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Abstract

Tuberculosis caused by Mycobacterium tuberculosis is one of the leading causes of death from a
single infectious agent. Identifying dominant epitopes and comparing their reactivity in different
tuberculosis (TB) infection states can help design diagnostics and vaccines. We performed a
proteome-wide screen of 20,610 M¢b derived peptides in 21 Active TB (ATB) patients 3-4 months
post-diagnosis of pulmonary TB (mid-treatment) using an IFNy and IL-17 Fluorospot assay.
Responses were mediated exclusively by IFNy and identified a total of 137 unique epitopes, with
each patient recognizing, on average, 8 individual epitopes and 22 epitopes (16%) recognized by
2 or more participants. Responses were predominantly directed against antigens part of the cell
wall and cell processes category. Testing 517 peptides spanning TB vaccine candidates and ESAT-
6 and CFP10 antigens also revealed differential recognition between ATB participants mid-
treatment and healthy IGRA+ participants of several vaccine antigens. An ATB-specific peptide
pool consisting of epitopes exclusively recognized by participants mid-treatment, allowed
distinguishing participants with active pulmonary TB from healthy interferon-gamma release
assay (IGRA)+/- participants from diverse geographical locations. Analysis of longitudinal
samples indicated decreased reactivity during treatment for pulmonary TB. Together, these results
show that a proteome-wide screen of T cell reactivity identifies epitopes and antigens that are
differentially recognized depending on the Mtb infection stage. These have potential use in

developing diagnostics and vaccine candidates and measuring correlates of protection.
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Introduction

Tuberculosis is the ninth leading cause of death worldwide and the leading cause from a single
infectious agent, ranking above HIV/AIDS. The World Health Organization (WHO) estimates that
approximately one-quarter of the world’s population (1.7 billion total) is infected with
Mycobacterium tuberculosis (Mtb). In 2021 Mtb was responsible for 1.6 million deaths and ~10

million new infections (1)

Infection with M¢bh manifests as a spectrum of diseases ranging from asymptomatic subclinical
infection (latent infection, LTBI) to active disease (ATB) (2,3). To date, tuberculin skin test (TST)
and interferon-gamma release assays (IGRA), which detect an immunological response against
Mib, are diagnostic tests for latent infection (4,5). Importantly, the classically used tuberculin skin
test can be positive in both LTBI and BCG vaccinated participants and thus cannot distinguish
them (6,7). A major advance in the diagnosis of Mtb infection was represented by the introduction
of IGRA tests that consist of ex vivo analysis of peripheral blood cells for a cytokine (IFNy)
response to peptide pools spanning the ESAT-6 and CFP10 antigens recognized by T cells (8). As
these antigens are absent from M. bovis BCG and most nontuberculous mycobacteria (NTMs),
such responses can distinguish prior or current M¢bh infection from BCG vaccination and NTM
diseases. However, these tests cannot reliably discriminate between active TB and LTBI (9). These
observations indicate the need for a more extensive search for a panel of antigens that can

distinguish LTBI and active disease.

T cells are critical in the host immune response against M¢b infection. The responses against
Mtb infection involve classically restricted CD4 and CD8 aff T cells (10,11) and non-classically
restricted T cells such as NKT (CD1), MAIT (MR1), and y3 T cells (12—-14). Among these, CD4
T cells represent a major component of T cell response against M¢b infection (15). Individuals with
low levels of CD4 T cells, such as those who are HIV positive, are more vulnerable to both primary
and reactivation of TB (16). Multiple studies have revealed the recognition of T-cell epitopes from
Mtb among diverse populations, including individuals with TB disease, LTBI, BCG vaccination,
or exposure to Mtb and/or NTM (17-20), also reviewed in (21). T cell responses at the antigen and
epitope levels are highly complex, particularly in complex organisms. They can involve multiple

antigens and hundreds of epitopes (22-25), with broader patterns of immunodominance observed
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74  in humans compared to genetically homogeneous murine model (26-28). While the mechanisms
75  underlying T cell immunodominance and breadth have been extensively studied in murine models
76  and, to some extent, in humans (22,29-31)(32), a quantitative assessment of the complexity of
77  responses during natural infections at the population level is currently lacking. Most immuno-
78  profiling studies have focused on individual antigens or a limited set of epitopes, assuming they
79  represent the entire pathogen-specific response (33,34). It remains uncertain to what extent
80  underestimating the true complexity of these responses could affect the outcomes of immuno-
81  profiling studies. Therefore, a comprehensive understanding of Mtb epitopes across TB disease
82  states is crucial. Mth expresses different proteins during various stages of infection, resulting in
83  stage-specific immune responses. Thus, identifying novel CD4 T cell epitopes at different stages
84  of TB could aid in discovering new diagnostic and vaccine candidates against TB. Previously, our
85  team conducted a proteome-wide screen to detect HLA class II restricted epitopes and antigens
86  recognized in healthy IGRA+ participants without any signs of active TB (22). This screen
87  included 4000 ORFs of the Mtb genome and approximately 20,000 predicted HLA class II
88  epitopes. T cell reactivity against these epitopes was measured using ELISPOT to detect [FNy
89  response ex vivo. It is equally important to screen these epitopes in ATB disease. Identifying the
90  ATB-specific antigens will be important as boosting immune responses against antigens expressed
91  during the active phase of infection might help translate into reduced incidence or reactivation of

92  infection.

93 This study aimed to explore the possibility that distinct M¢b disease states (i.e., healthy IGRA+
94  participants and patients with active pulmonary TB) respond to differential Mtb-derived epitopes
95 and/or elicit different Mtb-specific T cell responses. We hypothesized that this differential
96  reactivity could be attributed to variations in response magnitude, specificity (i.e., which antigens
97  are recognized), breadth (i.e., how diverse the response is), and the phenotype of the specific T
98  cells. By conducting a comprehensive proteome-wide screening for Mth-derived T cell epitopes,
99  we identified and characterized epitopes specifically recognized by participants with active

100  pulmonary TB, suggesting their potential utility as diagnostic markers and vaccination candidates.

101
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102  RESULTS

103 Breadth of responses to a comprehensive library of predicted HLA Class II epitopes in
104  participants with ATB

105 Detailed knowledge regarding the antigens recognized in TB disease and associated
106  phenotypes is relevant for understanding TB immunopathology and for vaccine and diagnostic
107  applications. alike. We previously used a proteome-wide peptide library of 20,610 Mtb-derived
108  15-mer peptides predicted promiscuous HLA class II binders to define HLA class II restricted
109  epitopes and associated antigens in healthy IGRA+ participants (i.e., LTBI) from San Diego, US
110 (22). Here, we used the same comprehensive library to determine the repertoire of T cell antigens
111  and epitopes recognized in ATB.

112 The proteome-wide peptide library was arranged into 1036 peptide pools of 20 peptides each.
113 T cell reactivity against the 1036 peptide pools was measured by ex vivo production of IFNy and
114  IL-17 using Fluorospot assays and PBMCs from 21 participants mid-treatment for their ATB
115  infection (3-4 months post diagnosis) recruited from the Universidad Peruana Cayetano Heredia
116  site (Peru). A total of 78 unique peptide pools were selected for deconvolution, corresponding to
117  the ten peptide pools with the highest response magnitude per participant, and/or that were
118  recognized by at least two different participants. A total of 137 individual epitopes were identified
119  (Table S1). Each participant recognized an average of 8 unique epitopes (range 1-27, median 7),
120  underlining the breadth of responses to Mtb (Figure 1A). Among the 137 individual epitopes, 22
121 (16%) were recognized by multiple participants (Figure 1B). When epitopes were ranked based on
122 magnitude, the top 55 epitopes accounted for 80% of the total response (Figure 1C). In conclusion,
123 the breadth of responses detected in ATB is broad, although narrower (p=0.002, two-tailed
124 unpaired Student’s t-test) compared to the previous results in healthy IGRA+ participants who
125  recognized, on average, 24 epitopes (22).

126
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127  Figure 1:
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131 Figure 1: Breadth and dominance of epitopes in mid-treatment ATB participants. A)

132 Number of epitopes recognized by each participant. Each dot is one participant, n=21; median +
133 interquartile range is shown. B) Distribution of recognized epitopes by the number of participants
134 recognizing each epitope. (C) Epitopes ranked based on the magnitude of response (solid line - %
135  of total response, dotted line — total SFC). Black dotted lines indicate the top 55 epitopes.
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137 Immunodominant antigens in cellular responses in ATB participants

138 The epitopes were mapped to individual Mth ORFs using H37Rv as a reference genome. A
139  total of 97 ORFs were recognized, with each participant recognizing, on average, 6 ORFs (median
140 5, Figure 2A). As expected, the well-known antigens Rv0288 (TB10.4), Rv3875 (ESAT-6),
141  Rv3874 (CFP10), and Rv3615c¢ (included in the “ESAT-6 free” IGRA test (35) were the most
142 frequently recognized. However, nine novel antigens, which have not been previously described
143 as antigens for Mth, were also identified (Table S1).

144 Using the Mycobrowser tool (36), we next determined the protein categories to which the
145  identified antigenic ORFs belonged. As previously observed for IGRA+ participants (37),
146  essentially every protein category was represented (Figure 2B). However, the ORFs antigenic in
147  ATB were predominantly found in the cell wall and cell processes categories, followed by
148  conserved hypotheticals, PE/PPE, and intermediary metabolism and respiration categories (Figure
149  2B). Compared to the H37Rv genome, the antigenic ORFs were overrepresented in the cell wall,
150  cell processes category, and the PE/PPE categories and underrepresented in conserved
151  hypotheticals (Figure 2C). The overrepresentation of the cell wall and cell processes category
152  appears to be specific for the ATB cohort, because these antigen categories were not
153  overrepresented in the previous screen of IGRA+ participants (22).

154 Reactivity in healthy IGRA+ participants (22) previously identified three “antigenic islands”
155  of clustered antigen genes that comprised secreted and non-secreted M¢b proteins involved in type
156 7 secretion systems. Indeed, all three antigenic islands were also identified in the present screen of
157  ATB participants. (Figure 2D). In contrast to IGRA+ participants in the previous screen, the
158  breadth of responses to antigens targeting the antigenic islands was narrower in the participants
159  with ATB (Figure 2E). For example, for island 1, only 3 antigens represented in the predicted
160  peptide library of 20,610 peptides were recognized by participants with ATB, compared to 9
161  recognized by healthy IGRA+ participants. The same is true for antigens in islands 2 and 3. In
162  conclusion, the data suggest that different patterns of antigenic ORFs might be associated with
163 ATB vs. healthy IGRA+ participants.

164

165

166  Figure 2:
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Figure 2. Immunodominant antigens in ATB. (A) Number of ORFs corresponding to
recognized epitopes by each participant. Each dot represents one participant, n=21, median +
interquartile range is shown. (B) Distribution of recognized ORFs per protein category. (C). The
identified antigens (black bars) were divided into protein categories (Mycobrowser) and compared

to the H37Rv genome (grey bars). Chi-square test. (D) Antigenic islands identified by a 5-gene
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173 window spanning the H37Rv genome. ATB (black) compared to healthy IGRA+ (orange, (22)).
174  (E) Proteins within each antigenic island, % of total response per antigen across the proteome-
175  wide screen. ATB (black bars) and healthy IGRA+ (orange bars).

176

177  Hierarchy in reactivity against TB Vaccine and IGRA antigens

178 Previous studies showed that the proteome-wide library of predicted promiscuous HLA class
179  1I binders captures about 50% of the total reactivity (22,38). To further evaluate T cell responses
180  against TB vaccine candidate and IGRA antigens (see methods), we tested 517 15-mer peptides
181  overlapping by 10 amino acids spanning these antigens. Positive pools were deconvoluted to
182  identify individual T cell epitopes. Overall, 67% of the ATB participants recognized epitopes from
183  atleast one antigen; on average, these participants recognized 2 different antigens (range 1-4). This
184  is similar to our previous reports highlighting the inter-individual variability of epitope-specific
185  responses (37).

186 We next compared the magnitude and frequency of the response for these antigens in the ATB
187  participants with what was previously observed in healthy IGRA+ participants from South Africa
188  (37). The most frequently recognized antigens in ATB and IGRA+ alike were Rv0288 (TB10.4),
189  Rv3875 (ESAT-6), Rv3874 (CFP10), and Rv1196 (PPE18) (figure 3A, B). However, some
190 antigens were differentially recognized in the two cohorts. Specifically, Rv3875 was more
191  frequently recognized than Rv3874 in ATB vs. IGRA+ participants. The Rv1813c antigen was
192 reactive in participants with ATB and not in IGRA+. Finally, the Rv3619c (EsxV), Rv2660c,
193  Rv0125 (Mtb32a), and Rv2608 (PPE42) antigens were reactive in IGRA+ and completely
194  unreactive in participants with ATB (Figure 3A, B).

195 The proteome-wide screen detected the two most reactive vaccine antigens, Rv0288 and
196  Rv3874. Rv3875 was not detected in the proteome-wide screen, likely due to its small size, with
197  only 2 peptides representing it in the proteome-wide library. The results confirm that the antigens
198  detected in the proteome-wide screen are the most frequently recognized together with Rv3875
199  and that the other vaccine antigens account for a small fraction of the response in this ATB cohort.
200  In conclusion, the screen of vaccine and IGRA antigens, together with the proteome-wide screen,
201  identified a total of 174 epitopes, which were next investigated for functionality and differential
202  reactivity in further experiments.

203
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205

206  Figure 3. Hierarchy in T cell reactivity against TB vaccine and IGRA antigens. Magnitude of
207  response, expressed as the total magnitude of response (black bars, left y-axis) or frequency of
208  participants responding (grey bars, right y-axis), amongst the participants. (A) ATB, n=21. (B)
209  Healthy IGRA+, n=63 (37), for comparison purposes. Rv number for each antigen are indicated
210  on the x-axis.

211

212 Functionality of T cell responses specific for different protein antigen categories in ATB

213 The responses associated with the 174 identified epitopes were characterized in more detail by
214  intracellular cytokine secretion assays to characterize T cell responses specific to antigens from

215  the different protein categories. One epitope pool (PC85) corresponded to epitopes from antigens

10
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216  in the cell wall and cell processes category, and a separate pool encompassed epitopes from other
217  protein categories (PC71) (Table S1). As a comparator, we included the previously described
218 MTB300 pool, based on epitopes recognized in IGRA+ participants (22), which includes peptides
219  from all functional categories.

220 As expected, based on the peptide library design to bind HLA class II alleles, the majority of
221  the response was meditated by CD4 T cells (Figure 4A). Among them, the frequency of TNFa+
222 CD4 cells was relatively higher than IFNy (p = 0.0006 for PC71) or IL-2 (p = 0.04 for PC85). In
223 addition, some responses were detected in CD8+ T cells (figure 4B), likely due to nested HLA
224  class I binding epitopes within the 15-mer peptides.

225 Frequencies of cytokine-expressing CD4 T cells in response to both pools were similar to
226  MTB300 (IFNy, p=0.98 for PC85 and PC71; IL-2, p=0.31 and 0.97 for PC85 and PC71
227  respectively; TNFa, p=0.78 and 0.51 for PC85 and PC71 respectively) (Figure 4A, gating strategy
228  shown in Figure S1). The vast majority of cytokine producing CD4 T cells expressed a single
229  cytokine TNFa or IFNy, followed by TNFoa+IL2+ and TNFa+IFNy+ dual cytokine expressed
230  cells with none to very few IFNy+IL2+ cells and triple cytokine producing cells (Figure 4C and
231  4D). A higher frequency of single TNFoa-producing T cells was present compared to other single
232 (IFNy p=0.01 (PC71), IL-2 p=0.01 (PCS85)), dual (IFNy+IL-2+ p=0.0006 (PC71), p=0.0002
233 (PC85), TNFo+IFNy+ p=0.002 (PC71), p=0.01 (PC85), TNFa+IL2+ p=0.02 (PC71), p=0.008
234 (PC8S5)), or triple (p=0.0008 (PC71), p=0.0003 (PC85) cytokine producing cells (Figure 4C).

235 Next, we characterized which T cell memory subset was responsible for the reactivity. Memory
236  subset phenotypes were determined using antibodies to CD45RA and CCR7. The majority of the
237  cytokine producing CD4 T cells were effector memory (CD45RA-CCR7-), and as expected few
238  were naive (CD45RA+CCR7+) cells (Figure 4E-F). For IFNy there was no difference between the
239  CD4 memory subsets comparing the different peptide pools (Figure 4E). For IL-2 there was a
240  significantly higher frequency of effector memory T cells (p=0.0007 and 0.03) and a lower
241  frequency of Temra (CD45RA+CCR7+) T cells (p=0.001 and 0.02) in response to PC85 compared
242 to the PC71 and MTB300 respectively (Figure 4F). The PC85 stimulation also resulted in a
243 significantly higher frequency of effector memory TNFa-producing cells (p=0.0003 and 0.008)
244  and a lower frequency of central memory cells (p=0.04 and 0.02) than PC71 and MTB300

11
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245  respectively (Figure 4G). This finding suggests distinct differentiation of the CD4 memory subsets
246  in response to epitope pools representing different functional categories.

247

248  Figure 4:
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251  Figure 4. T cell responses specific for different protein categories. (A) Frequency of cytokine-
252  producing, IFNy, TNFa, and IL-2, CD4 T cells in response to PC85, PC71, and MTB300. (B)
253  Frequency of cytokine-producing, IFNy, TNFa, and IL-2, CD8+ T cells in response to PC85,
254  PC71, and MTB300. (C) Percentage pool-specific IFNy, TNFa, and IL-2 production by CD4 T
255  cells expressing each of the seven possible combinations. (D) Pie charts representing single, dual
256  and triple cytokine producing CD4 T cells. Each section of the pie chart represents a specific
257  combination of cytokines, as indicated by the color. (E-G) Proportion of CCR7+CD45RA- (central
258  memory), CCR7-CD45RA- (effector memory), CCR7+CD45RA+ (naive), and CCR7-CD45RA+
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259  (Temra) T cells for each peptide pool. E) IFNy, F) IL-2, G) TNFa. (A-C, E-G) Each point
260  represents one participant, n=10, median * interquartile range is shown. Two-tailed Mann-
261  Whitney test.

262

263  Differential T cell response against disease-specific peptide pools

264 The data above suggests that certain antigens and epitopes are differentially recognized in ATB
265  vs. healthy IGRA+ individuals. Accordingly, we next tested whether reactivity to these “ATB-
266  specific epitopes,” could differentiate individuals with ATB at diagnosis, as a cohort more relevant
267  for diagnostic purposes vs. IGRA+ and IGRA- healthy controls. Peptides that were exclusively
268  recognized by participants with ATB (mid-treatment) as compared to our previous studies in
269  IGRA+ participants were pooled into an ATB-pool (ATB116) consisting of 116 peptides (Table
270  S1). Reactivity to MTB300 was utilized as a comparator.

271 IFNy response was determined in a Sri Lankan cohort, including 24 ATB patients (recruited at
272 diagnosis), 25 IGRA+, and 43 IGRA- participants. ATB116 stimulation resulted in significantly
273 higher IFNy in patients with ATB compared to both IGRA+ and IGRA- controls (Figure 5A), with
274  63% of ATB responding compared to 8% of IGRA+ and 16% of IGRA- participants. The
275  frequency of participants responding to MTB300 was similar between the cohorts. MTB300 could
276  not discriminate between ATB and IGRA+, but showed significantly higher magnitude of
277  reactivity in IGRA+ compared to IGRA- (Figure 5A). MTB300 contains epitopes that are
278  conserved in nontuberculous mycobacteria, which have been shown to correlate with reactivity
279  observed in IGRA- participants (39). Similar results were obtained when responses were measured
280 by ICS rather than Fluorospot (Figure 5B). The IFNy, IL-2, and TNFa cytokine production was
281  determined in 9 participants with ATB (at diagnosis) and 9 IGRA- participants from Sri Lanka.
282  The frequency of IFNy and TNFa producing CD4 cells against the ATB116 was significantly
283  higher in ATB compared to IGRA- participants (Figure 5B). No differences were observed
284  between these cohorts in response to MTB300.

285 These results were independently confirmed in an independent cohort from the Republic of
286  Moldova of ATB (at diagnosis and mid-treatment), IGRA+ and IGRA- participants (household
287  contacts of an ATB index case). Similar to what was observed in the case of the Sri Lankan cohort,
288  ATBI116 stimulation resulted in a significantly higher magnitude of response in patients with ATB,
289  both at diagnosis and mid-treatment (100% responders), compared to IGRA+ and IGRA- controls
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290  (35% vs. 30% responders; Figure 5C). MTB300 did not distinguish between the different cohorts
291  (Figure 5C).

292 Next, we calculated the sensitivity and specificity for ATB116 to explore its diagnostic
293  potential. The sensitivity was calculated as the percentage of the participants with ATB responding
294  to ATBI116 out of the total ATB cohort. The specificity was calculated as the percentage of
295 IGRA+/- who did not respond to ATB116 out of the total IGRA+/- participants. ATB116
296  demonstrated a high sensitivity of 62.5% and specificity of over 80% in distinguishing ATB
297  patients from those who were IGRA+ and IGRA- in the Sri Lankan cohort. Similarly, the
298  sensitivity was 100%, and the specificity was over 60% in the Moldovan cohort differentiating
299  ATB from IGRA+ and IGRA- participants. (Table 1).

300
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302  Figure S. Cytokine response against the ATB-specific peptide pool, ATB116. (A) Magnitude
303  of response (total SFC for IFNy) against ATB116 and MTB300 in ATB (at diagnosis; n=24),
304 IGRA+ (n=25), and IGRA- (n=43) from Sri Lanka. (B) Frequency of cytokine-producing, IFNy,
305 TNFa, and IL-2, CD4 T cells in response to ATB116 and MTB300 in ATB (at diagnosis, n=9)
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306 and IGRA- (n=9) participants. (C) Magnitude of response (total SFC for IFNy) against ATB116
307 and MTB300 in ATB (at diagnosis; n=9), ATB (mid-treatment; n=12), IGRA+ (n=20), and IGRA-
308  (n=10) household contacts from Moldova. (A-C) Each dot represents one participant, median *
309 interquartile range is shown. Two-tailed Mann Whitney test. (A, C) The dashed line indicates the
310  cut-off used for a positive response (50 SFC/10° PBMCs).

311

312 Table 1. Diagnostic potential of ATB116 distinguishing patients with ATB from IGRA+ and
313  IGRA- participants.

Sensitivity (95% CI) Specificity (95% CI)

SriLanka 1D VSIGRA+ 62.5 (4271 to 78.84) > (73:03 1098.58)
ATB vs IGRA- 83.7 (70.0 to 91.8)

Moo ATBvS IGRA+ 100 45100 65 (432:8L8)
ATB vs IGRA- 70 (39.6-89.2)

314

315  Longitudinal changes in epitope reactivity

316 Finally, to investigate the changes in T cell response during treatment, we followed 7
317  participants in Sri Lanka from diagnosis to mid-treatment and end of treatment. We analyzed the
318  proportion of cytokine-producing CD4 T cells after pool stimulation. In this longitudinal cohort,
319 we observed a significant decrease in ATB116-specific IFNy responses between visit 1 (at
320  diagnosis) and visit 2 (mid-treatment) (Figure 6A). At visit 3 (end of treatment), about half the
321  cohort had a further decrease in their response, whereas in the other half the response against
322  ATBI116 increased again. The response against MTB300 did not change between visits 1 and 2
323 but was significantly decreased comparing visits 2 and 3 (Figure 6A). The ATB116-specific IL-2
324  response increased between visits 1 and 3 (Figure 6B). The response for MTB300 remained the
325  same. Finally, the ATB116-specific TNFa response showed an increase at visit 2 compared to
326  both visits 1 and 3 (Figure 6C). Again, there was no difference in the response against MTB300.
327  These results indicate that the response against ATB116 changes during treatment for ATB and is

328  differentially affected depending on the specific cytokine measured.
329
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331

332 Figure 6. Characterization of ATB116- and MTB300-specific CD4 T cell responses. A-C)
333 Frequency of cytokine-producing, [FNy (A), IL-2 (B), and TNFa (C), CD4 T cells in response to
334  ATBI116 and MTB300 in longitudinal samples from ATB patients (visit 1; at diagnosis, visit 2;
335  mid-treatment, visit 3; end of treatment, n=7). Each point represents one participant, median *

336  interquartile range is shown. Wilcoxon signed rank test.

337
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338 Discussion

339 Here, we report the first proteome-wide identification of Mrb-derived T cell epitopes in a
340  cohort of ATB patients. We have defined the epitopes from a library of over 21,000 peptides, with
341  an in-depth investigation of the antigens in TB vaccine candidates. The lack of understanding of
342  the broad range of Mtb antigens that may elicit a differential T cell response between individuals
343  with various stages of M¢b infection is a bottleneck in developing diagnostic assays and vaccines.
344  Many studies have focused on the identification of novel antigens which can be utilized for better
345  diagnostic assays and vaccine development (21,40—43). Despite many efforts, only few antigens,
346 <20, of the over 4,000 ORFs in the Mtb genome are included in subunit vaccine candidates (44—
347  48).

348 Comparing the results described here with those from our previous studies in healthy IGRA+
349  participants (22), revealed differentially recognized epitopes and antigens between ATB and
350  IGRA+ participants. This differential recognition of antigens can be explained by Mtb's expression
351  ofinfection stage-specific antigens, as previously reported (49). For instance, during Mtb infection,
352 M1 alters its metabolic state from active replication to slow or nonreplicating, accompanied by
353  changes in the gene expression profile and thus protein expression and antigens available to the
354  immune system (50). The differential expression and availability of antigens at distinct stages of
355 TB infection might exhibit distinct patterns of differentiation and restricted capacities to mediate

356  protective immunity (51).

357 The proteome-wide screen in IGRA+ participants revealed three antigenic islands that were
358  immunodominant and related to type 7 secretion systems, with secreted and secretion apparatus
359  proteins being recognized as antigens (22). Here, we found reactivity against antigens that are part
360  of the antigenic islands, albeit with a more restricted recognition of primarily secreted proteins.
361  The underlying cause of this is unclear, but it could be due to Mtb's differential expression of
362  proteins in different stages of TB infection. Our studies also highlighted a hierarchy of responses
363  for the vaccine candidate and IGRA antigens in the two cohorts, with the well-studied antigens,
364  Rv0288, Rv3875, Rv3874, and Rv1196, being the most frequently recognized. This highlights the
365  complexity of Mth-specific T cell responses and suggests the need for vaccine strategies targeting

366  many different antigens.
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367 The previous work identifying epitopes from IGRA+ participants led to the development of a
368 peptide “megapool”, MTB300, which allows for capturing diverse Mtb-specific responses
369 irrespective of the HLA alleles expressed in the population (37). Using the same multi-epitope
370  approach here, we defined a new megapool, ATB116, which contains epitopes that are not
371  included in MTB300 and have only been found to be reactive in participants with ATB.
372 Specifically, ATB116 could discriminate ATB at diagnosis and mid-treatment from control
373  participants who were IGRA+ and IGRA-, in geographically diverse cohorts from Sri Lanka and
374  Moldova. There was a higher frequency of reactivity against ATB116 in IGRA+ and IGRA-
375  controls from Moldova compared to Sri Lanka. This could be because the Moldovan cohort of
376  IGRA+/- are household contacts within 6 months of a primary ATB index case and have thus been
377  recently exposed to Mth. Furthermore, ATB116-specific reactivity in longitudinal samples from
378  patients with ATB followed from diagnosis and during treatment revealed a decreasing IFNy
379  production during treatment, suggesting that antigen expression levels change during treatment as
380 it takes effect. We have previously described a gene signature in individuals with latent TB at risk
381  of developing active TB, which overlaps with a signature from ATB (52). This gene signature
382  approach, together with ATB116-specific reactivity, may be useful for identifying individuals at
383  risk of developing active TB. Taken together, further exploration of the ATB116 pool for its
384  diagnostic potential across the spectrum of M¢b infection is warranted. Ideally, prospective studies
385  toinvestigate whether reactivity to ATB116 can predict progression to ATB. In addition, ATB116,
386  or versions thereof, may be useful as a whole blood assay in areas with high levels of IGRA

387  positivity where there is a need to selectively identify ATB.

388 We were unable to detect a functionally distinct immune response in terms of
389  multifunctionality. The majority of the responding T cells, irrespective of the functional categories,
390  produced a single cytokine, with the majority producing TNFa. Some differences were observed
391 regarding memory phenotype, where the cell wall and cell processes category had a higher
392 frequency of effector memory T cells than the other categories. This suggests that T cell responses
393  against these epitopes result in increased differentiation of the responding memory subset (53).
394  Overall, we observed that epitope-specific T cells were predominantly CD45RA-CCR7- effector
395  memory cells, followed by CD45RA- CCR7+, which agrees with previous studies in ATB patients
396  (54-57). Taken together, it has previously been shown that differentiation of T cells towards later-
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397  stage effector memory during ongoing antigen expression primarily favors the expression of IFNy
398 and/or TNFa (53,58), as observed here. Ongoing studies are investigating the ATB116- and other

399  epitope-specific T cell phenotypes and subsets in more detail, including the involvement of Th1*

400 (22,52,59,60).

401 In conclusion, this study provides a comprehensive identification and characterization of Mtb-
402  specific antigens and epitopes recognized by individuals with ATB. As a result, an active-specific
403  epitope megapool was defined, which was able to differentiate individuals with ATB from IGRA+
404  and IGRA- participants in two unrelated study populations and, therefore, could be potentially

405  useful for diagnostic development.

406
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407  Methods

408  Study approval

409 All participants provided written informed consent for participation in the study. Ethical
410  approval was obtained from the institutional review boards at La Jolla Institute for Immunology
411  (LJI; Protocol Numbers: VD-090, VD-143, VD-175), Universidad Peruana Cayetano Heredia
412  (66754), Phthisiopneumology Institute (CE-3/2018), University of California San Diego (180068),
413  and University of Colombo (EC18-122, EC15-094). Results for IGRA+ individuals from San
414  Diego, USA (Figure 2D) and the Western Cape region, South Africa (Figure 3B) are included here
415  for comparison purposes. They have been reported previously; San Diego cohort (22), and South
416  African cohort (37).

417  Study participants

418 We recruited 164 participants over 18 years of age for this study from UPCH in Peru, the
419  General Sir John Kotelawala Defense University in Sri Lanka, and the Phthisiopneumology
420  Institute in the Republic of Moldova. From Peru, 21 participants with ATB who were mid-
421  treatment (3-4 months post diagnosis) were recruited. From Sri Lanka, a cohort of patients with
422  ATB (at diagnosis, n=24), IGRA+ individuals (n=25), and IGRA- individuals (n=43) were
423  recruited. A subset of the patients with ATB (n=7) was followed longitudinally from the time of
424  diagnosis until the end of treatment. They provided blood samples at diagnosis, 2 months post-
425  diagnosis, and 6 months post-diagnosis. From Moldova, a cohort of patients with ATB (at
426  diagnosis, n=9), ATB (mid-treatment, n=12), IGRA+ individuals (n=20), and IGRA- individuals
427  (n=10) were recruited. The IGRA+ and IGRA- individuals were household contacts of a patient
428  with active TB (e.g., an “index case”’). They provided blood samples up to 6 months after the index
429  case received their ATB diagnosis.

430 Healthy participants were classified into IGRA+ (i.e., Latent TB infection) and IGRA- groups
431 based on IGRA tests (QuantiFERON-TB Gold Plus, Cellestis and/or T-spot.TB, Oxford
432  Immunotec). Individuals with ATB had symptomatic pulmonary TB, diagnosed by a positive
433  GenXpert (Cepheid, Inc.), positive sputum smear, and/or a positive culture.

434 Participants with pulmonary TB recruited in Peru were aged 18-50, had documented culture
435  confirmed TB from sputum, and were currently 3-4 months post-diagnosis of ATB. Individuals

436  with diagnosed HIV, HBV or HCV infection were excluded, as well as patients with significant
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437  systemic diseases, including, for example, diabetes, renal disease, liver disease, uncontrolled
438  hypertension, and malignancy. They provided 100 ml leukapheresis samples.

439  PBMC isolation and thawing

440 PBMCs were obtained by density gradient centrifugation (Ficoll-Hypaque, Amersham
441  Biosciences) from leukapheresis or whole blood samples, according to the manufacturer’s
442  instructions. The PBMC processing at the site in the Republic of Moldova used SepMate tubes
443  (StemCell). Cells were resuspended in FBS (Gemini Bio-Products) containing 10% DMSO (v/v,
444  Sigma) and cryopreserved in liquid nitrogen.

445 Cryopreserved PBMC were quickly thawed by incubating each cryovial at 37°C for 2 min, and
446  cells transferred to cold medium (RPMI 1640 with L-glutamin and 25 mM HEPES; Omega
447  Scientific), supplemented with 5% human AB serum (GemCell), 1% penicillin streptomycin (Life
448  Technologies), 1% glutamax (Life Technologies) and 20U/ml benzonase nuclease
449  (MilliporeSigma). Cells were centrifuged and resuspended in complete RPMI medium to
450  determine cell concentration and viability using trypan blue.

451  Peptide screening and peptide pool preparation

452 The present study screened a total of 21,220 peptides. These peptides include the same library
453  that was screened in IGRA+ participants of 20,610 Mtb peptides (2 to 10 per ORF, average 5),
454  including 1,660 variants not totally conserved amongst the selected Mtb genomes: five complete
455  Mitb genomes (CDC1551, F11, H37Ra, H37Rv and KZN 1435) and sixteen draft assemblies (22).
456  Along with these peptides, 610 peptides were also selected, which include 93 peptides that are not
457  found in Mtb but present in the Mycobacterium bovis BCG strains Mexico, Tokyo 172, and Pasteur
458  1173P2, and 517 peptides that are 15-mers overlapping by ten amino acids spanning the entire
459  sequence of 12 TB vaccine candidate and IGRA antigens. The vaccine candidates included ID93:
460  GLA-SE (Rv3619c, Rv3620c, Rv1813, and Rv2608), H1:IC31 (ESAT-6 and Ag85B), H4:1C31
461  (Ag85B, TB10.4), H56:1C31 (Ag85B, ESAT-6, and Rv2660c), M72/ASO1E (Mtb32A, PPE18),
462  and three candidates with Ag85A alone (Ad5 Ag85A, ChAdOx1-85A/MVAS5A, and MVASSA).
463  The IGRA antigens include ESAT-6, which is also a vaccine candidate antigen, and CFP10.

464 The peptides were synthesized as crude material on a small (1mg) scale by Mimotopes
465  (Australia). The peptides were solubilized using DMSO at a concentration of 20mg/ml. The
466  peptides were pooled into peptide pools. The previous peptide library was pooled into 1036 peptide
467  pools of about 20 peptides each (average 19.9 + 0.5). The 93 non-Mtb peptides were pooled into 5
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468  peptide pools. The 15-mer peptides overlapping by 10 amino acids spanning the TB vaccine
469  candidate and IGRA antigens were pooled into 26 peptide pools. Thus, from the 21,220 total
470  peptides, a total of 1,067 peptide pools were made.

471 Individual peptides were mixed in equal amounts after being dissolved in DMSO for the
472  megapools (PC85,PC71, ATB116,and MTB300), as described previously (37). Each peptide pool
473  was then placed in a lyophilizing flask and subjected to lyophilization for 24 hours. The resulting
474  semi-solid product was dissolved in water, frozen, and lyophilized again until only solid product
475  remained. This process was repeated several times until only solid product remained after
476  lyophilization. Finally, the peptide pool was re-suspended in DMSO at a higher concentration per
477  peptide (0.7 mg/ml per peptide) than before lyophilization, to reduce the concentration of DMSO
478  in the assays.

479  Ex vivo IFNy and IL-17 fluorospot assay

480 IFNy and IL-17 production was measured by a Fluorospot assay with all antibodies and
481  reagents from Mabtech (Nacka Strand, Sweden). Plates were coated overnight at 4°C with an
482  antibody mixture containing mouse anti-human [FNy (clone 1-D1K) and mouse anti-human IL-17
483  (clone MT44.6). Briefly, 2x10° PBMCs were added to each well of pre-coated Immobilion-FL
484  PVDF 96-well plate in the presence of peptide pools at a concentration of 2ug/ml, individual
485  peptides at Spug/ml, PHA at 10ug/ml (positive control) and media containing DMSO (amount
486  corresponding to percent DMSO in the pools/peptides, as a negative control). Plates were
487  incubated at 37°C in a humidified CO2 incubator for 20-24 hours. All conditions were tested in
488 triplicate, except the negative control, which was tested in six individual wells. After incubation,
489  plates were developed according to the manufacturer’s instructions. Briefly, cells were removed
490 and wells were washed with PBS/0.05% Tween 20 using an automated plate washer. After
491  washing, an antibody mixture containing anti-IFNy (7-B6-1-FS-BAM) and anti-IL-17 (MT504-
492  WASP) prepared in PBS with 0.1% BSA was added to each well and plates were incubated for 2
493 hours at room temperature. The plates were again washed and incubated with diluted fluorophore-
494  conjugated anti-BAM-490 and anti-WASP-640 antibody for 1 hour at room temperature. Finally
495  the plates were washed and incubated with a fluorescence enhancer for 15 min, blotted dry and

496  fluorescent spots were counted by computer assisted image analysis (IRIS Fluorospot reader,

497  Mabtech, Sweden).
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498 Each pool or peptide was considered positive compared to the background that had an
499  equivalent amount of DMSO based on the following criteria: (i) 20 or more spot-forming cells
500  (SFC) per 10° PBMC after background subtraction, (ii) a greater than 2-fold increase compared to
501  the background, and (iii) p<0.05 by student’s t-test or Poisson distribution test when comparing
502  the peptide or pool triplicates with the negative control. The response frequency was calculated by
503  dividing the number of participants responding by the no. of participants tested. The magnitude of
504  response (total SFC) was calculated by summation of SFC from responding participants.

505 Intracellular cytokine staining assay

506 PBMC at 1x10° per condition were stimulated with peptide pools (2pug/ml) for 18-20h in
507  complete RPMI medium at 37°C with 5% CO,. PBMCs incubated with DMSO at the percentage

508 corresponding to the amount in the peptide pools were used as a negative control to assess
509  nonspecific or background cytokine production, and anti-CD3/CD28 (1pg/ml; OKT3 and CD28.2)
510  stimulation was used as a positive control. For Chemokine receptor staining, antibodies were added
511  during the stimulation. After 18 hours, 2.5ug/ml each of BFA and monensin was added for an
512 additional 5h at 37°C. Cells were then harvested and incubated in a blocking buffer containing
513 10%FBS and 1pg/mL Human Fc block (BD Biosciences, USA) for 20 minutes at 4°C. Next, cells
514  were stained using fixable live/dead stain for 20 minutes at room temperature and then stained
515  with surface-expressed antibodies (Table S2) diluted in FACS buffer and 1X Brilliant Stain Buffer
516  (BD Biosciences, USA) for 20 minutes at room temperature. Cells were permeabilized and fixed
517  for intracellular cytokine staining using cytoperm fixation buffer (Biolegend) for 20 minutes at
518  room temperature. After incubation, cells were stained for cytokines (IFNy, IL-2 and TNFa) for
519 20 minutes at room temperature. Samples were acquired on a ZES5 cell analyzer (BioRad).
520  Frequencies of CD4 or CD8 T cells responding to each peptide pool were quantified by
521  determining the total number of gated CD4 or CDS and cytokine-producing cells and background
522  values subtracted (as determined from the negative control) using FlowJo X Software.
523  Combinations of cytokine-producing cells were determined using Boolean gating. The lower limit
524  of detection for the frequency of cytokine-producing CD4 T cells after background subtraction
525  was set to 0.0001%.

526  Statistical analysis

527 Statistical analyses were performed using GraphPad Prism software (GraphPad Software, Inc.,

528  San Diego, CA, USA, version 9.2). Data is shown as median with interquartile range. Non-
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529  parametric test was applied after checking for normality. A two-tailed Mann-Whitney U test was
530 used for comparison between two groups. Wilcoxon signed-rank tests were used for the
531  comparison of cytokine-producing cells in longitudinal samples from ATB patients. p value <0.05
532 was considered significant.

533

534
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