Reviewers' Comments:

Reviewer #1:

Remarks to the Author:

In this manuscript the authors explored the dynamics of the inducible HIV reservoir in longitudinal
blood samples from 8 HIV-infected patients. Under the assumption that enrichment in specific
clonotypes would be the result of clonal expansion, they coupled flow cytometry-assisted sorting of
p24+ induced cells with sequencing of TRB. The authors observed a bias in the induced reservoir
repertoire attributed to clonal expansions and hypothesized that infected clones with a highly
differentiated phenotype are the result of central memory cells undergoing clonal expansion.

While the conclusions are mostly confirmative, the use of TCR sequencing to follow the reservoir
dynamic is the strength of the paper and an original point worth mentioning. Overall the paper is clear
and well written. Found below a few comments.

- For some of the patient involved in this work (#4 , #5 and #8 namely) sorted p24+ cells are very
few, which can limit the meaningfulness of the data. Therefore, statements such as “In addition,
transient clonal expansions followed by contractions were common (participants #4, #5 and #7"” (line
113) are highly speculative.

- In this paper the authors used 5-15.106 CD4 T cells for stimulation/staining prior to sorting. Given
the size of the reservoir, is that enough to avoid bias due to sampling effect?

- To reinforce the authors’ conclusions, it would have been interesting to associate their approach with
some measures of the reservoir within clonal expansions of CD4 T cells specific for antigens from
viruses like CMV or EBV.

- Supplemental Table 2 contains 19 samples since it also includes a third visit for patient #3 that has
not been analyzed (only 3 p24+ cells). The authors should remove this sample to avoid confusion,
especially since the main text refers to 18 samples (line 84).

Reviewer #2:

Remarks to the Author:

Gantner and colleagues have performed experiments aimed at understanding the clonality of the HIV-
1 latent reservoir. They use a recently developed method to identify p24+ HIV-1 infected cells by flow
cytometry and then perform sophisticated molecular biology to recover TCR sequence from lysed,
single, sorted cells. This process allowed them to recover and compare TCRs from p24+ HIV infected
cells to those in p24 negative, HIV uninfected cells from the same donors. These experiments
demonstrated that infected cells which are induced by stimulation in vitro have a higher degree of TCR
clonality than uninfected cells treated in the same way. The manuscript here presents data which
advances the field of HIV-1 reservoir biology. The authors should be commended for their novel
approach and depth of informative data. The findings presented here will extend beyond the HIV-1
community and will be important for anyone studying persistent pathogens and/or the human immune
response.

However, there are a number of issues whose resolution would strengthen this manuscript. Please see
below for a list of major and minor points:

Major:



1. Virus sequencing or viral integration site sequencing is required to conclusively demonstrate the
author’s claims that these specific T cells’ proliferation maintains the latent reservoir. As the data
stands now, the authors have demonstrated that clones of T cells are infected - however, the data
cannot distinguish between the scenario where a large clone of infected cells at one site were all
simultaneously infected by different viruses and are maintained in vivo independently of the specific
virus or virus integration site versus a single T cell becoming infected and carrying its provirus through
successive rounds of proliferation. Thus, it is important to prove that these cells are part of the same
viral clone and T cell clone. Because the authors have shown the ability to amplify genomic regions
from lysed single sorted cells, they should also be able to use methods for amplification of the entire
genome to pull out either virus sequence or integration site information.

2. One of the major conclusions of this manuscript involves the characterization of memory T cell
subset. However, the authors treat cells for 24h with PMA and ionomycin to induce expression of p24.
The use of Brefeldin A to prevent the upregulation of cell surface markers was used. However, it's my
understanding that BFA doesn’t prevent downregulation of all markers - thus it will be important to
show that BFA doesn’t dramatically alter phenotyping of cells, live cell frequency, or the overall
frequency of p24+ cells.

Minor:

1. Supplemental Figure 1 is a little confusing — defining “clone” is important here. Are clones 3, 4, and
5 cells that were only identified once? Relatedly, please define how clones were identified. It is unclear
from the methods how the authors classified something as an expanded clone.

2. Lines 101-104 are unclear, but seem like an important point. Consider revising.

3. The authors should consider citing Brad Jones’ recent paper showing that productively infected cells
escape CTL killing during the discussion of how HIV infected cells can escape killing on line 137.

4. The discussion of reservoir cells from different individuals being reactive to common antigens
should consider citing the early paper from Tony Fauci’s group looking at influenza immunization and
HIV expression, a paper from Tim Henrich in 2017 looking at EBV/CMV specific cells during T cell
reconstitution after cell-ablative chemotherapy, a paper from Hey-Nguyen and colleagues looking at
the antigen specificity of HIV-infected CD4+ cells, and the recent preprint from Mendoza and
colleagues looking at the antigen specificity of the HIV proviral reservoir.

5. Participant #2 in Supplemental Table 1 seems to have more copies of integrated DNA than total
DNA - please double check this data.

6. Figure 2c and d are difficult to interpret. Is there a simpler way to display this data?



Reviewer #1:

In this manuscript the authors explored the dynamics of the inducible HIV reservoir in
longitudinal blood samples from 8 HIV-infected patients. Under the assumption that
enrichment in specific clonotypes would be the result of clonal expansion, they coupled
flow cytometry-assisted sorting of p24+ induced cells with sequencing of TRB. The
authors observed a bias in the induced reservoir repertoire attributed to clonal expansions
and hypothesized that infected clones with a highly differentiated phenotype are the result
of central memory cells undergoing clonal expansion.

While the conclusions are mostly confirmative, the use of TCR sequencing to follow the
reservoir dynamic is the strength of the paper and an original point worth mentioning.
Overall the paper is clear and well written. Found below a few comments.

- For some of the patients involved in this work (#4, #5 and #8 namely) sorted p24+ cells
are very few, which can limit the meaningfulness of the data. Therefore, statements such
as “In addition, transient clonal expansions followed by contractions were common
(participants #4, #5 and #7” (line 113) are highly speculative.

We agree that for some of the samples included in our study, the number of cells
analyzed was limited (around 10 p24+ cells). Of note, even with these low numbers of
cells which could have limited our ability to detect the same TCR sequence twice, we
observed duplicated TCRs in all samples. This indicates that clonal expansions are
actually quite common and represent a large proportion of infected cells in all our
participants. We agree that this limited number of clones may have limited our ability to
detect persistent expansion over time, particularly if these were present at low
frequencies. To address the reviewer’s concern, we modified our statement as follows
(lines 128-132):

“In addition, transient clonal expansions were observed in several participants
(participants #3, #4, #5, #6 and #7) suggesting that clonal expansions followed by
contractions were common. Of note, this is likely an underestimate since the small
numbers of cells analyzed may have limited our ability to detect persistent clonal
expansions of small magnitude”.

- In this paper the authors used 5-15.106 CD4 T cells for stimulation/staining prior to
sorting. Given the size of the reservoir, is that enough to avoid bias due to sampling
effect?

We thank the reviewer for his comment. We acknowledge that the sampling effect may
be an issue when sampling small numbers of cells. Our approach allows to identify major
clonal expansions in the reservoir, and it is likely that small clonal expansions were not
captured. We would like to emphasize that even with a small number of cells, the
repertoire of p24+ cells was highly reproducible in independent experiments. For the
reviewer’s consideration, we show below the results of three experiments performed on
the same sample. Strikingly, we observed a similar distribution of the T cell clones within
the reservoir, with clonotype #1 (major in green) and #10 (minor in blue) being detected



in each independent experiment. We believe this demonstrates the reproducibility of our
approach.

Participant #1 Visit 3

Experiment #1 Experiment #2 Experiment #3

- To reinforce the authors’ conclusions, it would have been interesting to associate their
approach with some measures of the reservoir within clonal expansions of CD4 T cells
specific for antigens from viruses like CMV or EBV.

We thank the reviewer for this interesting suggestion. Recently, Mendoza et al. (1)
measured responses of persistently infected cells to a small subset of antigens from
viruses that produce chronic or recurrent infections (CMV, EBV, influenza). They
identified clones of antigen-responsive CD4+ T cells containing defective and intact
latent proviruses in the majority of the individuals studied. We included this reference in
our revised manuscript.

Although we believe that our single-cell approach may provide a more quantitative
assessment of antigen driven clonal expansion in the reservoir, our initial analysis
identified only a few antigen specificities. To address the reviewers’ comment and to
reinforce our conclusions regarding the importance of antigen-driven clonal expansions
in the persistence of the reservoir, we re-analyzed our dataset using a different approach.
Several algorithms have been developed to predict antigen specificity (2-4) from TCR
sequences. These approaches generally use TCRJ chain sequences and compare them
with public databases looking for sequence similarities. Recently, Meysman et al. (5)
compared several algorithms to predict TCR specificity based on sequence similarities.
They conclude that “one can achieve reasonable clustering of epitope-specific TCR
sequences based on three simple criteria: 1) if they have identical length, 2) if the CDR3
amino sequence is sufficiently long and 3) if they differ by at most one amino acid”. We
applied these three criteria to assess the specificity of our TCR[ sequences based on the
similarities of TCR sequences inferred in the McPAS-TCR database (6). This database
gathers more than 21,000 TCR sequences with their associated antigen as well as details
about the source information.

Overall, we identified putative specificities for 9 p24+ and 14 p24- clonotypes. Among
the p24+ cells, some expressed TCR predicted to be reactive to CMV, influenza, M.
tuberculosis and EBV. Interestingly, two of these clonotypes were expanded. A first
expanded clonotype from participant #1 was predicted to be CMV-specific and persisted
over time, suggesting that persistent antigenic stimulation such as CMV can favor the



maintenance of HIV-infected cells. A second clonotype, which was predicted to be
influenza-specific, was largely expanded in the last sample from participant #7,
indicating that new and transient antigenic stimulations such as influenza infections or
immunizations may have contributed to the expansion of influenza-specific HIV-infected
cells.

We believe that this new analysis reinforces our initial conclusions. We included these
results as a new main Figure (Figure 5), as a replacement of our initial cluster analysis
and revised the manuscript accordingly (lines 158-175).

- Supplemental Table 2 contains 19 samples since it also includes a third visit for patient
#3 that has not been analyzed (only 3 p24+ cells). The authors should remove this sample
to avoid confusion, especially since the main text refers to 18 samples (line 84).

We apologize for submitting the incorrect version of Supplementary Table 2. We
originally excluded data from the third visit of participant #3 because only 3 p24+ cells
were sorted. We have corrected the table in the revised manuscript.



Reviewer #3:

Gantner and colleagues have performed experiments aimed at understanding the clonality
of the HIV-1 latent reservoir. They use a recently developed method to identify p24+
HIV-1 infected cells by flow cytometry and then perform sophisticated molecular biology
to recover TCR sequence from lysed, single, sorted cells. This process allowed them to
recover and compare TCRs from p24+ HIV infected cells to those in p24 negative, HIV
uninfected cells from the same donors. These experiments demonstrated that infected
cells which are induced by stimulation in vitro have a higher degree of TCR clonality
than uninfected cells treated in the same way. The manuscript here presents data which
advances the field of HIV-1 reservoir biology. The authors should be commended for
their novel approach and depth of informative data. The findings presented here will
extend beyond the HIV-1 community and will be important for anyone studying
persistent pathogens and/or the human immune response.

However, there are a number of issues whose resolution would strengthen this
manuscript. Please see below for a list of major and minor points:

Major:

1. Virus sequencing or viral integration site sequencing is required to conclusively
demonstrate the author’s claims that these specific T cells’ proliferation maintains the
latent reservoir. As the data stands now, the authors have demonstrated that clones of T
cells are infected — however, the data cannot distinguish between the scenario where a
large clone of infected cells at one site were all simultaneously infected by different
viruses and are maintained in vivo independently of the specific virus or virus integration
site versus a single T cell becoming infected and carrying its provirus through successive
rounds of proliferation. Thus, it is important to prove that these cells are part of the same
viral clone and T cell clone. Because the authors have shown the ability to amplify
genomic regions from lysed single sorted cells, they should also be able to use methods
for amplification of the entire genome to pull out either virus sequence or integration site
information.

The reviewer raised an important point and we agree that two scenarios may explain our
observations: (1) an expanded T cell clonotype could be infected by several HIV variants
during or after T cell expansion, which would result in a relatively diverse proviral
landscape within a given clonotype; or (2) an individual T cell could be infected by a
single HIV variant and then expand, possibly as a result of antigenic stimulation, which
would result in a single viral variant within a given expanded clonotype. Since most
studies analyzing integration sites and near full-length HIV sequences reported that
duplicated sequences are common within the reservoir, the second scenario is likely to be
predominant in vivo. Moreover, Cohn et al. directly addressed this question by
investigating both TCR and viral RNA sequences in single infected cells using the
combination of the LURE assay and RNAseq (7). The analysis of samples from three
different donors, showed that within a clonal expansion, all viral sequences were
identical. These data are in favor of the second scenario: one clonal expansion (TCR)
matches with one viral sequence.



To more directly address the reviewer’s comment, we modified our TCR amplification
assay by adding a pair of primers specific of a highly variable region of the HIV envelope
(C3-V5). We focused on a small portion of the HIV genome and not the entire HIV
genome because the size of the TCR amplicons (approximately 260bp) and the HIV
genome (approximately 10,000bp) are too different to be combined in a single
amplification. By amplifying simultaneously both TCRJ} chain and HIV C3-V5 env
sequences in single-sorted p24+ cells, we sought to verify if these sequences matched.
TCR and C3-V5 sequences were co-amplified in 10 p24+ cells from one participant.
Based on the TCR sequence, there were 2 clonal expansions (n=2 and n=3 cells,
respectively) and 5 unique clonotypes. Cells containing duplicated TCRs harbored the
exact same viral sequence, which was different from the other cells. This result strongly
suggests that in this participant, an expanded TCR clonotype was mostly infected by a
single HIV variant.

We added these data in the result section and in supplementary Figure 4 and present the
two scenarios suggested by the reviewer in the revised manuscript (lines 101-109).

2. One of the major conclusions of this manuscript involves the characterization of
memory T cell subset. However, the authors treat cells for 24h with PMA and ionomycin
to induce expression of p24. The use of Brefeldin A to prevent the upregulation of cell
surface markers was used. However, it’s my understanding that BFA doesn’t prevent
downregulation of all markers — thus it will be important to show that BFA doesn’t
dramatically alter phenotyping of cells, live cell frequency, or the overall frequency of
p24+ cells.

We thank the reviewer for this important comment. The memory phenotype following
stimulation with PMA/ionomycin in the presence of BFA was analyzed in our previous
manuscript describing the HIV-Flow assay (8). As shown below (supplementary Figure
8, panel A in Pardons et al.), although some changes were noted in the shape of the
subsets, the frequencies of the different memory subsets were not significantly altered by
the stimulation in the presence of BFA.
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We added the following sentence to the revised manuscript (lines 70-72):
“Of note, we previously showed that the expression levels of CD45RA, CCR7 and CD27
were minimally affected by PMA/ionomycin stimulation in the presence of Brefeldin A

(8).”

Minor:

1. Supplemental Figure 1 is a little confusing — defining “clone” is important here. Are
clones 3, 4, and 5 cells that were only identified once? Relatedly, please define how
clones were identified. It is unclear from the methods how the authors classified
something as an expanded clone.

We apologize for the lack of clarity. We define a clonotype as a T cell expressing a given
TCR sequence. Clonotypes can be expanded (i.e. detected in at least 2 cells) or unique
(i.e. detected in no more than 1 cell). We clarified this in the revised manuscript by using
only “clonotype” and by adding the following definition (lines 66-69):

“TCR sequences retrieved from distinct single sorted cells were compared. Clonotypes
were defined either as expanded (i.e. detected in at least two cells) or unique (i.e.
detected in no more than one cell).”

2. Lines 101-104 are unclear, but seem like an important point. Consider revising.

Here we analyzed the TCR diversity without taking into account the duplication
(expansion) of some clonotypes. By considering all TCRs as unique, the V and J
associations were similar between p24+ and p24-, suggesting that the initial infection
took place in a non-biased TCR repertoire (representative of the total population of cells),
that further became biased as a result of clonal expansion.

We rephrased the paragraph as follows (lines 115-119):



“Interestingly, when excluding the expansion effect by considering each clonotype as
unique, the V and J segment usages of distinct TCR clonotypes were similar in p24+ and
p24- cells (Fig. 2a and 2b, respectively), suggesting that the pool of HIV-infected cells
was initially established in a large number of T cells with multiple antigen specificity.”

3. The authors should consider citing Brad Jones’ recent paper showing that productively
infected cells escape CTL killing during the discussion of how HIV infected cells can
escape killing on line 137.

We thank the reviewer for this suggestion and quoted the recent paper from Brad Jones
and colleagues.

4. The discussion of reservoir cells from different individuals being reactive to common
antigens should consider citing the early paper from Tony Fauci’s group looking at
influenza immunization and HIV expression, a paper from Tim Henrich in 2017 looking
at EBV/CMV specific cells during T cell reconstitution after cell-ablative chemotherapy,
a paper from Hey-Nguyen and colleagues looking at the antigen specificity of HIV-
infected CD4+ cells, and the recent preprint from Mendoza and colleagues looking at the
antigen specificity of the HIV proviral reservoir.

We appreciate the reviewer’s suggestions and apologize for not including these
references in our original manuscript. We extensively modified this part of the
manuscript (see our response to Reviewer #1) and included all the references suggested
by the Reviewer (lines 158-171)

5. Participant #2 in Supplemental Table 1 seems to have more copies of integrated DNA
than total DNA — please double check this data.

We double checked these values and confirm that in this participant, the integrated HIV
DNA levels exceeded total HIV DNA levels. Among all the samples we analyzed during
the past 10 years using these assays, higher levels of integrated HIV DNA than total HIV
DNA were rarely observed (<3%). A likely explanation for this is the deletion of a
portion of the gag gene in a large proportion of proviruses in these participants since the
total assay uses two HIV primers (LTR and gag), whereas the integrated assay uses a
single HIV primer (LTR) together with alu primers.

6. Figure 2¢c and d are difficult to interpret. Is there a simpler way to display this data?

The objective of these figures was to show that the TCR repertoire of the p24+ cells is
heavily biased compared to the p24- negative control, which is highlighted by the “thick”
links between V and J segments in Figure 2c. This type of representation has the
advantage of showing the association between V and J segments and to take into account
the number of cells analyzed. We would prefer to keep the figure as is but we will be
happy to modify it if the reviewer feels strongly about it.
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Reviewers' Comments:

Reviewer #1:
Remarks to the Author:
The authors have provided satisfactory replies to my comments

Reviewer #2:
Remarks to the Author:
The authors have addressed all my concerns and comments thoroughly and I would like to commend

them for a beautiful piece of work.



