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The gut accounts for 98% of the reservoir after ART
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Understanding HIV persistence in the gut
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CD3 enriched gut T cells Wistar UPenn UPenn

CD4s: 43,113 CD4+ cells from PLWH
6,092 CD4+ T cells from HIV— donor

CD8s: 45,475 CD8+ T cells from PLWH
6,064 CD8+ T cells from HIVV— donor
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Colon biopsies from: UPenn ale

10 people living with HIV-1 (PLWH) under ART
5 HIV- donor

Rectal tissue biopsies were collected by Fiber optically guided flexible sigmoidoscopy abd processed into single-cell suspensions and viably frozen.
Aliquots of >2.5 million cells isolated from gut biopsy were thawed.
After dead cell depletion, T cells were isolated by CD3+ selection kit.



Challenge: Understanding HIV persistence is challenging because of the
heterogeneity and rarity of HIV-infected cells

CD4* T cells from people living with HIV HIV RNA™ cell
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What drives the survival of HIV-infected cells in the gut?

Single-cell multi-omic understanding of HIV-1-infected cells
Central dogma: DNA - RNA - protein
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More than half of gut CD4+ T cells are TRM

TRM-Th17
TRM-Th1_1

Th17

100%

CD4 naive 80%,
CD4 TCM

CD4 TRM

CD4 Th1

CD4 TRM-Th1_1
CD4 TRM-Th1_2
CD4 Th17

CD4 TRM-Th17 40%,
CD4 Treg

CD4 iTreg

CD4 Tfr 20%A
CD4 TFH

CD4 proliferating

PLWH: 54.17% TRM

60%

HD: 61.64% TRM

0/
Y

HD PLWH
WNN UMAP_1 6,092 43,113

WNN UMAP_2

43,113 CD4+ T cells from 10 PLWH, 6,092 CD4+ T cells from 5 HIV- individuals.

All dots (cells) have integrated single cell ATAC-seq, RNA-seq, and protein expression profile in the same cell

QC: remove ATACseq < 200 unique ATAC fragments, nucleosome signal strength = 1, TSS enrichment score < 2, and ATAC UMI counts < 350 or = 20,000
QC: remove RNAseq = 25% mitochondrial gene content, < 200 genes, and RNA UMI counts < 500 or = 25,000

Doublet removal: hashtag, SNP, scDbIFinder; Batch effect correction: reciprocal LS| for ATAC and Harmony for RNA; Cluster determination: Clustree
Integration of ATAC + RNA: Weighted nearest neighbor (WNN)



More than half of gut CD8+ T cells are TRM
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45,475 CD8+ T cells from 10 PLWH, 6,064 CD8+ T cells from 5 HIV- individuals.

All dots (cells) have integrated single cell ATAC-seq, RNA-seq, and protein expression profile in the same cell

QC: remove ATACseq < 200 unique ATAC fragments, nucleosome signal strength = 1, TSS enrichment score < 2, and ATAC UMI counts < 350 or = 20,000
QC: remove RNAseq = 25% mitochondrial gene content, < 200 genes, and RNA UMI counts < 500 or = 25,000

Doublet removal: hashtag, SNP, scDbIFinder; Batch effect correction: reciprocal LS| for ATAC and Harmony for RNA; Cluster determination: Clustree
Integration of ATAC + RNA: Weighted nearest neighbor (WNN)



Tissue resident memory T cells remain in the gut

Tissue resident marker: CD49a, CD103, CD69
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Unbiased identification of immune programs dominating gut CD4s:
Gene regulatory network analysis (GRN)
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Gene regulatory network was constructed by linking gene-TSS peak and gene-TF associations using FigR, for all

domains of requlatory chromatin identified by cisTopic.
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Unbiased identification of immune programs dominating gut CD4s:
Gene regulatory network analysis (GRN)
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Example BACH2 target genes

Cytokine receptors: IL7R, IL1R1, II2RB, IL12RB2, II21R, IL23R, IL4R, IL6R

Chemokine receptors: CCR7, CCR5, CXCR3, CXCR6
Tissue retention: ITGAE, ITGA1, CD69
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Unbiased identification of immune programs dominating gut CD8s:
Gene regulatory network analysis (GRN)
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Transcription factors

Gene regulatory network was constructed by linking gene-
TSS peak and gene-TF associations using FigR, for all
domains of regulatory chromatin identified by cisTopic.
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Transcription fact
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BACH2 drives long-lived memory and restrains effector function in CD8+ T cells
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T cell clones and antigen specificity



Capturing T cell receptor (TCR) in DOGMA-seq identified

CD4+ T cell clones in the gut
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13,012 TCR-captured cells from 43,113 CD4+ T cells in 10 PLWH, including 1,485 cells in clones.
sequences were annotated with IgBLAST and assigned if a cell barcode is associated with = 5 UMI with identifical, productive, TCRpB CDR3 sequences.
Unique clones were determined when at-least 2 cells from the same participant shared the same productive CDR3 junction sequence.
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Capturing T cell receptor (TCR) in DOGMA-seq identified

CD8+ T cell clones in the gut

Proliferating
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10,868 TCR-captured cells from 45,475 CD8+ T cells in 10 PLWH, including 5,510 cells in clones.

TCR sequences were annotated with IgBLAST and assigned if a cell barcode is associated with = 5 UMI with identifical, productive, TCRB CDR3 sequences.
Unique clones were determined when at-least 2 cells from the same participant shared the same productive CDR3 junction sequence.



Number of clones
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CD8+ T cells proliferates much better than CD4+ T cells
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Proliferation of effector CD8+ T cells is driven by interferon regulatory factors

Differential transcription factor accessibilitv Differential gene transcription Differential protein expression
(ATAC-seq) (RNA-seq) (CITE-seq)
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Capturing T cell receptor (TCR) in DOGMA-seq identified
HIV-1-specific and CMV-specific CD8+ T cells in the gut
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10,868 TCR-mapped CD8+ T cells in PLWH, including 56 HIV-specific and 429 CMV-specific cells. 67.86% of HIV-specific CD8+ T cells are TRMs.
Antigen specificity was determined by matching CDR3 junction amino acids against McPAS-TCR database of TCRs with known antigen specificity,

following criteria described in Meysman et al. Bioinformatics 2019.



HIV-1-specific CD8+ T cells in the gut lack effector function
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BACH2 drives long-lived memory gut TRM cells
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Where does HIV hide in the gut?



WNN UMAP

WNN UMAP_T .

HIV-1-infected cells reside in gut CD4+ TRM
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43,113 CD4+ T cells in 10 PLWH under ART, including 99 HIV-1+ cells.
80.81% (80/99) of HIV-1-infected cells are found in TRM.
75% (60/80) of HIV-1-infected TRM are BACH2 high cells.
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HIV-1-infected cells reside in gut CD4+ TRM
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43,113 CD4+ T cells in 10 PLWH under ART, including 99 HIV-1+ cells.

80.81% (80/99) of HIV-1-infected cells are found in TRM.
75% (60/80) of HIV-1-infected TRM are BACH2 high cells.

100%-

90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -

0%

HIV-1-  HIV-1
DNA+

RNA-

HIV-1
RNA+

=Naive
*TCM
TRM
=Th1
TRM-Th1_1
TRM-Th1_2
»Th17
=TRM-Th17
=Treg
iTreg
Tfr
TFH
Proliferating



HIV-1-infected cells are shaped by BACH2 and exhibit TRM phenotype

Differential transcription factor accessibility
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43,113 CD4+ T cells in 10 PLWH under ART, including 99 HIV-1+ cells
Transcription factor accessibility was measured by ChromVAR based on transcription factor reference motif dataset JASPER 2022
Bootstrapping: the sample size of HIV-1- cells were downsized to the sample size of HIV-1+ cells for comparison and repeated with replacement for 1,000 times
P values were calculated by Cauchy combination test.
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HIV-1 integration into BACH2
drives clonal expansion of the infected cell

B Integrations in BACH2
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Validation: does HIV-1 preferentially infect or preferentially persist
in gut TRM

Gut from
HIV negative
adult

"b’
M

2

Y

=

Infect with
HIV-1-GKO
pseudotyped with
JR-FL (R5 Env)

TRM: CD49a+ CD69+
Th1: CXCR3+ CCR5+
Th17: CCR6+

Th1: CXCR3+CCR6-; Th17: CCR4+CCRG6+ (Becattini et al. Science 2015); CD4+ TRM: CD49a+CD69+ (Mackay et al. Nature Immuol. 2013)
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2 days post infection

Frequency of HIV-1-infected cells

HIV-1 preferentially infects gut CD4+ TRM (2 days post infection)
Particularly CCR6+ TRM (TRM-Th17), but not CCR5+ TRM
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7 days post infection

Frequency of HIV-1-infected cells

HIV-1 preferentially persists in gut CD4+ TRM (7 days post infection)
Particularly CCR6+ TRM (TRM-Th17), but not CCR5+ TRM
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BACH2 promotes tissue resident program and facilitate HIV-1 persistence

BACH2
—— v Tissue residency
IRFs W
Effector function ‘\' “/

Long-term survival
Low effector function
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Low effector function in HIV-1-specific CD8+ TRM
Long-term survival of HIV-1-infected CD4+ TRM
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Clinical demographics

. . Duration of CD4 count  HIV viral load
Participant Age Sex Race Ethnicity ART ART (months) (cells/l) (copies/ml)
People living with HIV (PLWH)

008 48 Male White  Not Hispanic FTC/RPV/TDF 48.8 1247 <20
012 47 Female Black  Not Hispanic EVG/c/FTC/FTC/TDF 26.3 731 <20
015 58 Male White  Not Hispanic DOL/ABC/3TC 8.6 457 <20
017 49 Male Black  Not Hispanic FTC/RPV/TDF 20.9 531 <20
023 45 Male Black  Not Hispanic FTC/PRV/TDF 50.8 1087 <20
027 41 Male White  Not Hispanic EFV/FTC/TDF 86.8 584 <20
029 28 Male Black  Not Hispanic EFV/FTC/TDF 50.1 1146 <20
035 37 Male Other Hispanic EFV/FTC/TDF 74.4 732 <20
037 32 Male Black  Not Hispanic FTC/RPV/TDF 25.0 884 <20
040 41 Male White  Not Hispanic FTC/RPVI/TAF 2.4 538 178
People living without HIV (HD)
351 37 Male White Hispanic
357 51 Male Black Hispanic
360 38 Male Asian Hispanic
361 27 Female  White Hispanic
363 25 < Female  White Hispanic

3TC, lamivudine; ABC, abacavir; /c, cobicistat; DOL, dolutegravir; EFV, efavirenz; EVG, elvitegravir; FTC, emtricitabine; RPV, rilpivirine;

TAF, tenofovir alafenamide; TDF, tenofovir



HIV-1 preferentially infects and persists in gut CCR6+CD4+ T cells

2 days post infection
Frequency of HIV-1-infected cells

7 days post infection
Frequency of HIV-1-infected cells
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Tissue CD8+ T express Granzyme A, B, and K
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cells that express GzmK alone or alongside GzmB should not automatically be labeled as
memory cells or cytotoxic cells in single-cell RNA-seq data, as our findings indicate that such
labels are not accurate descriptors of these human tissue-associated CD8 T elle

In the context of inflamed RA synovium, GzmK itself acted like a key inflan

GzmK induced synovial fibroblasts to activate pro-inflammatory pathways, including

Jonsson et al., Sci Transl Med 2023



Granzyme B

IEL Granzyme A, not granzyme B, controls Salmonella infection in the gut

Small intestine Large intestine
Epithelium Lamina propria ~ Epithelium  Laminapropria ~ mLN | Spleen
11.59 448 443 424 1025 o1s | 280 226 J0.76 1.89 | | 0.64 1.28
: ] E |
| | ]
; A M -
e 20 | 1027|248 o6 | o7 {ee7 | 139

IEL constitutively express high levels of both GzmA and GzmB, with
~20 million molecules of GzmA and ~5 million molecules of GzmB per
cell."

Chawla et al., Mucosal Immunology 2024



IEL Granzyme A, not granzyme B, controls Salmonella infection in the gut
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have increased Salmonella growth after oral challenge

IEL utilize granzymes to kill infected epithelial celly independent of perforin

We next explored the mechanisms by which GzmA/B protect the
intestinal epithelium. Gzms can cleave extracellular matrix proteins and
epithelial cell junction proteins®” ~“, and loss of this activity may affect
the intestinal barrier, thus increasing bacterial translocation. However,
we did not find any difference in intestinal permeability to a small

molecule, FITC-Dextran, in GzmA/B dKO mice compared to WT mice

Chawla et al., Mucosal Immunology 2024



BACH2 is a transcription factor that determines T cell fate
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BACH?2 directs activated T cells from death to long-lived memory and survival
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BACH2 drives tissue resident memory programs in lung and skin

Immunity

(but not the gut) in LCMV-infected mice
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Distinct epigenomic landscapes underlie
tissue-specific memory T cell differentiation
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