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Abstract 26 

In some instances, unsuppressed HIV has been associated with severe COVID-19 27 

disease, but the mechanisms underpinning this susceptibility are still unclear. Here, 28 

we assessed the impact of HIV infection on the quality and epitope specificity of 29 

SARS-CoV-2 T cell responses in the first wave and second wave of the COVID-19 30 

epidemic in South Africa. Flow cytometry was used to measure T cell responses 31 

following PBMC stimulation with SARS-CoV-2 peptide pools. Culture expansion was 32 

used to determine T cell immunodominance hierarchies and to assess potential 33 

SARS-CoV-2 escape from T cell recognition. HIV-seronegative individuals had 34 

significantly greater  CD4+T cell responses against the Spike protein compared to 35 

the viremic PLWH. Absolute CD4 count correlated positively with SARS-CoV-2 36 

specific CD4+ and CD8+ T cell responses (CD4 r= 0.5, p=0.03; CD8 r=0.5, p=0.001), 37 

whereas T cell activation was negatively correlated with CD4+ T cell responses (CD4 38 

r= −0.7, p=0.04). There was diminished T cell cross-recognition between the two 39 

waves, which was more pronounced in individuals with unsuppressed HIV infection. 40 

Importantly, we identify four mutations in the Beta variant that resulted in abrogation 41 

of T cell recognition. Together, we show that unsuppressed HIV infection markedly 42 

impairs T cell responses to SARS-Cov-2 infection and diminishes T cell cross-43 

recognition. These findings may partly explain the increased susceptibility of PLWH 44 

to severe COVID-19 and also highlights their vulnerability to emerging SARS-CoV-2 45 

variants of concern.  46 

Word count: 232 47 

One sentence summary: Unsuppressed HIV infection is associated with muted 48 

SARS-CoV-2 T cell responses and poorer recognition of the Beta variant. 49 

 50 



Introduction 51 

Despite measures to contain the spread of SARS-CoV-2 infection, the pandemic is 52 

persisting, with a devastating impact on healthcare systems and the world economy 53 

(1). The research community rapidly mobilized and developed vaccines and 54 

therapeutics at unprecedented speed (2, 3). COVID-19 vaccines have prevented 55 

serious illness and death and have in some cases interrupted chains of transmission 56 

at community level (4). However, the COVID-19 pandemic remains a major concern 57 

in Africa due to dismal vaccine coverage (5) and the emergence of variants of 58 

concern that may be more transmissible, cause more severe illness, or have the 59 

potential to evade immunity from prior infection or vaccination (6).  60 

 61 

The interaction of HIV-1 infection, common in sub-Saharan Africa, (7), with COVID-62 

19 remains understudied.  Initial small studies reported that PLWH had similar or 63 

better COVID-19 outcomes (8, 9). Larger epidemiological studies have demonstrated 64 

increased hospitalization and higher rates of COVID-19-related deaths among 65 

PLWH compared with HIV negative individuals (10-13). Other studies have linked  66 

HIV mediated CD4⁺ T cell depletion to suboptimal T cell and humoral immune 67 

responses to SARS-CoV-2 (14). A recent study showed prolonged shedding of high 68 

titre SARS-CoV-2 and emergence of multiple mutations in an individual with 69 

advanced HIV and antiretroviral treatment (ART) failure (15).  70 

 71 

Although B cells have repeatedly been shown to play a pivotal role in immune 72 

protection against SARS-CoV-2 infection and antibody responses and are typically 73 

used to evaluate immune responses to currently licensed COVID-19 vaccines (16, 74 

17), mounting evidence suggest that T cell responses are equally important. For 75 



instance, strong SARS-CoV-2-specific T cell responses are associated with milder 76 

disease (14, 18-21). Moreover, T cell responses can confer protection even in the 77 

absence of humoral responses, given that, patients with inherited B cell deficiencies 78 

or hematological malignancies are able to fully recover from SARS-CoV-2 infection 79 

(22). In some instances, COVID-19 disease severity has been attributed to poor 80 

SARS-CoV-2-specific CD4⁺ T cell polyfunctionality potential, reduced proliferation 81 

capacity and enhanced HLA-DR expression (14). Importantly, a recent study 82 

identified nonsynonymous mutations in known MHC-1-restricted CD8+ T cell 83 

epitopes following deep sequencing of SARS-CoV-2 viral isolates from patients, 84 

demonstrating the capacity of SARS-CoV-2 to escape from CTL recognition (23). 85 

Regarding vaccine induced T cell responses, it was recently shown that mRNA 86 

vaccines can stimulate Th1 and Th2 CD4+ T cell responses that correlate with post-87 

boost CD8+ T cell responses and neutralizing antibodies (24). The cited examples 88 

herein, highlight the need to gain more insight into T cell mediated protection against 89 

COVID-19 (25).  90 

 91 

This study used a cohort of PLWH and HIV-seronegative individuals diagnosed with 92 

COVID-19 during the first wave dominated by the wildtype D614G virus (26), and the 93 

second wave dominated by the Beta variant. PBMCs were used to determine the 94 

impact of HIV infection on SARS-CoV-2 specific T cell responses and to assess T 95 

cell cross-recognition. Our data showed impaired SARS-CoV-2 specific T cell 96 

responses in individuals with unsuppressed HIV infection and highlighted poor 97 

cellular cross-recognition between variants, which was more pronounced than those 98 

with unsuppressed HIV. The muted responses in unsuppressed HIV infection may 99 

be attributable to low absolute CD4 count and immune activation. Importantly, we 100 



identified mutations in the Beta variant that could potentially reduce T cell 101 

recognition. Together, these data highlight the need to  ensure uninterrupted access 102 

to ART for PLWH during the COVID-19 pandemic.  103 

 104 

Results 105 

Study participants were drawn from a longitudinal observational cohort study that 106 

enrolled and tracked patients with a positive COVID-19 qPCR test presenting at 107 

three hospitals in the greater Durban area. Study participants were recruited into this 108 

study based on HIV status and sample availability. They include twenty-five 109 

participants recruited during the first wave (wild type, wt) of the pandemic in 110 

KwaZulu-Natal from June to December 2020 (27). Twenty-three second wave (Beta 111 

variant) participants were recruited from January to June 2021. All study participants 112 

were unvaccinated because the COVID-19 vaccine was not readily available in 113 

South Africa at the time. Study participants were stratified into three groups, namely 114 

HIV-seronegative (HIV neg), People living with HIV (PLWH) with viral load below 50 115 

copies/ml, here termed (suppressed) and PLWH with detectable viral load of ≥1000 116 

copies/ml (viremic). Study participants included HIV-seronegative (HIV neg) (n= 17). 117 

PLWH (n=31) were subdivided into suppressed (n=17) and viremic (n=14). The male 118 

to female ratio and age distribution were comparable between PLWH and HIV-119 

seronegative groups (Table 1). The median CD4 count for PLWH (suppressed 661 120 

and viremic 301) (p=0.0002, Table 1). Study participants had predominantly mild 121 

Covid19 disease that did not require supplemental oxygen or ventilation (Table 1).  122 

 123 

Unsuppressed HIV infection is associated with altered SARS-CoV-2 specific 124 

CD4+ and CD8+ T cell responses. 125 



Immunity to SARS-CoV-2 typically induces robust T cell responses, but the impact of 126 

HIV infection on these responses has not been fully elucidated (22, 28, 29). Thus, 127 

we sought to determine the impact of HIV infection on SARS-CoV-2-specific CD4+ 128 

and CD8+ T cell responses. PBMCs were stimulated with PepTivater 15 mer 129 

megapools purchased from Miltenyi Biotec. The pools contained predicted CD4 and 130 

CD8 epitopes spanning the entire Spike coding sequence (aa5-1273). Intracellular 131 

cytokine staining of peptide stimulated PBMCs was followed by  flowcytometric 132 

analyses described in the methods section. The samples used for these analyses 133 

were collected between two to four weeks after COVID-19 PCR positive diagnosis. 134 

The time points were selected based on longitudinal T cell analysis that showed 135 

SARS-CoV-2 specific T cell responses peaked between 14 to 30 days after PCR 136 

positive diagnosis (data not shown), consistent with other studies (30, 31). 137 

Representative flow plots for each group and aggregate data show viremic PLWH 138 

had significantly lower frequencies of SARS-CoV-2 specific IFN-γ/TNF-α-producing 139 

CD4+ T cells compared to suppressed PLWH (p=0.002) and HIV-seronegative 140 

individuals (p=0.0006) (Figure 1B). There was no significant difference in SARS-141 

CoV-2 specific IFN-γ/TNF-α-producing CD8+ T cells among the groups (Figure 1B), 142 

and no significant differences in SARS-CoV-2 specific CD4+ or CD8+ T cell 143 

frequencies was observed between the suppressed PLWH and HIV seronegative 144 

individuals (Figure 1B). 145 

 146 

Simultaneous production of cytokines, commonly referred to as polyfunctionality, 147 

which is regarded as a measure of the quality of the T cell response, has been 148 

shown to correlate with viral control (32). Thus, we evaluated the quality of the CD4+ 149 

and CD8+ T cell responses among the groups by enumerating cells producing three 150 



(IFN-γ, TNF-α and IL-2) cytokines in various combinations. Consistent with dual IFN-151 

γ, TNF-α cytokine secretion data (Fig 1B), the patterns of cytokine production of HIV-152 

seronegative was mostly similar to HIV suppressed individuals (pie charts: Figure 1C 153 

and D). Analysis of single cytokine production revealed that HIV-seronegative 154 

individuals and suppressed PLWH predominantly produced IFN-γ responses (Green 155 

sectors of the pie chart. Figure 1C and D) whereas, viremic PLWH predominantly 156 

produced TNF-α responses for both CD4+ and CD8+ T cells (Magenta sectors of the 157 

pie chart. Figure 1C and D). Cells co-producing all three cytokines were very rare 158 

regardless of HIV status (Red sectors of the pie chart, Figure 1C and D).  159 

Nonetheless, HIV-seronegative had greater frequencies of dual cytokine secreting 160 

cells compared to viremic PLWH (p= 0.0330 for CD4 Figure 1C. p=0.0330 for CD8 161 

Figure1D). Together,  the data shows that uncontrolled HIV infection lowers the 162 

magnitude and alters the quality of SARS-CoV-2 T cell responses. Importantly, 163 

complete plasma HIV suppression preserves the capacity to mount high magnitude, 164 

dual-functional SARS-CoV-2 specific T cell responses. 165 

 166 

T cell responses against the major SARS-CoV-2 structural proteins  167 

Having observed differences in magnitude and quality of  SARS-CoV-2 spike specific 168 

T responses, we next measured responses directed against major structural 169 

proteins, the nucleocapsid (N), the membrane (M) and Spike (S), again using 170 

PepTivater peptide pools from Miltenyi biotec. Our data show all three major SARS-171 

CoV-2 proteins are targeted by SARS-CoV-2 specific CD4+ and CD8+ T cells (Figure 172 

2A, B), with a preponderance for greater S specific CD8+T cell responses relative to 173 

M (Figure 2A). These data suggest that most SARS-CoV-2 structural proteins can be 174 

targeted by T cells, consistent with previous reports (33). 175 



 176 

Uncontrolled HIV infection abrogates SARS-CoV-2 T cell cross-recognition 177 

between wild type D614G and Beta variant. 178 

To evaluate the impact of uncontrolled HIV infection on cross reactive T cell 179 

responses between wt and the Beta variant, we compared the breadth of responses 180 

and the ability to cross-recognize SARS-CoV-2 Beta variant peptides among the 181 

three study groups. These studies were conducted using two sets of 15mer 182 

overlapping peptides (OLP). Set 1 was comprised of 16 wild type (wt) peptides, 183 

spanning the receptor binding domain (RBD) and non RBD regions of spike (S) that 184 

are known hotspots for mutations (34). Set 2 consisted of corresponding peptides 185 

that included all the major mutations that define the Beta variant lineage (35).  A 186 

detailed description of the peptides is contained in Supplementary file 1.  187 

 188 

We first sought to determine cross reactivity of SARS-CoV-2 specific CD4+ and CD8+ 189 

T cells induced following infection with the wild type (D614G, Wave 1) and Beta 190 

variant (Wave 2), between each other. We found that wave 1 donors had 191 

significantly lower CD8+ (p=0.0312) and CD4+ T cell responses (p=0.0078) to Beta 192 

variant relative to corresponding wt responses (Figure 3A). Wave 2 donors had no 193 

significant differences in T cells responses to Beta and wt (Figure 3B). Using a 12 194 

days cultured stimulation assay, we were able to massively expand the magnitude of 195 

SARS-CoV-2 specific CD4+ and CD8+ T cells (Figure 3C) and (Figure 3-figure 196 

supplement 1), and this allowed us to hone in on single peptide responses (Table 197 

supplement 1). Representative data for a wave 1 donor shows three CD8+ and two 198 

CD4+ wt responses (red circles), that did not cross-recognize corresponding Beta 199 

variants (blue bars) (Figure 3D). Contrariwise, a representative wave 2 donor had 200 



one CD8+ and one CD4+T cell response to the Beta variant that did not cross-react 201 

to the wt version of the peptide (Figure 3E). Intra-donor comparison revealed 202 

significantly more CD8+ (p=0.0156) and CD4+ T cell responses (p=0.0312) to wt 203 

peptides compared to the corresponding Beta variant peptides in wave 1 donors 204 

(Figure 3F). Conversely, unlike the ex vivo data (Figure 3B), wave 2 donors had 205 

significantly more CD8+ T cell responses to Beta variant peptides relative to wt 206 

peptides (p=0.0312), and a trend towards increased CD4+ T cells against Beta 207 

peptides (p=0.0625), highlighting the increased sensitivity of expanded cells (Figure 208 

3G). Together, these data show poor cross-recognition of wt and Beta variant 209 

epitopes.  210 

 211 

We then assessed the impact of HIV infection on cross recognition of wt and Beta 212 

variant epitopes. Representative data for an HIV-seronegative individual from the 213 

first wave had 6 wt and 5 Beta variant CD8+ T cell responses, one was cross-214 

recognized (circled) (Figure 4A). The same individual had 5 wt and 5 Beta variant 215 

CD4+ T responses, 1 was cross-recognized (Figure 4B). Similarly, a representative 216 

suppressed wave 1 donor had 5 wt and 2 Beta variant CD8+ T cell responses one of 217 

which was cross recognized (Figure 4C). This same donor had 6 wt and zero Beta 218 

variant CD4+ T cell responses (Figure 4D). A representative viremic individual had 4 219 

weak wt CD8+ T cell responses and 3 borderline CD4 responses, none of which 220 

were cross-recognized (Figure 4E & 4F). Summary data showed viremic PLWH had 221 

significantly narrow breadth of SARS-CoV-2 specific CD8+  (p=0.039) and CD4+ T 222 

cell responses (p=0.033) compared to suppressed PLWH and HIV seronegative 223 

individuals (Figure 4G & 4H). Collectively, these data show that SARS-CoV-2 224 



specific T cell responses in viremic PLWH have limited breadth and subsequently 225 

poor cross-recognition potential. 226 

 227 

Identification of mutations in the Beta variant that are associated with reduced 228 

cross-recognition   229 

Having shown poor T cell cross-recognition of SARS-CoV-2 epitopes between wt 230 

and Beta variant, we next sought to identify mutations that might be responsible for 231 

the loss of recognition. We combined all the T cell data for the 12  (4 HIV negatives, 232 

4 suppressed and 4 viremics) donors used for cultured epitope screening studies. All 233 

the samples were culturally expanded using wt peptides from the first wave. This 234 

analysis identified four Beta variant peptides (listed in Table 2) that had significant 235 

reduction in CD8+ T cell recognition relative to wt peptides (Figure 5A). Three of 236 

these peptides were also poorly recognized by CD4+ T cells (Figure 5B). The amino 237 

acid sequences for wt and corresponding mutations include the E484K mutation, a 238 

key Beta variant spike residual change  also associated with loss antibody binding 239 

(36). Together, these data identified mutations in the Beta variant that may abrogate 240 

T cell recognition, suggesting that they may be potential T cell escape mutations and 241 

warrant further investigation. 242 

 243 

Immunodominance hierarchy of SARS-CoV-2 CD8+ and CD4+ T cell responses 244 

targeting the spike protein. 245 

Virus specific CD8+ and CD4+ T cells typically target viral epitopes in a distinct 246 

hierarchical order (37, 38). Identifying SARS-CoV-2 epitopes that are most frequently 247 

targeted by T cells is important for the design of vaccines that can induce protective 248 

T cell responses. To determine the immunodominance hierarchy of SAR-CoV-2  249 



specific T cell responses targeting the spike protein, OLPs were ranked based on 250 

magnitude and frequency of recognition. This analysis revealed the most  251 

immunodominant wt peptides targeted by CD8+ T cell responses (Figure 6A). The 252 

Beta variant resulted in dramatic shift in the immunodominance hierarchy whereby, 3 253 

of 5 most dominant wt CD8+ T cell responses (Figure 6A), their Beta variant versions 254 

were subdominant (downward arrows) (Figure 6B).  Contrariwise, 3 subdominant wt 255 

responses were among the most dominant Beta variant responses (upward arrows) 256 

(Figure 6B). A similar trend was observed for CD4+ T cell responses (Figure 6C and 257 

6D). These data demonstrated a shift in the immunodominant hierarchy between wt 258 

and Beta variant responses, which partly explains poor T cell cross-recognition 259 

between successive SARS-CoV-2 variants. 260 

 261 

The impact of HIV markers of diseases progression on SARS-CoV-2 specific T 262 

cell responses 263 

To gain more insight into why viremic PLWH responded poorly to SARS-CoV-2 264 

infection, we investigated if T cell activation defined here as co-expression of CD38 265 

and HLA-DR, absolute CD4 count and plasma viral load, impacted immune 266 

responses (39).  The proportion of activated (CD38/HLA-DR) CD4+ T cells was 267 

higher in viremic PLWH compared to suppressed (p=0.02) and HIV seronegative 268 

individuals (p=0.002) (Figure 7A). Moreover, proportion of activated (CD38/HLA-DR) 269 

CD4+ T cells among viremic PLWH negatively correlated with absolute CD4 counts 270 

(r=–0.7, p=0.04: Figure 7B), and positively correlated with HIV plasma viral loads 271 

(r=0.9, p=0.0004: Figure 7C). Similarly, proportion of activated (CD38/HLA-DR) 272 

CD8+ T  cells were significantly higher in viremic PLWH relative to suppressed 273 

PLWH (p=0.04) and HIV seronegative individuals (p=0.0008; Figure 7D). The 274 



negative relationship between proportion of activated (CD38/HLA-DR) CD8+ T cells 275 

and CD4 counts did not reach statistical significance (Figure 7E), but proportion of 276 

activated (CD38/HLA-DR) CD8+ T cells were positively correlated with HIV plasma 277 

viral loads among viremic PLWH (r=0.8, p=0.0006; Figure 7F).  278 

Together, these data suggest that hyper immune activation driven by uncontrolled 279 

HIV infection impacts CD4+ and CD8+ T cell responses.  280 

 281 

Finally, we interrogated the relationship between SARS-CoV-2 specific responses 282 

and disease severity, stratified into asymptomatic, mild and severe disease requiring 283 

oxygen supplementation, as previously defined (27). We found no significant 284 

differences between the magnitude of CD4+ or CD8+ T cell responses and diseases 285 

severity among the groups (Figure 7- figure supplement 2A, B). We next, examined 286 

sex differences and found no difference in CD4+ and CD8+T cell responses to SARS-287 

CoV-2 infection (Figure 7- figure supplement 2C, D). Age is a risk factor for severe 288 

COVID-19 (5), thus, we examined the relationship between age and T cell 289 

responses.  There was a negative relationship between age and magnitude of CD8+ 290 

T cell responses (CD8 r=-0.6, p=0.002) ( Figure 7- figure supplement 2E), and a 291 

similar trend for  CD4+ T cell responses (CD4 r=-0.3, p=0.15) (Figure 7- figure 292 

supplement 2F).  These data show that younger people had greater responses 293 

compared to older people whereas, diseases severity and sex did not have 294 

discernible effect on SARS-CoV-2 T cell responses. 295 

 296 

Discussion 297 

The greater burden of HIV in sub-Saharan Africa, makes investigating the impact of 298 

HIV infection on COVID-19 immunity and disease outcomes critical for bringing the 299 



epidemic under control in the region. Recent studies have documented strong 300 

cellular responses following SARS-CoV-2 infection and vaccination, but the effects of 301 

HIV on SARS-CoV-2 specific T cell responses is not well characterized. Here, we 302 

investigated the antigen-specific CD4+ and CD8+ T cell responses in a cohort of 303 

SARS-CoV-2- infected individuals with and without HIV infection. Our results show 304 

that unsuppressed HIV infection is associated with reduced cellular responses to 305 

SARS-CoV-2 infection. We also show that low absolute CD4 count, and hyper 306 

immune activation are associated with diminution of SARS-CoV-2 specific T cell 307 

responses. Importantly, we identify spike mutations in the Beta variant that abrogate 308 

recognition by memory T cells raised against wt epitopes. Similarly, immune 309 

responses targeting Beta variant epitopes poorly cross recognize corresponding wt 310 

epitopes. These data reveal the potential for emerging SARS-CoV-2 variants to 311 

escape T cell recognition.  Importantly, our data highlight the potential for 312 

unsuppressed HIV infection to attenuate vaccine induced T cell immunity. 313 

 314 

HIV induced immune dysregulation is well documented (40). Unsuppressed HIV 315 

infection is associated with profound dysfunction of virus-specific T cell immunity 316 

partly caused by immune activation (40, 41). Recent studies have reported strong 317 

association between unsuppressed HIV infection and poor COVID disease 318 

outcomes, for instance a large cross-section study found a link between severe HIV 319 

disease and poor COVID-19 outcomes including COVID-19 associated death (42). 320 

This study showed that individuals with unsuppressed HIV infection mount weak 321 

responses to SARS-CoV-2 infection and poorly recognize SARS-CoV-2 Beta variant 322 

mutations. We also examined several mechanisms by which unsuppressed HIV can 323 

impact SARS-CoV-2 specific T cell responses and found that HIV induced immune 324 



defects such as low CD4+ T cell counts, higher HIV plasma viral loads and elevated 325 

immune activation were invariably associated with diminished SARS-CoV-2 326 

responses. These findings are consistent with several recent reports, such as a case 327 

of one HIV positive patient with low CD4 count that had prolonged CIVID-19 disease 328 

(43). The ability of unsuppressed HIV to cause severe immune activation was also 329 

recently documented by others (44, 45). Together, these data suggest that HIV 330 

induced immune dysregulation negatively impacts the potential to mount robust T 331 

cell responses to SARS-CoV-2 infection.  332 

 333 

Furthermore, although ART mediated HIV suppression rarely results in complete 334 

immune reconstitution (46), sustained complete plasma HIV suppression was 335 

associated with robust SARS-CoV-2 responses that were mostly similar in 336 

magnitude and quality to responses mounted by HIV-seronegative individuals. Given 337 

reduced levels of CD38 and HLA-DR dual positive cells and near normal absolute 338 

CD4 counts in suppressed individuals, it is reasonable to speculate that reduced 339 

immune activation and superior CD4+ T helper function were partly responsible for 340 

improved immune responses in suppressed individuals.  341 

 342 

The emergence of several SARS-CoV-2 variants with mutations in the viral Spike (S) 343 

protein such as mutations in the receptor binding domain (RBD), N-terminal domain 344 

(NTD), and furin cleavage site region (47) continue to fuel the epidemic. These 345 

mutations have been shown to directly affect ACE2 receptor binding affinity, 346 

infectivity, viral load, and transmissibility (47-49). The variants of concern identified 347 

since the start of the COVID-19 pandemic include the Alpha (50), Beta (51), Gamma 348 

(52), and Delta (53) and now the Omicron variant. Most of these have been shown to 349 



attenuate neutralization but the impact of these mutations on T cell responses has 350 

not been extensively explored (54). However, a recent report demonstrating the 351 

potential for SARS-CoV-2 to evade cytolytic T lymphocyte (CTL) surveillance, 352 

highlight the need for more investigations regarding the potential CTL driven immune 353 

pressure to shape emerging variants (23). To this end, our study provides new 354 

evidence that SARS-CoV-2 has the potential to evade T cell recognition. Moreover, 355 

our data suggest that spike mutations in the Beta variant that were associated with 356 

antibody escape may also escape T cell recognition.  357 

 358 

Southern Africa, has had at least four epidemic waves of COVID-19. The first was a 359 

mixture of SARS-CoV-2 lineages (with D614G), the second wave was driven by the 360 

Beta variant (55) and the third by the Delta variant (56). The fourth wave dominated 361 

by the highly mutated Omicron variant (57, 58).  Intriguingly, there was some 362 

evidence that PLWH in South Africa had increased disease severity in the second 363 

wave compared to the first wave (27). The precise mechanisms responsible for 364 

increased severity are not fully understood, but low CD4+ T cell counts and high 365 

neutrophil to lymphocyte ratio (NLR) showed strong association with disease severity 366 

(27). Our data suggest that diminished T cell responses to the Beta variant even in 367 

previously exposed individuals may have contributed to severe disease in the 368 

second wave.  369 

 370 

Here we report poor cross-recognition of the Beta variant by individuals infected with 371 

wt and vice versa, which was exacerbated by unsuppressed HIV infection. However, 372 

others have reported better cross-recognition between variants and vaccines. 373 

Possible explanation for the apparent discrepancy include, 1) unlike other studies 374 



that compared responses to the entire spike protein using peptide pools to stimulate 375 

cells (31, 59), our cross-recognition studies focused on head-to-head comparisons of 376 

single wt peptides with corresponding variants peptides containing a lineage defining 377 

mutation; (31) We may have picked up fewer cross-reactive responses because we 378 

used dual section of IFN-γ and TNF-α as a readout for antigen-specific responses, 379 

which is more stringent than single cytokine producing cells; 3) we used cultured 380 

expansions prior to ICS assays which amplifies the response several folds above 381 

background and therefore more specific. In fact, our ex vivo cross-recognition data 382 

are comparable to other studies which also showed diminution of responses across 383 

variants (31). Future studies should apply our cultured expansion and the dual 384 

cytokine secretion readout to assess cross-recognition among other variants and 385 

different vaccine regimens.   386 

 387 

Although, we repeatedly showed robust in vitro T cell expansion following ex vivo 388 

peptide stimulation but limited expansion against mutant versions of the peptides, 389 

there is need to identify optimal peptides that were targeted by CD8+ and CD4+ T 390 

cells in the context of restricting MHC class I and II alleles. SARS-CoV-2 responses 391 

are generally very broad (29), thus, it is not clear from these studies how loss of T 392 

cell cross recognition in Spike affects the overall protective immunity. Furthermore, 393 

investigating if the observed poor T cell cross-recognition between wave 1 and wave 394 

2 is generalizable to the Delta and the Omicron variants is clearly warranted. 395 

Importantly, our data raises the question of whether CTL selection pressure plays a 396 

significant role in shaping emerging variants. This concept should be investigated 397 

using larger longitudinal studies with longer durations of follow-up. 398 

 399 



Previous work in this cohort examined the relationship T cell and B cell responses 400 

and found a positive association between CD8+ T cells frequency and several CD19 401 

B cell subsets, which was attenuated in PLWH (27), suggesting that both arms of the 402 

immune system are impacted by HIV/SARS-CoV-2 coinfection. However, the current 403 

study did not examine this relationship at antigen-specific level due to sample 404 

limitations.  Future work is required to understand relationship between T cell and 405 

humoral immunity and the impact of unsuppressed HIV infection on long term 406 

protection.  407 

 408 

In conclusion, we show that uncontrolled HIV infection is associated with low 409 

magnitude, reduced polyfunctionality and diminished cross-recognition of SARS-410 

CoV-2 specific CD4+ and CD8+ T cell responses. Importantly, fully suppressed 411 

PLWH had comparable SARS-CoV-2 specific T cell responses with HIV-412 

seronegative individuals. These findings may partly explain high propensity for 413 

severe COVID-19 among PLWH and also highlights their vulnerability to emerging 414 

SARS-CoV-2 variants of concern, especially those with uncontrolled HIV infection. 415 

Hence, there is need to ensure uninterrupted access to ART for PLWH during the 416 

COVID-19 pandemic.  417 

 418 



MATERIALS AND METHODS 419 

Ethical Declaration: The study protocol was approved by the University of 420 

KwaZulu-Natal Biomedical Research Ethics Committee (BREC) (approval 421 

BREC/00001275/2020). Consenting adult patients (>18 years old) presenting at King 422 

Edward VIII, Inkosi Albert Luthuli Central Hospital, and Clairwood Hospital in Durban, 423 

South Africa, between 29 July to August November 2021  with PCR confirmed 424 

SARS-CoV-2 infection were enrolled into the study. 425 

 426 
 427 
Sample collection and laboratory testing 428 

Blood samples used in this study were collected between one to three weeks after 429 

COVID-19 PCR positive diagnosis. HIV testing was done using a rapid test and viral 430 

load quantification was performed from a 4ml EDTA by a commercial lab (Molecular 431 

Diagnostic Services, Durban, South Africa) using the Real Time HIV negative1 viral 432 

load test on an Abbott machine. CD4 counts were performed by a commercial lab 433 

(Ampath, Durban, South Africa). PLWH were categorised into suppressed and 434 

unsuppressed based on viral load measurements of <50 and > 1000 copies/ml 435 

respectively, at the time of sample collection. 436 

 437 
 438 

T lymphocyte phenotyping 439 

Peripheral blood mononuclear cells (PBMCs) were isolated from blood samples by 440 

density gradient method and cryopreserved in liquid nitrogen as previously described 441 

(Karim et al., 2020). Frozen PBMCs were thawed, rested, and stimulated for 14 442 

hours at 37 oC, 5% CO2 with either staphylococcal enterotoxin B (SEB, 0.5 µg/ml), 443 

SARS-CoV-2 wild type peptide pool (8 ug/ml), 501Y.V2 variant peptide pool (4 444 

ug/ml), or the Control Spike peptide pool (Miltenyi, Bergisch Gladbach, Germany, 2 445 



ug/ml). Brefeldin A (Biolegend, California, United States) and CD28/CD49d (BD 446 

Biosciences, Franklin Lakes, New Jersey, United States) were also added ahead of 447 

the 14-hour incubation at 5 and 1 ug, respectively. The cells were stained with an 448 

antibody cocktail containing: Live/Dead fixable aqua dead cell stain, anti-CD3 PE-449 

CF594 (BD), anti-CD4 Brilliant Violet (BV) 650, anti-CD8 BV 786 (BD), anti-CD38 450 

Alexa Fluor (AF) 700 (BD), anti-human leukocyte antigen (HLA) – DR 451 

Allophycocyanin (APC) Cy 7 (BD), and anti-programmed cell death protein 1 (PD) 452 

BV 421 (BD). After a 20-minute incubation at room temperature, the cells were 453 

washed, fixed, and permeabilized using the BD Cytofix/Cytoperm fixation 454 

permeabilization kit. Thereafter, the cells were stained for 40 minutes at room 455 

temperature with an intracellular antibody cocktail containing: anti-IFN-γ BV 711 456 

(BD), anti-IL-2 PE (BD), and anti-TNF-α PE-Cy 7 (BD). Finally, the cells were 457 

washed and acquired on an LSR Fortessa and analysed on FlowJo v10.7.2. 458 

Differences between groups were considered to be significant at a P-value of <0.05. 459 

Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software, 460 

Inc., San Diego, CA). 461 

 462 

Ex-vivo Cultured expansion of SARS-COV-2 specific T cells 463 

PBMCs at a concentration of 2 million cells per well in a 24-well plate in R10 medium 464 

were stimulated with 10 μg/ml of SARS-COV-2 of overlapping peptide (OLP) pools 465 

spanning the entire spike protein. The cells were incubated at 37°C in 5% CO2. After 466 

2 days, the cells were washed and fresh R10 medium supplemented with 100 U/ml 467 

recombinant IL-2 was added. Cultured cells were fed twice weekly with regular 468 

medium replenishment. On day 14, the cells were washed three times with fresh R10 469 

medium and rested at 37°C in 5% CO2 overnight in fresh R10 medium. On the 470 



following day, the cells were restimulated with individual peptides for 16 hours 471 

followed by ICS. Peptides that induced IFN-γ / TNF-α dual production above 472 

background (No stimulation control) were deemed reactive. Meaning that the 473 

expanded cells contained a subset of cells that were specific for that particular 474 

peptide. 475 

 476 

Statistical analyses 477 

All statistical analyses were conducted with GraphPad Prism 9.3.1 (GraphPad 478 

Software, La Jolla, California, USA) and P values were considered significant if less 479 

than 0.05. Specifically, the Mann-Whitney U and Kruskal-Wallis H tests were used 480 

for group comparisons. Additional post hoc analyses were performed using the 481 

Dunn’s multiple comparisons test. Correlations between variables were defined by 482 

the Spearman’s rank correlation test. Categorical data was analysed using the 483 

Fisher’s exact test. 484 

 485 
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 630 

Legend 631 

Figure 1: The impact of unsuppressed HIV infection on SARS-CoV-2 specific 632 

CD4+ and CD8+ T cell responses. (a) Representative flowplots gated on IFN-γ/ 633 

TNF-a dual positive CD4+ and CD8+ T cells. (b) Aggregate data for  IFN-γ/ TNF-a 634 

dual positive CD4+ and CD8+ T cells are shown (HIV-neg, n=14; suppressed, n=16: 635 

viremic, n=13).  636 



SARS-CoV-2 specific CD4+ and CD8+ T cells producing IFN-γ, TNF-a and IL-2 cells 637 

in various combinations are shown. Pie chart and dot plots for by, (c) SARS-CoV-2-638 

specific CD4+, (d) CD8+ T cells. Pie chart represents the mean distribution across 639 

subjects of mono-functional, bi-functional and poly-functional cytokine producing 640 

SARS-CoV-2 specific T cells. Size of each pie segment relates to the frequency of a 641 

mono-functional, bi-functional and triple-functional response. Dot plot represents the 642 

frequency of combinations of cytokines produced. Wilcoxon test was done among 643 

the dot plots using SPICE software. (Significant p-values are highlighted).  644 

Figure 2: Comparison of SARS-CoV-2 protein targeting by T cell responses 645 

among HIV negatives, suppressed and viremic donors: Magnitude of (a) CD4+ T 646 

and (b) CD8+ T cell responses targeting the Membrane (M), Nucleocapsid (N) and 647 

Spike (S) SARS-CoV-2 proteins among study groups. P- values for differences 648 

among the groups are *<0.05; as determined by the Wilcoxon matched-pairs signed 649 

rank test. (GraphPad Prism version 9.3.0) 650 

Figure 3: Poor cross-recognition of  SARS-CoV-2-specific CD4+ and CD8+ T cell 651 

responses between wt and beta variants in wave 1 and wave 2 COVID-19 652 

participants: Ex vivo assessment of T cell cross-recognition between the two 653 

waves. (a) Intra-donor SARS-CoV-2 specific T cell responses to wt and 654 

corresponding Beta variant peptides by wave 1 participants. (b) Intra-donor SARS-655 

CoV-2 specific T cell responses to wt and corresponding Beta variant peptides in 656 

wave 2 participants. Next, PBMC were expanded for 12 days in the presence of 657 

S1S2 SARS-CoV-2 peptide pools and tested against wt and corresponding Beta 658 

variants at single peptide level. (c) Representative flow plots showing the frequency 659 

of SARS-CoV-2 specific CD4+ and CD8+ T cells before and after cultured expansion. 660 



(d) T cell responses to single wt (red bars) and corresponding Beta (blue bars) 661 

peptide stimulation for a representative donor from wave 1. (e) T cell responses to 662 

single wt and corresponding Beta peptide stimulation for a representative donor from 663 

wave 2. (Positive responses are circled).  A response was deemed positive if  ≥ 1% 664 

or higher. (f) Number of expanded wt and corresponding Beta responses for each 665 

wave 1 donor. (g) Number of expanded wt and corresponding Beta responses for 666 

each wave 2 donor. P values calculated using Wilcoxin matched -pairs signed rank T 667 

test. 668 

Figure 4: The effects of unsuppressed HIV infection on T cell breadth and 669 

ability to cross-recognize the Beta variant: Representative data for a negative 670 

donor showing greater, (a) CD8+ and (b) CD4+ T cell breadth. A cross-recognized 671 

responses between wt and Beta is circled. Representative data for a suppressed 672 

donor showing greater, (c) CD8+ and (d) CD4+ T cell breadth. A cross-recognized 673 

response is circled. Representative data for a viremic donor showing greater, (e) 674 

CD8+ and (f) CD4+ T cell breadth. (g) Aggregate data comparing breath of SARS-675 

CoV-2 specific CD8+, and (h) CD4+ T cell response between HIV negative and 676 

suppressed versus viremics. Breadth here is simply the number of positive 677 

responses among the individual peptides tested. 678 

Figure 5: Identification of Beta mutations associated with reduced cross-679 

recognition  between wt and Beta variant: (a) Side-by-side comparison of SARS-680 

CoV-2 specific CD8+ T cell response between wt and Beta. (b) Side-by-side 681 

comparison of SARS-CoV-2 specific CD4+ T cell response between wt. The analysis 682 

combined all the 12 participants. P-values calculated by Mann-Whitney U test.  683 



Figure 6: Immunodominance hierarchy of SARS-CoV-2 CD8+ and CD4+ T cell 684 

responses targeting wt and Beta. Immunodominance hierarchy of CD8+ T cell 685 

responses to, (a) wt and (b) the corresponding Beta variant peptides. Similarly, 686 

Immunodominance hierarchy of CD4+ T cell responses to, (c) wt and (d) the 687 

corresponding Beta variant. Arrows indicate responses that changed hierarchical 688 

position (among the six most dominant responses) between the two waves. Data 689 

arranged in descending order of magnitude of responses to wt peptide stimulation.  690 

Figure 7. The impact of HIV markers of diseases progression on SARS-CoV-2 T 691 

cell immunity. (a) CD4+ T cell activation graphed based on the frequency of 692 

CD38/HLA-DR co-expressing cells. (b) Correlation between CD4+ T cell activation 693 

and absolute CD4 counts of viremic PLWH. (c) Correlation between CD4+ T cell 694 

activation and HIV plasma viral load of viremic PLWH. (d) CD8+ T cell activation 695 

measured by CD38/HLA-DR. (e) Correlation between CD8+ T cell activation and 696 

absolute CD4 counts of viremic PLWH. (f) Correlation between CD8+ T cell 697 

activation and HIV plasma viral load of viremic PLWH. P-values calculated by Mann-698 

Whitney U test and Pearson correlation test.  699 

Tables 700 

Table 1: Donor characteristics stratified by HIV status 701 

 All (n=48) HIV neg 
(N=17) 

HIV+ 
suppressed 
(n=17) 

HIV+ 
Viremics 
(N=14) 

Statistics 

Demographics 
Age years, median 
(IQR) 

40.5(30-
51.75) 

45 (27-53.5) 45)39.5-54) 31.5 (26.5-
42) 

0.036* (KW) 

Male sex, n(%) 14 (29.16) 8 (47.05)  3 (17.64) 3 (21.42) 0.2 (0.82-10) 
(F) 
 

HIV associated parameters 
HIV viral load 
Copies/ml 

   19969 (2335-
43568) 

 

CD4 cells/ul 661 (398.5- 834.5 (739.3- 661 (494- 301(113.8- 0.0002** 



median (IQR) 836.5) 1029) 789.5) 568) (KW) 

Disease severity 
Asymptomatic 
n(%) 

9 (18.75) 4 (23.52) 3 (17.64) 2 (14.28) 0.6 (0.32-
9.53) (F) 

Mild  29 (60.42) 12 (70.59) 10 (58.82) 7 (50) 0.01* (0.13-
0.84) (F) 

Severe/oxygen 
supplementation 

8 (16.67) 1 (5.88) 4 (23.52) 3 (21,42) 0.33 (0.48-
49.67 (F) 

Death n(%) 1 (2.1) 0 0 1 (7.1)  0.46  (F) 

P values calculated by Kruskal-Wallis test for unpaired three groups (KW) 702 

or Fischer’s exact test (F) 703 

Table-2: List of 15mer wildtype (wt) and corresponding Beta variant spike peptides 704 

sequences 705 

wt SARS-CoV-2 peptides and corresponding Beta variants that had reduced T cell 706 
recognition. The Beta variant mutations are highlighted in red 707 

 708 

Figure 3-figure supplement 1: Cross-recognition of  SARS-CoV-2 CD4+ T cell 709 

responses between wt and Beta variants in wave 1 and wave 2 COVID-19 710 

donors: PBMC were expanded for 12 days in the presence of S1S2 SARS-CoV-2 711 

peptide pools. Expanded cells were tested against wt and corresponding Beta 712 

variants at single peptide level. (a) Intra-donor SARS-CoV-2 specific T cell 713 

responses to wt and corresponding Beta variant peptides by wave 1 participants. (b) 714 

Intra-donor SARS-CoV-2 specific T cell responses to wt and corresponding Beta 715 

variant peptides in wave 2 participants.  716 



Figure 7-figure supplement 2. Assessment of the effect of COVID-19 disease 717 

severity on, (a) SARS-CoV-2 specific CD4+, and (b) CD8+ T cell responses. Disease 718 

severity categorised as asymptomatic, mild, and on supplemental oxygen or death. 719 

(c,d) Analysis of  SARS-CoV-2 responses based on gender. Correlation between 720 

age and SARS-CoV-2 specific, (e) CD8+T and (f) CD4+ T cell responses. P-values 721 

calculated by Mann-Whitney U test and Pearson correlation test.  722 

 723 

Supplementary file 1 724 

Wild type (wt) Spike overlapping peptides and corresponding Beta variant 725 

peptides 726 

The table contains a list of peptides spanning the receptor binding domain (RBD) 727 

and non RBD regions of spike with known hotspots for mutations, and a 728 

corresponding list of peptides with Beta variant lineage defining mutations. The Beta 729 

variants mutations are highlighted in red. The two sets of peptides were used for 730 

cultured expansion studies. 731 
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