One) CD4 is upregulated by IL-4/CD40L after 7 days
and not by EBV infection. The data of Nikitin et al (Cell Host Microbe, 2010) show that EBV infection
(early or late) actually reduces CD4 expression to some extent. In both published studies CXCR4 is
downregulated by EBV and IL-4/CD40L as seen here (Fig 1C). On the other hand CR2 (the EBV
receptor) is upregulated by both IL-4/CD40L and EBV. There may well be more recent publicly
available RNA-seq data sets to examine too. Given these contradictions, the mechanism for the
enhanced susceptibility of EBV-infected B cells to HIV-1 infections warrants further
investigation/analysis with CR2 considered as another molecule involved.

2. The transmission experiment in Figure 4 is a critical one in determining whether B cells can be an
HIV-1 reservoir. Purified CD19+ B cells from co-infected mice do not transit HIV-1 to naive hosts



(Fig 4E). Only CD19+ B cells from co-infected hosts previously treated with CD8 depleting antibody
can do this. This result is confusing. Surely this shows that B cells (EBV-infected or not) do not act
as an efficient reservoir for HIV-1? What proportion of the donor transplanted cells are EBV/HIV
positive in these two experiments? Does this explain the result?

3. The evidence that HIV-1 infected LCLs are more susceptible to T cell kiling than normal LCLs is
not convincingly demonstrated. Fig 5D shows that there is a small percentage of p24+ (HIV-1
positive cells) and this is reduced when EBV-specific T cells are added (FACS example shows 4.2%
to 2.9%). These are very low numbers making error margins high (there is no statistical testing in
the chart on the right). Is this significant? Where is the percentage Kkilling of single EBV-infected
cells shown for comparison to allow this increased susceptibility to be assessed?

Minor points:

1. Figure 5B should show up and downregulated GO terms for each comparison of data sets not
just up for one and down for the other.

2. The two blue colors on the pie chart in Fig 2A are hard to distinguish so should be changed.
3. Coloring and shading in Fig S3D pie charts is very hard to decipher and a better color/shading
scheme should be used.

Reviewer #3 (Comments to the Authors (Required)):

Coinfection of B lymphocytes with EBV and HIV-1 is an important problem for two reasons: first,
because HIV-1 increases the risk of EBV-driven B-cell ymphoma, and second because persistence
of HIV-1 in another cell type (other than CD4+ T cells) increases the difficulty in eradicating the
reservoir of HIV-1 that persists during anti-retroviral treatment.

In the present manuscript, the authors show that X4-tropic HIV-1 (but not R5-tropic HIV-1) can
productively infect EBV transformed B cells - lymphoblastoid cell lines (LCLS).

» The HIV provirus is integrated in the B cell genome, with the characteristics typical of HIV infection
in T cells, i.e. in active genes, and with a weaker preference for integration in a primary DNA
sequence motif.

* In NSG human mice, there was expansion of the CD8+ T cell population, but not CD4+ T cells, in
animals coinfected with EBV and HIV.

» EBV-specific CD8+ T cells responded less efficiently with production of IFNy in the dually-infected
humanized mice, and these mice developed macroscopic tumours more frequently than those
infected with EBV alone.

* In apparent contradiction to the last observation, the authors observed that B cells taken from
dually-infected mice and transferred to littermates that were reconstituted with the same
preparation of human CD34+ cells could transfer HIV-1 infection, but only if the donor had been
depleted in vivo of CD8+ T cells before the cells were isolated. Second, the dually-infected B cells
were susceptible in vitro to killing by either EBV-specific or HIV-specific CD8+ T cell clones. Thus,
although production of IFNy seemed less efficient,the CD8+ T cells were able to recognize and Kill
the respective virus-infected cells.

Comments



The manuscript is clearly written and the results in principle support the main conclusions drawn by
the authors. Although infection of B cells with HIV-1 and coinfection of B cells with EBV and HIV-1,
have been observed for many years, as the authors acknowledge, the present findings do add to
existing knowledge of this coinfection. However, the authors should also acknowledge more clearly
some of the significant limitations of the work reported here, as follows.

1) B95-8 has a 10kb deletion in the genome, and is particularly efficient in transforming B cells.
Indeed, this is why the strain is the standard strain used to produce LCLs. However, the behavior of
the infected B cell differs from that in B cells infected with wild type EBV:the infection leads to initial
transformation of the B cell, which then migrates to the germinal centre, where it differentiates to a
resting memory state. In contrast, cells infected with B95-8 remain persistently activated. This is
likely to change fundamental features of the co-infection with HIV-1, which in consequence are
likely to differ from that in cells naturally infected with wild-type EBV and HIV.

2) The authors show that HIV-1 infection can persist in the EBV-infected B cells in the humanized
mice, although this infection is controlled to an extent by the CD8+ T cell response. However, as
the authors are well aware, even without the CD8+ T cell depletion, the humanized mouse model
used does not fully and faithfully recapitulate the functioning (and still less the spatial aspects) of
the human immune system. Together with the persistent activation of the EBV-transformed B cells
studied here, it is therefore difficult to infer what these observations might mean in human infection.

Additional comments

1) It has recently become clear that Type 2 EBV can infect T cells. It would be interesting to study
coinfection of T cells with this wild type EBV and HIV-1.

2) It would also be interesting to know whether there is selective infection with HIV-1 of EBV-
specific B cells, and finally whether cell-to-cell contact is needed for this infection, i.e. a virological
synapse.



1st Authors' Response to Reviewers May 15, 2020

McHugh, Myburgh et al., LSA-2020-00640-T

Point-by-Point response

The Reviewer’s remarks and questions are in Black italic font.
Authors’ remarks and answers are in Blue regular font.

We, the Authors, would like to thank all reviewers for their detailed review and
constructive critique of our work. We have attempted to address all concerns of each
reviewer and have implemented suggested changes to the manuscript text and
figures. We believe this has improved the manuscript overall and will benefit the
reader.

Reviewer #1 (Comments to the Authors (Required)):

In this manuscript, the authors investigated an unexpected change in cellular tropism
of HIV1 in the context of Epstein Barr virus (EBV) co-infection. Notably, the authors
showed that showed EBV-transformed B cells started to upregulate the HIV-
coreceptors CD4 and CXCR4 and became susceptible to X4-tropic HIV infection in
vitro. McHugh and colleagues subsequently confirmed a similar profile of proviral
integrants in LCL and CD4 T cells. To confirm their observations in vivo, the authors
took advantage of the only challenge model for HIV and EBV, namely human CD34+
HSC injected NSG mice which engrafted with components of a human immune
system. As previously reported and consistent with clinical observations HIV infection
reduced the numbers of CD4 helper T cells but not of CD8 T cells. McHugh et al
provide evidence that CD8+ T cells expand in humbers upon co-infection but fail to
control EBV in dually infected animals. Interestingly, transfer of B cells extracted from
HIV/EBV co-infected humanized mice resulted in HIV infection in naive animals.
While there is currently no evidence from the clinical literature suggesting that B cells
from EBV/HIV co-infected patients are actually sensitive to HIV infection clinically,
the data presented here are certainly intriguing and provide a strong rationale for
more mechanistic follow-up studies. Overall, the manuscript is well written, the
experiments are will designed and the data largely support the claims by the authors.

We thank the reviewer for the expert assessment of our manuscript and for
acknowledging the intriguing nature of the results and their potential for spurring
further follow-up investigations in a clinical setting.

Additional comments.
- Please apply stringent statistical analysis to all data presented to affirm
significance.

We have now applied statistical analysis to all relevant comparisons of all data
presented.
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Do the authors have any data that would possibly hint a mechanism for the
upregulation of CD4/CXCR4 in LCLs?

This is a very interesting question. First, we must clarify that we do not see up-
regulation of CXCR4, in fact it is down-regulated on LCLs in comparison to the very
high levels observed on EBV™ PBMC B cells (Fig. 1C) and we mention this in the
text: “In line with the selective susceptibility of LCLs to X4-tropic HIV-1 infection, we
found that a large fraction of the LCLs expressed CD4 on their surface and retained
expression of CXCR4 at lower levels upon EBV transformation, whereas transcript
levels of CCR5 were very low in selectively sequenced LCLs as previously reported
(Fig 1C and Fig S1D) [31-33].”

Others and we have seen that B cells already express high levels of CXCR4 on their
surface and during transformation by EBV tend to downregulate CXCR4 (Figure 1C,
[1, 2]. Nevertheless, we believe it is still enough surface expression to be exploited
by X4-tropic HIV-1 for entry in combination with CD4. Indeed we see that the
combined expression of CD4 and CXCR4 correlated with the overall level of CXCR4-
tropic HIV-1 replication in LCLs (Fig. 1D).

We have two possible mechanisms for the CD4 upregulation that we demonstrate in
Fig. 1C-F. The first suggests a viral regulation of CD4 as a consequence of EBV
nuclear antigen (EBNA) expression, specifically EBNA3A, B and C. The second
mechanism might involve the expression of transcription factors in EBV infected B
cells that are associated with CD4" T cell differentiation during normal T cell
development which may support aberrant CD4 expression.

A. A possible role for EBNA3A-C in CD4 regulation

In White et al. [3] the authors infected the EBV-negative Burkitt's lymphoma cell line
BL31 with a number of mutant viruses and their revertants (revertant = the deletion
was replaced with wild-type sequence as a control for second site mutations). The
mutant viruses were generated in the context of the B95-8 EBV strain and consisted
of independent deletions of all but the first few base pairs of EBNA3A (3AKO) and
EBNA3B (3BKO) and a virus deleted for EBNA3C exon2 (3CKO) [4]. Additionally a
mutant lacking the entire EBNA3 locus (E3KO) was created, thus lacking EBNA3A, B
and CJ[3]. Transcriptome data was acquired from multiple, stable BL31 cell cultures
upon infection with the individual mutant, revertant or wild-type virus via RNA
Affymetrix Exon microarray. Because BL31 cells are an established cells line, this
approach allows the investigation of host gene regulation independent of efficient
immortalization, for which EBNA3A and C are indispensable.

In this analysis the EBV WT and revertants induced CD4 expression in the BL31 cell
line whereas all the individual EBNA3 mutants did not. Additionally, the EBNA3-locus
KO virus also failed to induce CD4 expression in BL31 cells. Please find the results
of this analysis below in Table R1 and Figure R1. Taken together this suggests that
the EBNAS3 proteins may act cooperatively in upregulating CD4 mRNA. Cooperative
regulation of host gene expression by the EBNAS3 proteins has been described
before [3] and is thus not an unlikely mechanism for CD4 upregulation which should
be investigated in depth in future studies. We also would not like to exclude the
possibility of other EBV genes playing a role in CD4 up regulation. In both LCLs and
in humanized mice the predominant gene expression pattern by far is Latency Il and
thus these EBV-infected B cells express the full repertoire of EBV latent gene, while
lytic activity can also always be detected albeit at lower levels[5].
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uninfected 3AKO vs WT 3BKO vs WT 3CKO vs WT E3KO vs WT
BL31 vs WT
Host P Fold- p Fold- p Fold- p Fold- p Fold-
gene Change Change Change Change Change
CD4 |3.0° [-11.0 6.8° -14.3 2.7°% | -16.9 5.04° | -15.0 467 |-151

Table R1 This table contains data derived from White et al. [3] Table S1 containing a
complete list of all genes with contrast statistics showing p-value (p ANOVA) and fold
change of mutant EBV-infected cell lines as compared to wtBAC-infected and
uninfected BL31 compared to wtBAC. Negative fold change represents a lower
expression level in mutant compared to wtBAC cells indicative of a role of the
respective viral nuclear antigen(s) in inducing host gene expression.

[Editorial Staff has removed Figure per Authors' Request]



http://www.epstein-barrvirus.org.uk/arrays2.php
http://www.epstein-barrvirus.org.uk/arrays2.php

McHugh, Myburgh et al., LSA-2020-00640-T

B. A possible role for transcription factors typically involved in helper T cell
differentiation during CD4 expression in EBV infected B cells.

The zinc finger and BTB domain containing 7b (Zbtb7b) gene, encodes a central
transcription factor for CD4" T cell development, called T, inducing POZ-Kruppel
factor (ThPOK, reviewed in [6]). A point mutation in Zbtb7b was found to be
responsible for the absence of a CD4" T cells in the periphery in a natural mutant
mouse strain termed helper deficient mice [7]. In helper deficient mice, positive
selection of thymocytes via MHC class ll-restricted TCRs is intact, however,
differentiation is re-directed into the CD8" T cell lineage. Ectopic expression of
ThPOK via stable transgenesis or retroviral transduction not only rescued the
phenotype but also induced re-directed differentiation of MHC class I-selected
thymocytes into CD4" T cells. Expression of Zbtb7b in post-selected thymocytes is
thus both essential and sufficient to commit to the CD4"CD8” lineage in T cells. We
analyzed a previously published RNAseq dataset of gene expression during EBV-
infection of B cells from the group of Wolfgang Hammerschmidt [1]. We found that
Zbtb7b was already highly expressed and tended to increase during EBV mediated
transformation of B cells (Figure R2).

Gata3 is another transcription factor involved in CD4" T cell development in general
but may also be involved in Zbtb7b expression specifically [6]. Conditional
inactivation of Gata3 in transgenic mice using a Cre-lox system dramatically reduced
the development of CD4 single positive thymocytes [8]. Gata3 binds regions in the
Zbtb7b locus and Gata3-deficient thymi lack expression of ThPOK (Zbtb7b gene)
indicating that that Gata3 may be necessary for Zbtb7b expression [9]. Transgenic
expression of ThPOK failed to rescue CD4 single positive thymocyte development
caused by Gata3 deficiency [9], indicating that Gata3 mediates both a ThPOK-
dependant and -independent pathway for driving CD4" T-cell development. In the
previously mentioned dataset from Mrozek-Gorska et al. [1] we found Gata3 to be
highly upregulated and expressed at progressively higher levels over time after day 4
upon B cell infection with EBV (Figure R2).

Myb is another transcription factor involved in promoting CD4" T cell lineage
development [10]. Although conditional knockout of Myb in double positive
thymocytes resulted in a decrease of CD4 single positive and an increase in CD8
single positive cells, redirection of MHC class ll-restricted cells into CD8 single
positive cells was not observed. Of note, Myb binds to the Gata3 locus and thus may
induce Gata3 expression. In line with this notion the data from Mrozek-Gorska et al.
suggests that Myb expression is rapidly induced to high levels on day 3 before Gata3
expression, were levels remain until day 15 post infection (Figure R2).

In summary, the transcription factors involved in CD4" T cell lineage commitment
during normal T cell development are expressed and even induced in EBV infected B
cells including Zbtb7b, which is necessary and sufficient for CD4 single positive
thymocyte generation; Gata3 which is thought to be involved in both Zbtb7b
expression and to directly drive CD4" T cell development and Myb, which is also
known to promote helper cell development possibly via increasing Gata3 expression.
Furthermore, both Myb and GATA3 have also been identified as important factors in
T cell development before helper cell commitment (i.e. at the double negative stage)

[6].

In addition to the two possible mechanisms of CD4 expression after EBV infection of
B cells, as outlined above, which are not mutually exclusive possibilities, we also
think it is possible that the expression of CD4 is a stochastic event. We speculate
that B cells that would, under normal circumstances, start to exhibit non-cell type
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specific protein expression would be more likely to undergo apoptosis, but these cells
exhibiting lineage promiscuity are rescued from this more typical fate by the many
anti-apoptotic properties of EBV itself.

In summary, we do have first indications regarding the mechanisms of up-regulation
of CD4 in infected B cells directly or indirectly via EBV infection. However, we feel
the inclusion of this rather speculative data in the manuscript would be premature
without additional experimental validation and is not the main focus of this
manuscript (i.e. HIV-1 infection as a consequence of CD4 expression).

[Editorial Staff has removed Figure per Authors' Request]
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Have the authors analyzed other (cytokine) receptor loci to ascertain how specific the
change in transcription is to CD4/CXCR47?

We present here for the reviewer an analysis of cytokine and chemokine receptor
gene expression during EBV transformation from Mrozek-Gorska et al. [1] (Fig. R3).
The list of 76 receptors was based on the list of cytokines and chemokines published
by the Madame Curie Bioscience Database curated by Mark J. Cameron and David
J. Kelvin (https://www.ncbi.nlm.nih.gov/books/NBK6294/). Only common cytokines
and chemokines with recognized immune functions and the most common
hematopoeitines were included, whereby other “growth factors”, neurobiological
proteins and “trophins” where excluded. Days O and 1 were excluded from the
analysis since at these time points the likelihood of non-B cell contamination within
the putative B cell population is high. These contaminating cells will die over the
course of the EBV immortalization of B cells in culture and may give the false
impression of a reduction of certain receptors within B cells at later timepoints. This is
not ideal as exclusion of early timepoints may on the other hand obfuscate true rapid
downregulation of receptor gene expression in B cells. We could, however, within
this overview of (cyto-/chemokine) receptor gene expression find expected
downregulated genes such as CXCR4 in cluster 1 and upregulated genes such as
CD4 (CD4 is the IL-16 receptor) and TNFRSF8 in cluster 3. Interestingly, TNFRSF8
encodes for CD30, which we have recently published on as a relatively specific
receptor upregulated during EBV infection of B cells in vivo in pediatric EBV+ PTLD
patients, in EBV infected humanized mice that developed EBV tumor formation under
immunosuppression and expressed in vitro in LCLs [11]. Overall, cluster 1 contained
25 receptor genes that generally trended downward, cluster 3 contained 34 genes
and trended upward during transformation, whereas cluster 2 genes (n=16) showed
either transient regulation - which could also be indicative of slight variance from day
to day at very low expression levels - or late up regulation of expression.

As one would expect, EBV transformation brings much disruption to the normal B cell
transcriptome. It is thus not surprising that this general change in transcriptional
activity extends to cytokine and chemokine receptors and results in both up- and
down-regulation of many of these transcripts. We can as such not conclude that CD4
upregulation is specific among cytokine/chemokine receptors since many other
receptors are also upregulated. We hope this has nonetheless shed some light on
the reviewer’s question.


https://www.ncbi.nlm.nih.gov/books/NBK6294/
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[Editorial Staff has removed Figure per Authors' Request]

- Do the transformed B cells acquire any other markers of T helper cells (phenotypic
or functional)?

This is a simple and interesting question, but in reality very hard to answer. In this
study we did not investigate CD4 expression because of its attribute as a T cell
subset defining marker, but rather because of its use by HIV as an entry co-receptor.
The fact that it defines T helper cells within a CD3 positive lymphocyte population is
from virological perspective entirely incidental. Nevertheless, we are also intrigued by
the reviewer’s idea and have attempted to address this inquiry as comprehensively
as possible.

In order to define a meaningful starting point we used the set of 198 genes identified
by Abbas et al. [12] that were up-regulated when comparing CD4" T cells and B cells
via microarray as this gives us a likely indication of positive CD4" T cell gene
expression relative to B cells before EBV mediated changes. All genes within this set
were then plotted over time during EBV transformation of B cells derived from the
previously published RNAseq data by Mrozek-Gorska et al. [1]. Days O, 1 and 2 were
excluded from the analysis since at these time points the likelihood of CD4" T cell
contamination within the putative B cell population is still high. For a more detailed
explanation and data supporting this assumption please see our response to
Reviewer 2 point 1 and Figure R5. Hierarchical clustering was then performed to
group genes that responded similarly during the course of the EBV transformation
process (Figure R4). Genes in cluster 1 tended to decrease during transformation,
these included T cell related genes such as CD7, CD3D, CD247 (=CD3zeta) possibly
initially derived from residual T cells at the beginning of the transformation process,
which die and are lost over time in the culture. Clusters 2, 3 and 4 contain genes that
are either not clearly regulated in one direction or the other during the transformation
or were only transiently up-or down regulated. Some of these genes had very low
expression overall, as such the extent of their transient dysregulation should not be
overemphasized (ELANE for example was not expressed at all; Cluster 3). Finally
cluster 5 contained 58 of the total 197 genes that tended to increase over time
including CD4, CD27, CD28 and GATAS3. In summary, we cannot conclude that EBV
transformed B cells acquire a global expression pattern of T helper cell like gene
expression. Only around a quarter of the genes that are high in CD4" T cells
compared to B cells, trend upwards during EBV transformation while the remaining
are unchanged, only transiently upregulated or trend downward. Furthermore, many
of the genes in the GSE22886 set are not exclusive to CD4" T cells. CD27 for
example is a marker expressed in memory B cells and EBV is known to drive
differentiation of infected naive B cells toward this B cell subset.

CD4 is also expressed by antigen presenting cell (APC) subsets, including human
monocytes and macrophages, and is the receptor for IL-16, a cytokine with
chemoatractive properties. In [13] MACS sorted CD4" and CD4LCLs were tested
regarding their immunostimulatory capacity by assessing there ability to induce
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proliferation of CD4" T cells, CD8" T cells or CD56" NK cells in a mixed lymphocyte
reaction. No difference in immunostimulatory capacity was seen. However, CD4"*
LCLs showed a small but significant increase in IL-16 dependent migratory activity
indicating that CD4 expression is at least partially functional on LCLs as the IL-16
receptor [13].

[Editorial Staff has removed Figure per Authors' Request]
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- Figure 1
A. Please provide the data of at least 2 donors

We have included the data of an additional donor as an additional panel in Figure 1A.

B. This reviewer is wondering why the kinetics of p24 differ between human donor-
derived LCLs and NSG-HIS mice derived LCLs. This indicates their humanized mice
does not mimic the actual human behavior. Please discuss and provide the data of
two additional mice with RNA copy on 20, 25 days post infection.

We agree that the overall and maximum HIV-1 replication differs between different
LCLs, we believe this can be explained by the relative surface levels of entry
receptors (CXCR4 and CD4 in Figure 1D). However, we disagree that there is any
discernable difference between LCLs that can be attributed to their source (human
vs. huNSG). In Figure 1B the mouse derived LCLs seem to replicate at a level that is
lower than 2 of the human donor-, but higher than 2 further human donor-derived
LCLs. Human donor-derived LCLs were transformed in vitro, humanized mouse
derived LCLs were transformed in vivo. One could argue that in vivo infection,
transformation and establishment of immortalized B cells within a milieu of immune
competent and expanding T cells is even more representative of the actual human
behavior. In any case, culturing the cells for longer than 2 weeks for p24 antigen
quantification in the supernatant is associated with some difficulties as the decline in
p24 observed in some samples towards the end of the assay is likely due to
impairment of the viability of the cells as they continue to proliferate and crowd the
well. At this point the assay is usually stopped as splitting cells or changing the
media would no longer allow for meaningful evaluation of the protein results from the
supernatant. Is this the difference in kinetics the reviewers is referring to? LCLs are
primary cells and we observe large variation in growth and phenotype even among
multiple transformation experiments from the same donor cells. As such we would
caution against overinterpretation of small differences seen between different LCLs,
especially toward the end of the HIV-1 infection experiments in vitro.

We could, unfortunately, due to the COVID-19 lockdown in our country not perform
the additional experiments and analysis suggested by the reviewer. However, we
would like to point out that we present HIV-1 (NL4-3) infection in vitro of two
additional humanized mouse derived LCLs from in vivo infection with the M81 EBV
strain in Figure S1A.
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- Fig.2 There is a considerable difference in the number of samples (CD4+ T cells vs
LCLs) that were including in this analysis. Why are the numbers to heavily skewed
towards LCLs? Also, it would have been desirable to compare the integration profile
of LCL with CD4+high and CD4+low expressing cells.

In Figure 2A the “n =" indicates the number of integration sites identified via nrLAM-
PCR, sequencing and mapping with the InStAP pipeline and not the number of cells
or samples analyzed. We have amended the figure legend to make this clearer to the
reader:

“(A\) Distribution of HIV-1 integration sites in the host genome comparing CD4" T cells
and autologous LCLs 2 days post in vitro infection with NL4-3 (n_= number of
integration sites).”

Although we used the same amount of cells at infection we happened to identify
more integration sites in the LCLs. This is likely a technical reason as we recovered
more DNA from LCL samples to begin with since LCLs seem to be more resilient to
vitro culture even for very short periods. However, the difference in the number of
identified integration sites for each source cell type does not skew our interpretation
of the comparative characterization of HIV-1 integration in LCLs and T cells. The
integration sites are still similar with regard to the nucleotide sequence upstream of
the HIV-1 integration sites and to the rate of active transcription in integrated
transcriptional units. Furthermore, our integration site analysis is in line with
previously published integration site characterization of T cells as stated in the main
text.

We agree that the investigation of CD4"" and CD4"°" LCLs could be interesting.
However, in a first step we found that the comparison between X4-tropic HIV-1-
infectied LCLs and T cells would be the most informative regarding the biology of
HIV-1 integration. Our reasoning was that the investigation of CD4 low cells would
have likely resulted in a lower frequency of integration sites to characterize and as
such it was not our first priority and we opted to compare CD4"" LCLs with CD4* T
cells.

- Fig.3B. The reviewer is not convinced that CD8+ T cell frequencies are actually
decreased during co-infection based on the histological data provided. Please
provide quantitative data.

We agree with the reviewer that CD8" T cells are not decreased during co-infection
compared to EBV-single infection. For clarity we have rewritten the corresponding
results section to the following: “Conventional H&E and immunohistochemistry (IHC)
staining of splenic sections from dual-infected animals revealed the presence of
tumor-like lesions containing CD20" B cells with a high frequency of EBNA2-positive
cells and similar CD8" T cell infiltration compared to EBV-infected mice (Fig 3B).”

Furthermore, we mention explicitly, when referring to the quantitative data of blood in
Figure 3C, that there is a similar CD8" T cells expansion between afore mentioned
groups. Moreover, we demonstrate the similarity in CD8" memory T cell subsets
expansion between EBV and EBV/HIV infected animals in the quantitative data of the
spleen in Figure S2C and the similarity in overall splenic CD8" T cell expansion in
Figure S2G. Panel S2G now also includes the data from splenic CD4" T cells. Our
conclusion from these data presented in Figure 3 and S2 is that CD8" T cells clearly
expand to a similar degree in dual infected humanized mice compared to EBV-single
infected animals and are not decreased.



McHugh, Myburgh et al., LSA-2020-00640-T

- Fig.5

0 The data of "HIV-infected LCL vs non-infected LCLs" is not so helpful. LCLs should
be stratified by expression levels of CD4+ since the phenotype of "bulk LCLs" is
dissimilar to actual CD4+T cells.

o0 What was the rationale for not comparing HIV-infected LCL (CD4+high) and non-
infected LCL (CD4+ high)?

This was actually performed as stated by the reviewer. We employed CD4" high
LCLs for the analysis of integration sites and the relevant section of the methods
(“HIV-1 integration site analysis”) has been amended to include this fact.

The rational behind this was, as the reviewer hints at, to increase the amount of
infected LCLs as much as possible in order to 1) increase the amount of integration
sites for analysis and 2) increase the likelihood of seeing HIV-1 induced changes on
the RNA level compared to non-infected LCLs at 2 days post infection.

Minor comments:
1. Page 13: Please add "in vitro" after the sentence "Furthermore, we found that
dual-infected mice...

We have amended the sentence in question. It now reads: “Furthermore, we found
that dual-infected cells are highly susceptible to immune control via CD8" T cells in
vitro and may only contribute to HIV-1 viremia when CD8" T cell function is severely
impaired.”
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Reviewer #2 (Comments to the Authors (Required)):

The manuscript by McHugh and Myburgh and colleagues describes an interesting
set of experiments making use of a humanized mouse model to examine B cell co-
infection with EBV and HIV-1 and its potential impact on both EBV and HIV-1
disease and latency. AIDS patients are particularly susceptible to EBV-associated
lymphomas (due to a loss of EBV-specific CD4 T cells) and B cells have been
proposed as an additional reservoir for latent HIV-1 (there is previous evidence of B
cell infection by HIV-1 and of EBV positive cell line infection by HIV-1). The detailed
in vivo co-infection studies here therefore have a basis and are important for our
understanding of both viruses and their interactions. The manuscript investigates co-
infection in a good model environment and the technical quality of experiments is
excellent. My concerns lie with interpretation of some of the data and its potential
significance and a lack of comparison with previous data available.

We thank the reviewer for highlighting the importance of our investigations for the
understanding of EBV HIV-1 interactions and for remarking on the technical quality of
the experiments. We have attempted to address the remaining concerns regarding
the interpretation of our data and additional comparisons to previously published data
below.

Major points:

1. A key question addressed was whether EBV infection (which activates B cells)
makes B cells more susceptible to HIV-1 infection and if so why. Previous studies
have shown that HIV-1 infection of B cells is enhanced when they are activated (e.g.
by IL-4 and CD40 ligand). IL-4 and CD40L activation of B cells was previously shown
to upregulate CD4 and CXCR4 but not CCR5 and the susceptibility of these cells to
HIV-1 infection correlated with the level of receptor expression and was blocked by
antibodies/peptides to CD4/CXCR4 (ref 14). B-cell infection can however also be
blocked by antibodies against CD21 (CR2) or CD35 (ref 13 and 18). The authors
show here that CXCR4-tropic strains and not CCR5-tropic strains infect EBV infected
B cells and not CD19+ B cells and correlate this with CD4 and CXCR4 co-expression
(Fig 1D). They propose that increased CD4 expression on EBV infected B cells is
responsible (uninfected CD19+ B cells express high levels of CXCR4 but not CD4 by
FACS and EBYV infected cells actually downregulate CXCR4). The CD4 high and low
B cell population experiments add some weight to this (Fig S1E and F), but the other
candidate receptor/co-receptors (CR2 and CD35) are not incorporated into analysis.
Importantly, published transcriptomics data indicate that CD4 is not always
upregulated by EBV infection. These previous data are not referred to here and this
is an important point. In the microarray study of Smith et al (2013, PLoS One) CD4 is
upregulated by IL-4/CD40L after 7 days and not by EBV infection. The data of Nikitin
et al (Cell Host Microbe, 2010) show that EBV infection (early or late) actually
reduces CD4 expression to some extent. In both published studies CXCR4 is
downregulated by EBV and IL-4/CD40L as seen here (Fig 1C). On the other hand
CR2 (the EBYV receptor) is upregulated by both IL-4/CD40L and EBV. There may well
be more recent publicly available RNA-seq data sets to examine too. Given these
contradictions, the mechanism for the enhanced susceptibility of EBV-infected B cells
to HIV-1 infections warrants further investigation/analysis with CR2 considered as
another molecule involved.
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We thank the reviewer for this comment and note that it contains two, related but
distinct, main points which we will aim to address in succession below:

A) Published transcriptomics data do not always indicate CD4 upregulation in
B cells upon EBV transformation.

B) CD21 and CD35 should be considered as candidate entry receptors.

A) Published transcriptomics data do not always indicate CD4 upregulation in
B cells upon EBV transformation.

The reviewer mentioned “The data of Nikitin et al (Cell Host Microbe, 2010) show
that EBYV infection (early or late) actually reduces CD4 expression to some extent.” A
possible downregulation of CD4 in B cells upon EBV infection would indeed be a
major contradiction, as we had estimated the average frequency of CD4 protein
surface expression via conventional flow cytometry to be less then 0.5% on B cells
and in LCLs we and others have found positivity of up to 30% by conventional flow
cytometry (This manuscript Figure 1, supplemental Figure 1 and [13]. If indeed CD4
mMRNA would decrease upon EBYV infection in B cells, what level of expression was it
decreasing from?

To identify B cells and quantify the frequency of CD4" expression with a different
method we used the previously published mass cytometry (CyTOF) dataset from 15
healthy control subjects [14] publicly available from flow repository at
http://flowrepository.org/experiments/2166/ and performed FlowSOM clustering as
performed by Galli et al. to identify B cells [14]. We demonstrate here for the reviewer
in Figure R5A that with this method of single cell based determination of surface
protein expression that < 0.5% of B cells express CD4 on their surface. The use of
high-dimensional mass cytometry presents certain advantages. Through the use of a
7-chooes-3 CD45-live cell barcoding in the dataset we analyzed, the probability of
artifacts due to cell doublets is exponentially reduced [15]. This is particularly
important when characterizing small cell subsets. Combined with the automated
analysis to define cell type, this provides an unbiased approach to characterize the
expression of CD4 on B cells. Importantly, the results from this investigation are
completely in line with results from our conventional flow cytometry approach. CD4
expression on the surface of non-EBV infected B cells was below 0.5% measured by
both methods.

In the report from Hoennscheidt et al. [13] the authors evaluated CD4 protein and
RNA expression in 20 LCLs derived from 14 donors upon transformation with the
B95.8 strain (from six donor 2 two independent immortalizations were performed). In
line with our investigations the number of CD4" cells was different in different LCLs,
but crucially, the expression of CD4 was detected at over 10% on the surface of all
investigated cell lines by flow cytometry.

How then could it be possible that this is not reflected for example in the
transcriptome data from Nikitin et al. [2]? The authors of the paper compared the
transcriptomes of bulk B cell populations, EBV-infected B cells at 7 days post EBV
infection and transformed B cells (LCLs). They report in the supplemental
experimental procedures that within the purified B cell populations “Purity was
routinely greater than 90% as determined by flow cytometry”. This means the
remaining 10% were likely composed of non-B cells with a composition typical of
healthy human adult PBMCs. As such this population likely contains a non-negligible
CD4" T cell fraction, which precludes this data’s utility in assessing discrete CD4 up-
or down regulation. We should point out that this data set was not created with the
goal of detecting small changes in protein expression on individual cells, rather to
investigate the large global changes in the transcripts during early and late EBV
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infection of the most significant and meaningful magnitude which they further
analyzed for enrichment of GO terms. They found that the global gene expression
analysis supported their previous investigations of the existence of a hyper-
proliferative period and DNA damage response early after infection that is later
attenuated upon completed transformation. We find this dataset is still valid for
detecting the pronounced and dramatic CXCR4 downregulation also observed by us
on the protein level and we now cite this paper as support for this finding in the
results section.

In line with the idea that apparent down regulation of CD4 RNA expression in EBV-
infected B cells is indeed an unfortunate artifact of the experimental setup in bulk
transcriptome studies, we present here in Figure R5B for the reviewer an analysis of
the time resolved RNAseq ananlysis from data by Mrozek-Gorska et al. [1]. Here the
authors used B cells purified from tonsils and analyzed the RNA expression profile
over time during EBV-infection up to 14 days post infection. We can observe that
CD4 RNA dips during the first 3 days of in vitro infection, then increases again during
the following 5 days and seems to remain stable up to day 14 whereby a larger
variance in the data is observed. The dip in CD4 RNA expression during the first
days of infection is paralleled by a reduction of gene expression of the T cell receptor
complex and T cell lineage antigen CD3, specifically CD3G, CD3D, CD274 (CD3zeta
chain) follow this same pattern. This is clearly indicative of CD4" T cell contamination
of purified B cell populations at the beginning of such experiments that die in culture
over time during EBV mediated transformation and rescue of infected B cells. This
may explain why in similar data sets, like those puplished by Nikitin et al. [2] or Smith
et al. [16], no change or even a reduction of CD4 may be erroneously suspected after
EBV infection of B cells.

The reviewer states correctly that “In the microarray study of Smith et al. (2013,
PLoS One) CD4 is upregulated by IL-4/CD40L after 7 days....”, however this CD4
upregulation is also associated with an upregulation of the T cell specific genes
CD3G, CDS8A indicating a possible unspecific expansion of contaminating T cells in
the IL-4/CD40L bulk analyzed cell population (Supporting Information Datafile S2 of
Smith et al. [16]). Though cell composition is not reported, this notion is further
supported by lower expression of CD3G, CD3E, CD3D when comparing EBV
infected B cells for 7 days vs IL4-4/CD40L treated cells, making this analysis difficult
to utilize for assessing the effect of IL4/CD40L or EBV infection on CD4 expression.
Again we would like to point out that this does not invalidate this or similar datasets
for the purposes of their respective investigation in the context of specific validation
experiments relative to observed changes in global B cell gene expression.

In summary, transcriptomics from bulk cell populations are most useful to screen for
sizable differences or global changes in expression patterns but are less adequate
approaches to disprove small or medium sized changes in protein expression on the
surface of cells that can be identified via single cell approaches such as flow
cytometry. We conclude that previously published datasets do not contradict our
findings but rather support enhanced CD4 protein expression on the surface of EBV
transformed B cells such as the study by Hoennscheidt et al. [13] (please also see
our answer to Reviewer 1 question 2 regarding possible mechanisms for CD4
upregulation during EBV infection).
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B) CD21 and CD35 should be considered as candidate entry receptors.

One of the most compelling reasons CR2 and CR1 molecules likely cannot substitute
for CD4 and co-(CCR5 or CXCR4) mediated entry during HIV-1 entry of LCLs is that
R5-tropic viruses (YU-2, JR-CSF) never replicate in LCLs cultures. To date we've
found no evidence that R5-tropic viruses show any signs of HIV-1 splice-specific
gene expression, or replication via p24 protein accumulation in the supernatant in
side by side comparisons with the same MOI of X4 or X4/R5 dual tropic HIV-1 strains
(Figure 1 and S1).

Regarding the two publications by Gras et al. mentioned by the reviewer:

In 1991, Gras and Dormont describe complement mediated antibody dependent
enhancement of HIV-1 infection of a single EBV transformed cell line (LCL, IC.1)

[17]. For these investigations the authors used the HIV-1 LAV-1 strain, which in
retrospect happened to be an X4-tropic strain. A fortunate happenstance as the
identification of CCR5 and CXCR4 as major co-receptors required for entry of HIV-1
alongside CD4 was only years later [18-21]. At the time CD4 expression on the
surface was not detectable by flow cytometry. However, the authors acknowledge
that based on their experiments “CD4 is strictly required for infection” [with HIV-1]
whereas “blockade of CR2 inhibited the enhancement mechanism” [17].

In 1993, the authors investigated purified B cell populations, which were PMA
stimulated for 2 days[22]. Without prior PMA stimulation p24 levels in the supernatant
were just slightly above background levels of the assay (Figure 4 of Gras et al. [22]).
Infection of B cells under these conditions depended completely on preincubation of
HIV-1 with HIV-positive serum and complement sufficient normal serum. Across
multiple experiments this led to a transient p24 production measured in the
supernatant around day 3 or 4 which subsided by day 6 p.i. (see esp. Figure 2B of
Gras et al. [22]). The LAl strain of HIV-1 was used and it is X4-tropic. CXCR4 was
not assessed in this study, again, this was not a known concept at the time. The
blocking experiments in the serum should be viewed with some additional caution in
our opinion since blocking antibodies toward CD4 and CD19 seem to lower p24
production to a similar degree as CD21 and CD35 under conditions with HIV specific
serum (Figure 8A of Gras et al. [22]). Antibodies against CD4 and CD19 were used
at 0.5pg/ml whereas antibodies against CD21 and CD35 were used at 1 pg/ml.
Under conditions without HIV-specific serum preincubation of B cells, in our view,
CD4 blocking had a more robust effect on p24 levels compared to CD21 or CD35
blocking (Figure 8A: last two columns within each group, Gras et al. [22]) though it is
hard to interpret as statistical testing was not performed. Figure 8B depicts results
representative of a singular experiment. B cells contain high levels of CD21 (CR2)
this also makes it the target cell for EBV infection. Under conditions of HIV-specific
serum preincubation of HIV-1 the authors add antibodies against CD21 and CD35 at
4pg/ml each to the cells which may also result in an unspecific steric hindrance, this
was not controlled for adequately and should in our opinion not be overinterpreted.
We do not agree with the interpretation that CD21 and CD35 are entry receptors for
HIV-1 in B cells.

In contrast to the above studies in our investigations of HIV-1 infection of EBV
transformed B cells (LCLs) no preincubation with human serum or complement
factors were necessary to facilitate infection and infection correlated with CD4 and
CXCR4 surface expression on the LCLs. HIV-1 replication was higher in CD4
positive sorted LCLs compared to CD4 negatively sorted counterparts and crucially
infection was dependent on an X4 tropism of the HIV strains precluding to a large
degree the possibility of an unspecific HIV-1 entry mechanism.
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We present here for the reviewer in Figure R6 additional data on CD21 and CD35.
Though there may be a transient upregulation of CR2 (CD21) and CR1 (CD35) gene
expression post EBV infection of B cells in vitro, as mentioned by the reviewer, by
day 14 of the transformation, transcripts of both receptors seemed lower compared
to non-infected B cells (Figure R6A). This was mirrored in the lower CD21 and CD35
surface protein expression on LCLs compared to PBMC B cells (Figure R6B). In
contrast, but similar to previously published findings, we demonstrate in Figure 1A
that PBMC B cells cannot be infected with HIV.

We could unfortunately due to the COVID-19 lockdown in our country not
perform HIV-1 live virus infections for correlation of viral replication with CD21 and
CD35 surface expression at the same time. We used previously generated data of
HIV-1 replication in LCLs and correlated it with RNA sequencing data obtained from
these LCLs which was comparable in terms of these experiments. There did not
seem to be a positive association between CR2 (CD21) or CR1 (CD35) transcript
levels and overall HIV-1 replication in LCLs in these data (Figure R6C). Though we
can not currently rule out the possibility that CR1 and 2 have a modifying effect, we
do not believe it is a main mechanism for HIV-1 entry of B cells once they have been
transformed via EBV as the surface levels of CR2 and CR1 are generally lower
compared to non-infected B cells. Our conclusion from our own data and the studies
discussed above is that B cell infection with HIV-1 is limited to CXCRA4-tropic strains
and is CD4 dependent, whereby under specific conditions CD21 and CD35 may
have modifying effects but are not directly receptors for HIV-1 entry.

To address the CD21/CD35 issue we now more precisely introduce the role of CD21
and CD35 in HIV-1 infection of B cells in the introduction as follows:

“In vitro, HIV-1 can infect IL-4 and/or CD40L-activated primary B cells due to the
expression of CD4 and CXCR4 and infection may be enhanced in PMA activated B
cells via binding of HIV-1 in immune complexes by complement receptors CD21 and
CD35 [12-15].”

In the discussion we have noted the possible additional role that these surface
molecules may play in vivo:

“As such, HIV-1 binding on the surface of B cells as immune complexes, as
previously described for non-infected B cells [67], may only be poorly modeled in this
system. Since EBV infected cells downregulate CD21, the extent to which EBV-
infected B cells bind immune-complexed HIV-1 via CD21 and thus facilitate infection
of susceptible cells, as described previously for non-EBV infected B cells will have to
be further evaluated.”
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[Editorial Staff has removed Figure per Authors' Request]

2. The transmission experiment in Figure 4 is a critical one in determining whether B
cells can be an HIV-1 reservoir. Purified CD19+ B cells from co-infected mice do not
transit HIV-1 to naive hosts (Fig 4E). Only CD19+ B cells from co-infected hosts
previously treated with CD8 depleting antibody can do this. This result is confusing.
Surely this shows that B cells (EBV-infected or not) do not act as an efficient
reservoir for HIV-1? What proportion of the donor transplanted cells are EBV/HIV
positive in these two experiments? Does this explain the result?

This depends somewhat on how one wishes to define the term reservoir. Our
interpretation relevant to these experiments would be: A cell type in which a
replication-competent form of the virus accumulates and persists with more stable
kinetic properties than in the main pool of actively replicating virus. From a practical
standpoint this is frequently equated to cells from which HIV-1 can re-emerge upon
CART cessation (both definitions adapted from [26].

The transmission experiment in Figure 4 was not strictly designed to assess whether
the dual infected cells are a HIV reservoir but rather provides evidence of productive
HIV-1 replication in dual-infected B cells and thus transfer of autologous B cell
populations can transfer both viral diseases to recipient virus naive humanized mice.
We have clarified this now in the text as follows:

“We aimed to determine whether in vivo EBV/HIV co-infected B cells actively
replicate HIV-1 upon transfer to a HIV-1 naive host.”

Indeed as the reviewer suggests, the higher number of dual-infected cells in donor
mice with CD8 depleting antibody, as assessed histologically with the automated
unbiased Vectra cell counting algorithm for the detection of EBNA2+ and p24+ cells
(Figure 4C), explains the result that upon transfer of the B cell fractions only
recipients of OKT8 treated donors developed HIV-1 viral loads. These results are
also in line with more frequent detection of splice-specific HIV-1 transcripts via RT-
gPCR in B cells fractions of mice that had received CD8 depleting antibody (Figure
S3A). As such the results from the transmission experiment support the idea that
these B cells are productively infected.

In general, productive infection is a prerequisite for reservoir potential. We at present
provide only little evidence regarding dual-infected cells as a reservoir in the sense of
the working definition above in Supplemental Figure 3C and D. The only human cells
these cART treated mice received were the EBV transformed cells (LCLs) some of
which were productively infected by HIV-1. As such the only cell HIV-1 could have
sustained the cART treatment were LCLs. We agree that if B cells act as a reservoir
they are likely less frequent and less efficient compared to canonical reservoir cells.

What we can say is that when these cells are detectable in a sizable proportion,
which is the case when CD8 T cells are depleted, these cells can contribute to the
development of a detectable HIV-1 burden. Again, these results indicate a
surprisingly strong CD8 immune response toward HIV-1 infected B cells, which we
assess experimentally with multiple EBV and HIV-1 specific CD8" T cell clones in the
following results paragraph, in Figure 5 and supplemental Figure S5.

We also mention these arguments against EBV infected B cells as a HIV-1 reservoir
in the discussion as follows:

“Furthermore, we provide evidence that EBV-transformed cells may harbour HIV-1 in
vivo after ART treatment, during which no peripheral HIV-1 RNA load can be
detected. Dual-infection, however, is likely a rare event as it pertains solely to X4-
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tropic viruses which occur in only 50% of patients at late stage disease [52] and only
a fraction of the EBV-infected B cells express the requisite surface receptors CD4
and CXCR4. Furthermore, we found that dual-infected cells are highly susceptible to
immune control via CD8" T cells in vitro and may only contribute to HIV-1 viremia
when CD8" T cell function is severely impaired.”

3. The evidence that HIV-1 infected LCLs are more susceptible to T cell killing than
normal LCLs is not convincingly demonstrated. Fig 5D shows that there is a small
percentage of p24+ (HIV-1 positive cells) and this is reduced when EBV-specific T
cells are added (FACS example shows 4.2% to 2.9%). These are very low numbers
making error margins high (there is no statistical testing in the chart on the right). Is
this significant? Where is the percentage killing of single EBV-infected cells shown
for comparison to allow this increased susceptibility to be assessed?

We have now included the statistical test data as requested by the reviewer. The
frequency of p24" LCLs (after pre-gating on the lipophilic membrane dye with which
the LCLs were stained) was compared in conditions with EBV specific T cell clones
to corresponding control conditions without T cell clone addition and was assessed
with a Wilcoxon matched pairs test. Though the frequencies of p24* LCLs was low at
times - as pointed out by the Reviewer - the effect of EBV specific clone addition was
significant. HIV-1 specific clones as expected also led to significant and perhaps
more pronounced specific depletion of HLA-matched HIV-1 infected LCLs compared
to EBV specific clones whereas an Influenza specific CD8" T cell clone did not
specifically target HLA matched dual infected cells (Supplemental Figure S5).

In Figure 5D the rate of single EBV infected killing is considered as the analysis does
not only deal with the number of LCLs positive for the HIV marker p24. As depicted in
the representative flow cytometry plots in figure 5D the LCL targets contain a mixture
of cells: cells that are negative for p24 and cells that are superinfected with HIV (the
p24" cells) e.g. 5% of all the potential target cells are EBV/HIV-dual positive the rest
are EBV single positive. If in the conditions of co-culture with EBV specific CD8" T
cell clones the percentage of p24" cells of all LCLs remained the same this would
mean that the clones targeted the HIV® LCLs as frequently as the HIV™ LCLs. As
such a shift in the percentage is indicative of a preferential targeting of one subset
over the other. The HIV negative LCLs are automatically reflected in the percentage
minus the HIV positives of the total target cell population.

This is specified in the figure legend as follows:

“Specific elimination of p24" autologous or HLA-matched LCLs by individual EBV-
specific CD8" T cell clones expressed as percentage loss of % p24* cells in
cocultures with T cell clones compared to conditions without.”

Additionally, from the formula for the calculation of the specific lysis as included in
the Methods section it is clear that the ratio EBV/HIV dual positive over EBV single
positive cells is considered, not merely the number of HIV infected LCLs:

“Specific lysis of HIV' LCLs was determined by using the formula: % lysis = 100 x (%
p24* of PKH67" LCLs without effectors — % p24* of PKH67" LCLs with effectors)/ %
p24* PKH67" LCLs without effectors).”
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Minor points:
1. Figure 5B should show up and downregulated GO terms for each comparison of
data sets not just up for one and down for the other.

There were no downregulated GO terms in HIV-1 infected LCLs compared to non-
infected. We have included 3 additional upregulated GO terms for the comparison of
HIV-1 infected vs non-infected CD4" T cells in Figure 5B. The full results from the GO
term and KEGG analysis are provided to the reader in Supplemental Table S5.

2. The two blue colors on the pie chart in Fig 2A are hard to distinguish so should be
changed.

We have changed the color of the undetermined fraction from dark blue to white,
which should make it easier to distinguish the characterized integration site
categories that are listed in Fig 2A.

3. Coloring and shading in Fig S3D pie charts is very hard to decipher and a better
color/shading scheme should be used.

We have changed the coloring and labeling of the pie charts in Fig S3D. We hope
this improves the clarity of the presented data.
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Reviewer #3 (Comments to the Authors (Required)):

Coinfection of B lymphocytes with EBV and HIV-1 is an important problem for two
reasons: first, because HIV-1 increases the risk of EBV-driven B-cell lymphoma, and
second because persistence of HIV-1 in another cell type (other than CD4+ T cells)
increases the difficulty in eradicating the reservoir of HIV-1 that persists during anti-
retroviral treatment.

In the present manuscript, the authors show that X4-tropic HIV-1 (but not R5-tropic
HIV-1) can productively infect EBV transformed B cells - lymphoblastoid cell lines
(LCLs).

« The HIV provirus is integrated in the B cell genome, with the characteristics typical
of HIV infection in T cells, i.e. in active genes, and with a weaker preference for
integration in a primary DNA sequence motif.

* In NSG human mice, there was expansion of the CD8+ T cell population, but not
CD4+ T cells, in animals coinfected with EBV and HIV.

« EBV-specific CD8+ T cells responded less efficiently with production of IFNy in the
dually-infected humanized mice, and these mice developed macroscopic tumours
more frequently than those infected with EBV alone.

« In apparent contradiction to the last observation, the authors observed that B cells
taken from dually-infected mice and transferred to littermates that were reconstituted
with the same preparation of human CD34+ cells could transfer HIV-1 infection, but
only if the donor had been depleted in vivo of CD8+ T cells before the cells were
isolated. Second, the dually-infected B cells were susceptible in vitro to killing by
either EBV-specific or HIV-specific CD8+ T cell clones. Thus, although production of
IFNy seemed less efficient, the CD8+ T cells were able to recognize and Kkill the
respective virus-infected cells.

Comments

The manuscript is clearly written and the results in principle support the main
conclusions drawn by the authors. Although infection of B cells with HIV-1 and
coinfection of B cells with EBV and HIV-1, have been observed for many years, as
the authors acknowledge, the present findings do add to existing knowledge of this
coinfection. However, the authors should also acknowledge more clearly some of the
significant limitations of the work reported here, as follows.

We thank Reviewer 3 for the expert evaluation of our manuscript and for remarking
the potential importance of EBV/HIV-1 co-infection of B cells in relation to
lymphomagenesis and as a hurdle for HIV-1 eradication.

Regarding the “apparent contradiction” relating to the last two points of the reviewers
summary we would like to point out the following to rule out any possible
misconceptions: Figure 3D depicts the EBV specific IFNy release from splenocytes
of individual humanized mice from the respective groups as measured by ELIspot
assay. We observed a high EBV specific response in EBV single infected animals
and a lower but not absent response in EBV/HIV infected animals. Figure 5D (right)
depicts the change in the ratio of EBV single positive and EBV/HIV dual-positive
LCLs upon co-culture with EBV specific CD8" T cell clones. In our opinion these
experiments do not contradict each other as they address separate issues: In 3D we
analyze differences in T cell reactivity from different experimental groups toward a
single autologous target (EBV transformed B cells = LCLs). In 5D we analyze
whether individual EBV specific CD8" T cells clones, derived from healthy EBV
carriers, preferentially eliminate one of two targets (EBV single positive LCLs or
EBV/HIV dual positive LCLs) during co-culture. We conclude that due to their higher
susceptibility to CD8" T cell recognition EBV/HIV dual-infected B cells are still fairly
efficiently cleared in dual-infected mice even so these carry less functional, but not
non-functional CD8" T cell populations.
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1) B95-8 has a 10kb deletion in the genome, and is particularly efficient in
transforming B cells. Indeed, this is why the strain is the standard strain used to
produce LCLs. However, the behavior of the infected B cell differs from that in B cells
infected with wild type EBV: the infection leads to initial transformation of the B cell,
which then migrates to the germinal centre, where it differentiates to a resting
memory state. In contrast, cells infected with B95-8 remain persistently activated.
This is likely to change fundamental features of the co-infection with HIV-1, which in
consequence are likely to differ from that in cells naturally infected with wild-type
EBV and HIV.

We agree that the B95-8 strain is particularly efficient at transforming B cells in vitro
for LCL production. It was shown in 2016 by the group around Henri-Jacques
Delecluse comparing different EBV strains that B95-8 was among the best B cell
transforming whereas the M81 EBV strain, isolated from a Chinese patient with
nasopharyngeal carcinoma, was among the least efficient at transforming B cells in
vitro of the 6 strains studied [28]. Transfer of EBV-infected B cells into NSG mice,
however, seemed to lead to similar rates of tumor formation as measured by time
until symptom development between the six EBV viruses. M81 virus has an altered
tropism and favors epithelial cells with a lower propensity for infecting B cells [28].
Our laboratory teamed up with the afore mentioned group and investigated M81 and
B95-8 infection in humanized mice and found that when infectious doses were
equalized by ability to infect B cells in vitro the M81 virus led to similar or even higher
rates of B cell transformation in vivo, possibly due to it's higher rate of lytic activity
compared to B95-8 [29]. In order to investigate whether HIV-1 infection of LCLs in
vitro is restricted to the B95-8 strain we infected LCLs derived from M81l-infected
huNSG mice with NL4-3 HIV-1. We observed an increase of HIV-1 p24 over time in
the supernatant of these LCLs derived from different HFL donor reconstituted huNSG
mice and present this data in supplemental Figure S1A.

We would also like to point out that EBV strains with large deletions potentially
belong to the spectrum of naturally occurring wild type EBV at least in certain
pathological scenarios as described recently by Okuno et al. [30]. The authors
sequenced the EBV genome from 77 patients with chronic active EBV infection and
61 EBV-associated neoplastic disorders and found intragenic deletions in 27 and 28
cases respectively. The deletions were significantly enriched the BART microRNA
clusters (31 cases, Monte Carlo simulation) and frequently affected genes involved in
viral particle production (20 cases).

Based on these results and on our results of M81-transformed B cell HIV-1 infection
in vitro we do not believe that our observations are limited to B95-8. However, we
agree with the reviewer that it is difficult to know to what extent the observations are
transferable to the dual-infected human population based on our analysis with a
focus on B95-8. We have added discussion to this effect as follows:

“In this study we focused our investigations on particular recombinant strains of type
1 EBV (B95-8) and X4-tropic HIV-1 (NL4-3), respectively. It will be necessary to
validate these findings using other EBV and HIV-1 strains in future studies to reflect
the strain diversity of both viruses in infected human individuals.”
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2) The authors show that HIV-1 infection can persist in the EBV-infected B cells in
the humanized mice, although this infection is controlled to an extent by the CD8+ T
cell response. However, as the authors are well aware, even without the CD8+ T cell
depletion, the humanized mouse model used does not fully and faithfully recapitulate
the functioning (and still less the spatial aspects) of the human immune system.
Together with the persistent activation of the EBV-transformed B cells studied here, it
is therefore difficult to infer what these observations might mean in human infection.

The reviewer makes an important point here. We have shown that in principal the
underlying biology allows for EBV to transform B cells in vivo and subsequently for
X4-tropic HIV-1 to infect these B cells and that these dual-infected B cells are to an
extent controlled by the CD8" T cell response. We have used different in vitro and in
vivo model systems to investigate the potential interaction of these viruses, and as
such we think it would be prudent to include text outlining limitations, especially of the
humanized mouse model, in the discussion. We have included the following in the
discussion:

“Humanized mice have the ability to recapitulate certain aspects of human immune
system in vivo. However, a number of in limitations in immune function should be
mentioned at this point, that may preclude direct transfer of these results to human
infection (reviewed in [25]). Importantly, reconstituted human immune system
components show similarities to cord blood immune cells. While cell-mediated
immune responses can be mounted, the magnitude of these responses may be
lower compared to human, isotype switched antibody responses are only rarely
observed and steady state levels of IgG are a thousand fold lower than in human
serum. [...] Furthermore, this model system can not fully recapitulate the
spatioanatomic aspects of human viral infection and lymph nodes and mucosal
secondary lymphoid tissues are poorly developed.”

Additional comments
1) It has recently become clear that Type 2 EBV can infect T cells. It would be
interesting to study coinfection of T cells with this wild type EBV and HIV-1.

We agree that this would be interesting to investigate and have included discussion
to this effect:

“Interestingly, type 2 EBV has been described to infect T cells in vitro, in humanized
mice and in healthy infected children, thus, expanding further the cellular repertoire
within which direct interaction of these two important human pathogens could occur
[68][69][70].”

2) It would also be interesting to know whether there is selective infection with HIV-1
of EBV-specific B cells, and finally whether cell-to-cell contact is needed for this
infection, i.e. a virological synapse.

Based on our ability to infect pure cultures of EBV transformed B cells with cell free
virus concentrate we do not believe that a virological synapse is needed. Our
interpretation of data in Figure 1 and S1 is that direct infection via CD4 and CXCR4
is a sufficient explanation and that CD4 and CXCR4 expression on the surface is the
rate-limiting factor. However, along the lines of the reviewer’s query, it is still possible
that non-infected LCLs capture the virus to a certain degree on the surface and that
they then may make it easier for neighboring cells to get infected. This and any
benefits of the B cell receptor specificity for HIV and EBV spreading would be
interesting aspects for future studies as EBV infected B cells generate a sizable T
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cell response in vivo and produce chemotactic factors like CXCL10 that attract T
cells to sites of EBV-infected cells (investigated by our laboratory in White et al. [31])

Regarding cell-to-cell transmission, at least of HIV-1 potentially bound to the surface
of EBV-infected B cells, we mention the following in the discussion:

“As such, HIV-1 binding on the surface of B cells as immune complexes, as
previously described for non-infected B cells [67], may only be poorly modeled in this
system. Since EBV infected cells downregulate CD21, the extent to which EBV-
infected B cells bind immune-complexed HIV-1 via CD21 and thus facilitate infection
of susceptible cells, as described previously for non-EBV infected B cells will have to
be further evaluated.”

Additional changes made to comply with formatting guidelines of LSA:
- A summary blurb was added.

- The figure legend titles have been changed in order to not be redundant to Result
headers.

- References have been reformatted.

- Additional minor formatting changes have been implemented with no major
changes to the text (e.g. figure call-outs).
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