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SUMMARY  42 

Vaccine-mediated immunity often relies on the generation of protective antibodies and memory B 43 

cells, which commonly stem from germinal center (GC) reactions. An in-depth comparison of the 44 

GC responses elicited by SARS-CoV-2 mRNA vaccines in healthy and immunocompromised 45 

individuals has not yet been performed due to the challenge of directly probing human lymph 46 

nodes. In this study, through a fine-needle-aspiration-based approach, we profiled the immune 47 

responses to SARS-CoV-2 mRNA vaccines in lymph nodes of healthy individuals and kidney 48 

transplant (KTX) recipients. We found that, unlike healthy subjects, KTX recipients presented 49 

deeply blunted SARS-CoV-2-specific GC B cell responses coupled with severely hindered T 50 

follicular helper cells, SARS-CoV-2 receptor-binding-domain-specific memory B cells and 51 

neutralizing antibodies. KTX recipients also displayed reduced SARS-CoV-2-specific CD4 and 52 

CD8 T cell frequencies. Broadly, these data indicate impaired GC-derived immunity in 53 

immunocompromised individuals, and suggest a GC-origin for certain humoral and memory B cell 54 

responses following mRNA vaccination.  55 

 56 

KEYWORDS 57 

Fine needle aspiration, Germinal Centers, Germinal Center B cells, T follicular helper cells, SARS-58 

CoV-2, mRNA vaccines, neutralizing antibodies, kidney transplant 59 

 60 

INTRODUCTION  61 

Messenger RNA (mRNA) vaccines have been intensively investigated over the past decade and 62 

shown to successfully induce long-lasting, protective immune responses in animal models 63 

(Awasthi et al., 2019; Espeseth et al., 2020; Freyn et al., 2020; Pardi et al., 2017, 2018b, 2018a; 64 

Richner et al., 2017). This vaccine platform was licensed for human use for the first time during 65 

the pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Bettini 66 

and Locci, 2021; Carvalho et al., 2021; Krammer, 2020), and much still needs to be learned about 67 

the quality of the immune responses elicited by mRNA vaccines. 68 
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Most vaccines confer protection by eliciting antigen-specific antibodies (Abs) and memory B cells 69 

(Plotkin, 2010; Sallusto et al., 2010). Abs are secreted by plasma cells and constitute a critical 70 

immune endpoint of vaccination, as they can potentially neutralize pathogens and prevent 71 

infections. Equally important are memory B cells that act as a second line of defense and rapidly 72 

give rise to a quick burst of Ab-secreting plasma cells if the pathogens break through the 73 

“protective wall” of the pre-existing Abs. Plasma cells and memory B cells are commonly 74 

generated during germinal center (GC) reactions (Allen et al., 2007; Mesin et al., 2016) in vaccine-75 

draining lymph nodes. In GCs, pathogen-activated B cells first undergo mutations in their 76 

immunoglobulin genes. Next, the high-affinity GC B cell clones resulting from this somatic 77 

hypermutation (SHM) process are positively selected, and ultimately differentiate into long-lived 78 

plasma cells and memory B cells. GC reactions are orchestrated by T follicular helper (Tfh) cells, 79 

specialized CD4 T cells that deliver a variety of signals shaping the fate of GC B cells (Crotty, 80 

2019; Vinuesa et al., 2016). We and others have previously demonstrated that, in mice, mRNA 81 

vaccines can elicit potent GC responses that were closely intertwined with an efficient induction 82 

of SARS-CoV-2-specific binding-Abs, neutralizing (nAbs), and memory B cells (Lederer et al., 83 

2020; Tai et al., 2020; Vogel et al., 2021). These data suggest that GC reactions might be crucial 84 

for the formation of durable nAb and memory B cells following SARS-CoV-2 vaccination. In line 85 

with these animal data, several studies have characterized the immune responses to the SARS-86 

CoV-2 mRNA vaccines in humans and found a robust induction of nAbs and memory B cells 87 

(Bettini and Locci, 2021; Collier et al., 2021; Edara et al., 2021; Goel et al., 2021; Jackson et al., 88 

2020; Planas et al., 2021; Sahin et al., 2020; Stamatatos et al., 2021; Walsh et al., 2020; Wang et 89 

al., 2021; Widge et al., 2020). However, with only one exception (Turner et al., 2021), all published 90 

human vaccine studies focused on the analysis of the immune responses measurable in peripheral 91 

blood. Hence, a deep evaluation of the GC reactions driven by SARS-CoV-2 mRNA vaccines in 92 

human, including their connection with nAbs and memory B cells, is still missing. 93 

Another major question that warrants further investigation is whether SARS-CoV-2 mRNA 94 

vaccines can successfully promote high-quality immune responses in individuals lacking a fully 95 

functional immune system. Analyses of blood samples from recipients of solid organ transplants 96 

(SOT) who underwent SARS-CoV-2 vaccination yielded mixed results (Benotmane et al., 2021; 97 

Boyarsky et al., 2021a, 2021b; Cucchiari et al., 2021; Kamar et al., 2021; Massa et al., 2021; 98 
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Rincon-Arevalo et al., 2021). Some of these studies suggested that a large fraction of SOT 99 

recipients can still generate detectable SARS-CoV-2 binding Ab titers, whereas others indicate 100 

that SOT recipients completely fail to produce B cell responses and Abs to SARS-CoV-2 mRNA 101 

vaccines. A common denominator, however, is the heavily curtailed nAb production in SOT 102 

recipients following immunization. While the evidence from studies conducted with blood samples 103 

hints at crippled GC formation, the exploration of GC responses to SARS-CoV-2 mRNA 104 

vaccination in SOT recipients still remains an uncharted territory. 105 

Herein, by deploying a fine-needle aspiration (FNA) approach (Havenar-Daughton et al., 2020), 106 

we evaluated the GC responses elicited by SARS-CoV-2 mRNA vaccines in draining lymph nodes 107 

of healthy donors (HDs) and KTX recipients and assessed their connection to humoral and memory 108 

B cell responses. Our study uncovered a potent elicitation of SARS-CoV-2 full-length spike (Full 109 

S) and receptor binding domain (RBD)-specific GC B cells localized in vaccine-draining lymph 110 

nodes upon primary immunization of healthy individuals, which was further enhanced by the 111 

booster vaccination. Furthermore, SARS-CoV-2-specific GC B cell responses were associated 112 

with a robust induction of Tfh cells, RBD-specific memory B cells and nAbs. These finding were 113 

in stark contrast to a profound impairment of the GC responses in KTX recipients, which were 114 

coupled to a nearly-abolished RBD-specific memory B cell response and nAb formation and 115 

opposed to a measurable generation of S-specific memory B cells binding Full S outside the RBD 116 

region. Overall, this study shows that, in individuals with an intact immune system, RBD-specific 117 

memory B cells and nAbs are efficiently induced by SARS-CoV-2 mRNA vaccination and might 118 

have a GC origin. Conversely, these responses are not efficiently generated following vaccination 119 

in individuals receiving immunosuppressant drugs. This study has important implications for 120 

guiding future studies aimed at unraveling human immune responses after vaccination and for 121 

supporting the decision to perform additional booster immunizations against SARS-CoV-2 in 122 

people with a compromised immune system.  123 

 124 

RESULTS 125 
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Robust SARS-CoV-2-specific GC B cell responses are elicited by mRNA vaccines and 126 

localized in draining lymph nodes of immunocompetent individuals. 127 

GC B cells and Tfh cells induced by vaccination/infection are only present in lymphoid tissues and 128 

cannot be studied in blood (Vella et al., 2019). To address this issue, we conducted a human study 129 

where lymphoid tissue immune responses elicited by SARS-CoV-2 mRNA vaccines were probed 130 

in healthy individuals via fine-needle aspiration (FNA).  The FNA approach has been successfully 131 

used to track GC B cell responses to vaccination in humans, and is a relatively simple procedure 132 

carrying minimal risk that does not alter the architecture of lymph nodes (Havenar-Daughton et 133 

al., 2020; Turner et al., 2020, 2021). 15 healthy subjects (23-76 years old) were enrolled in this 134 

study prior to vaccination with BNT162b2 or mRNA-1273 (Table 1). FNA samples were collected 135 

two weeks after the first immunization (V2: day 14 +/- 2) and eight days after the booster 136 

immunization (V3: day 8 +/- 2) (Figure 1A). Matched blood samples were also obtained at the 137 

same time points and before vaccination (V1). Axillary draining lymph nodes from the same arm 138 

where the vaccines were administered (ipsilateral) were visualized by ultrasound to guide the FNA 139 

procedure (Figure 1B and Supplementary Video 1). In healthy subjects, the number of live cells 140 

recovered from the FNA procedure ranged from 0.3 to 40 x 106 cells. A 23-parameter flow 141 

cytometry assay was performed on FNA samples to profile the immune responses induced by 142 

vaccination. GC B cells were defined as class-switched B cells co-expressing CD38, low-143 

intermediate levels of CD27 and the signature transcription factor BCL6 (Figure 1C and Figure 144 

S1A). Pre-pandemic tonsil samples, which are highly enriched in GCs, and putative quiescent 145 

cadaveric lymph nodes from SARS-CoV-2 negative individuals were used as positive and negative 146 

controls, respectively. SARS-CoV-2 mRNA vaccination elicited detectable GC B cell responses 147 

after primary immunization, which were further enhanced by the booster vaccination (Figure 1C). 148 

The increase in GC B cell frequencies was measurable when the responses were evaluated 149 

following a longitudinal (11 individuals) or an orthogonal (15 individuals) approach (Figures 1D 150 

and S1B). No correlation between age and GC B cell frequencies was observed (Figure S1C). 151 

Next, by using a combination of fluorescently-labelled SARS-CoV-2 Full S and RBD tetrameric 152 

probes, we identified SARS-CoV-2-specific GC B cells as GC B cells binding the Full S but not 153 

the RBD probes (Full S+RBD-) or simultaneously binding the Full S and RBD probes (Full S+ 154 

RBD+), while failing to bind an irrelevant tetrameric probe (influenza hemagglutinin, HA from 155 
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A/Puerto Rico/8/34) (Figure 1E and Figure S1A). The specificity of the probes is indicated by the 156 

lack of Full S and RBD-specific GC B cells in pre-pandemic tonsil samples (Figure 1E).  Overall, 157 

a boost in both Full S RBD- and RBD+ GC B cell frequencies following the second vaccine dose 158 

was observed, especially when a longitudinal evaluation was performed (Figure 1F and S1D). 159 

Similar to total GC B cells, SARS-CoV-2-specific GC B cells did not correlate with age (Figure 160 

S1E-F). Next, to determine if mRNA vaccine-induced GC responses were detectable in non-161 

draining lymph nodes, we collected contralateral axillary lymph nodes, which do not directly drain 162 

the mRNA vaccines from the injection site, from a few vaccinees after the booster immunization 163 

(n=4). When compared to the matched ipsilateral lymph nodes, the contralateral lymph nodes 164 

displayed a trend for lower frequencies of GC B cells (Figure 1G-H), which were not SARS-CoV-165 

2 specific (Figure 1I-J). Overall, these data demonstrate that, in immunocompetent subjects, 166 

SARS-CoV-2 mRNA vaccines efficiently elicit antigen-specific GC B cell responses that are 167 

enhanced by a booster immunization and localized in the ipsilateral axillary draining lymph nodes.  168 

 169 

Tfh responses are detectable in draining lymph nodes of immunocompetent individuals upon 170 

SARS-CoV-2 mRNA vaccination. 171 

Tfh cells are CD4 T cells specialized in regulating GC responses. By enabling the selection of high 172 

affinity GC B cells and curbing the magnitude of GC reactions, Tfh cells modulate affinity 173 

maturation in infection and vaccination (Crotty, 2019). We measured the frequency of GC Tfh 174 

cells (referred to as Tfh cells) defined by the signature markers CXCR5 and PD-1 (Figures 2A and 175 

S2A).  Expression of the lineage-defining transcription factor BCL6 confirmed the identity of this 176 

CXCR5hiPD-1hi cell population as Tfh cells (Figure 2B). As anticipated, negligible Tfh cell 177 

frequencies were found in putative quiescent lymph nodes from cadaveric donors (Figure S2B) 178 

and the contralateral lymph nodes of vaccinees (Figure 2A), in contrast to a more abundant Tfh 179 

cell presence in tonsils (Figure S2B). Of note, the frequencies of Tfh cells in draining lymph nodes 180 

of vaccinated healthy subjects had a trend for higher values than in contralateral lymph nodes 181 

(p=0.056, Figure 2C) and increased after the second vaccine dose (Figures 2D and S2C). Tfh cells 182 

are a functionally heterogenous population that, in humans, is often functionally stratified by 183 

chemokine receptor expression based on extensive work performed on human circulating Tfh cells 184 
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(Ueno, 2016). CXCR3-expressing Tfh cells are Th1-polarized (Locci et al., 2013; Morita et al., 185 

2011). By contrast, CXCR3- Tfh cells can be distinguished by CCR6 expression into Th2 (CCR6-
186 

) and Th17 (CCR6+)-polarized cells (Morita et al., 2011). CCR4 was also used in this analysis to 187 

help refine the delineation of Th2 (CCR6-CCR4+) and Th17 (CCR6+CCR4+)-biased cells (Figure 188 

2E) (Acosta-Rodriguez et al., 2007). This analysis approach showed that the Tfh cells present in 189 

the draining lymph nodes of vaccinees comprised Th1 and Th2-polarized Tfh cells, but not Th17-190 

biased Tfh cells (Figure 2F). Of note, Tfh cells present in vaccine draining lymph nodes correlated 191 

with both Full S+ RBD- GC B cells and RBD-specific GC B cells (Figure 2G). While bona fide 192 

Tfh cells can be found exclusively in secondary lymphoid organs (Vella et al., 2019), a small 193 

population of circulating activated Tfh cells expressing high levels of ICOS, PD-1 and CD38 has 194 

been described in peripheral blood of vaccinated individuals for a short period of time post 195 

vaccination (Bentebibel et al., 2013; Heit et al., 2017; Herati et al., 2014). In parallel to our FNA 196 

analysis, we evaluated activated Tfh cell frequencies in blood of the same immunocompetent 197 

subjects vaccinated with SARS-CoV-2 mRNA vaccines. The percentages of blood activated Tfh 198 

cells (CD4+CD45RA-CXCR5+ICOShiPD-1hi), a large fraction of which also expressed CD38, were 199 

significantly increased by SARS-CoV-2 mRNA vaccination (Figure 2H and S2D) and did not 200 

correlate with bona fide Tfh cells (gated with a similar strategy) in vaccine draining lymph nodes 201 

(Figure 2I). It is worth noting that blood Tfh cells did not correlate with the frequency of SARS-202 

CoV-2-specific GC B cells (Figure S2E), indicating that, although they might reflect the presence 203 

of an ongoing GC reaction, they are not accurate biomarkers to estimate bona-fide GC B and Tfh 204 

cell responses. Hence GC responses are best studied by direct investigation of vaccine draining 205 

lymph nodes.  206 

 207 

Vaccination with SARS-CoV-2 mRNA vaccines leads to the generation of memory B cells 208 

and plasmablasts in draining lymph nodes of healthy subjects. 209 

As GCs are important for the generation of memory B cells, we next evaluated the memory B cell 210 

responses elicited by the two doses of SARS-CoV-2 mRNA vaccines in immunocompetent 211 

individuals. Class-switched memory B cells were first defined as IgD-IgM-CD38-CD27+ B cells 212 

(Figures 3A and S1A). Next, SARS-CoV-2 Full S-specific memory B cells were stratified into 213 
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RBD- and RBD+ cells (Figure 3B), as previously described for GC B cells (Figure 1E). A paired 214 

(longitudinal) analysis of matched FNA samples highlighted the generation of Full S and RBD-215 

specific memory B cells after the first vaccine dose, which was significantly higher after the 216 

administration of a second mRNA vaccine dose (Figure 3C). An orthogonal analysis approach 217 

confirmed similar trends (Figure S3A). SARS-CoV-2-specific memory B cells were also 218 

detectable at low frequencies in healthy vaccinee peripheral blood samples after two 219 

immunizations (Figure S3B), and only S-specific RBD-, but not RBD-specific memory B cell in 220 

peripheral blood correlated with the respective SARS-CoV-2-specific memory B cell populations 221 

in FNAs (Figure S3C). A population of plasmablasts was also measurable by flow cytometry as 222 

IgD-IgM-CD38hiCD20lo/- cells (Figure 3D). This population was more abundant after the booster 223 

immunization (Figures 3D-E) and was also detectable at variable levels in peripheral blood 224 

samples of vaccinated healthy donors (Figure S3D). However, no correlation was found between 225 

the plasmablast populations detected in FNA and blood samples (Figure S3E).  In sum, the data 226 

obtained in our study indicate that two doses of SARS-CoV-2 mRNA vaccines can elicit SARS-227 

CoV-2 S- and RBD-specific memory B cells as well as a population of plasma cells in vaccine 228 

draining lymph nodes.  229 

 230 

A failure to induce GC B cells by SARS-CoV-2 mRNA vaccines is associated with hindered 231 

memory B cell and nAb responses in kidney transplant recipients. 232 

We then sought to determine the capacity of immunocompromised individuals to form GC 233 

responses to SARS-CoV-2 mRNA vaccines. To this end, 13 individuals who underwent kidney 234 

transplant were enrolled. Due to withdrawal of consent (n=1), failure to undergo collection 235 

procedures (n=1), and lack of sufficient cells for analysis (n=1), 10 patients who were a median 236 

12.6 months post-transplant (range -0.3-63 months) were included in further analysis (Table 1). 237 

Although the draining lymph nodes of KTX recipients were not significantly smaller than HDs 238 

(data not shown), the FNA cell recovery yield was scarcer in KTX recipients and, due to limited 239 

cell recovery, the immunophenotyping was feasible in this group only at certain time points (Figure 240 

S4A). The class-switched B cell populations captured by our 23-color flow cytometry analysis 241 

were visualized by a dimensionality-reduction approach (Figure 4A). The most striking 242 
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observation emerging from this analysis was that a large cell population, reminiscent of GC B cells 243 

(CD38+CD27lo/intBCL6+) and present in immunocompetent individuals, was completely lacking in 244 

KTX recipients. We further corroborated this finding by a direct evaluation of GC B cell 245 

frequencies in KTX patients. This analysis demonstrated an almost complete failure of KTX 246 

patients to form GC B cell responses after one or two immunizations with SARS-CoV-2 mRNA 247 

vaccines (Figure 4B-C). Importantly, the generation of SARS-CoV-2-specific GC B cells in 248 

response to vaccination was completely abrogated even in the few KTX recipients who could 249 

mount low but detectable GC B cell responses (Figure 4D).  250 

We next questioned whether the dramatic reduction in SARS-CoV-2-specific GC B cells was 251 

associated with impaired memory B cell responses to the vaccine, as GCs are an important source 252 

for memory B cell production (Mesin et al., 2016). SARS-CoV-2-specific memory B cell 253 

frequencies were determined in draining lymph nodes and blood samples. Unexpectedly, the 254 

analysis of FNA samples and blood peripheral mononuclear cells (PBMCs) from KTX patients 255 

revealed a detectable frequency of Full S+RBD- memory B cells within total B cells after the 256 

booster immunization as opposed to a complete lack of Full S+RBD+ memory B cells (Figure 4E 257 

and S4B). When analyzed as frequency of memory B cells, however, Full S+RBD- memory B cells 258 

were decreased in comparison to HDs (Figure S4C). These data, along with the fact that most 259 

patients are lymphopenic, indicate that KTX recipients can respond to SARS-CoV-2 mRNA 260 

vaccine by producing detectable yet reduced frequencies of Full S-specific memory B cells 261 

targeting regions outside RBD. Conversely, they cannot produce measurable RBD-specific 262 

memory B cell responses. Interestingly, when HDs and KTX recipients were analyzed together, a 263 

strong correlation was found between lymphoid tissue RBD-specific memory B cells and GC B 264 

cells, while Full S+RBD- memory B cells and GC B cells only presented a weak correlation (Figure 265 

S4D). Overall, these intriguing observations suggest that RBD-specific, but not all Full S-specific 266 

memory B cells might have a GC origin.  267 

Next, we asked whether and how the absence of vaccine-induced GC B cell responses in KTX 268 

recipients might be connected to altered humoral responses, which were previously reported by 269 

other groups in a fraction of KTX recipients (Benotmane et al., 2021; Boyarsky et al., 2021a; 270 

Kamar et al., 2021; Massa et al., 2021; Stumpf et al., 2021). As a first step in this direction, we 271 

evaluated plasmablast frequencies after SARS-CoV-2 vaccine administration. Plasmablast 272 
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abundance among FNA and PBMC samples was increased after two immunizations with SARS-273 

CoV-2 mRNA in HDs, whereas KTX plasmablast frequencies were, for the most part, reduced in 274 

both locations and time points analyzed (Figure 4F and S4E). In line with these data, only ~40-275 

50% of the KTX recipients in our FNA cohort produced Full S- and RBD-specific IgG within the 276 

lower range of HDs after two immunizations, whereas the remaining ~60-50% of the patients had 277 

SARS-CoV-2 binding Abs below the limit of detection (Figure 4G-H). To shed light on the quality 278 

of the Ab responses driven by SARS-CoV-2 vaccination in KTX patients after two vaccine doses, 279 

we measured SARS-CoV-2 nAbs by pseudotyped lentivirus-based in vitro assays. In these assays, 280 

the large majority of HD samples collected after two vaccine doses could efficiently neutralize a 281 

pseudovirus containing the D614G mutation (Figure 4I) and, less efficiently, a pseudovirus 282 

containing the mutation of the SARS-CoV-2 beta strain (Figure 4J).  By contrast, KTX patients 283 

presented greatly diminished nAbs against D614G-pseudovirus, and KTX plasma could not 284 

efficiently block the pseudovirus containing the SARS-CoV-2 beta strain mutations. Correlative 285 

analysis including all donors showed that SARS-CoV-2 binding Abs and nAb titers in response to 286 

SARS-CoV-2 vaccination were strongly associated with the frequency of Full S RBD- and RBD+ 287 

GC B cells (Figure S4F-G). Furthermore, while bona fide Tfh cells also displayed a positive 288 

correlation with nAb levels, blood activated Tfh cells did not (Figure S4H). Overall, our data 289 

demonstrate that KTX recipients cannot mount SARS-CoV-2 specific GC B cell responses or 290 

generate RBD-specific memory B cells and efficient nAbs after administration of mRNA vaccines. 291 

Furthermore, our work points to a possible connection between GC formation, humoral responses 292 

and RBD-specific memory B cell generation in SARS-CoV-2 vaccination. 293 

 294 

Kidney transplant recipients fail to efficiently produce T follicular helper cells and SARS-295 

CoV-2-specific T cell responses. 296 

Next, we aimed at determining whether KTX recipients are capable of generating T cell responses 297 

to the vaccines, which could counterbalance the impaired B cell responses observed in these 298 

patients (Figure 4). As GC B cell responses were heavily impaired in KTX recipients, we predicted 299 

reduced Tfh cell frequencies in the KTX group. As anticipated, a viSNE analysis of antigen-300 

experienced CXCR5+ CD4 T cells in FNA samples revealed a deep reduction of a cell population 301 

All rights reserved. No reuse allowed without permission. 
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for thisthis version posted September 21, 2021. ; https://doi.org/10.1101/2021.09.16.21263686doi: medRxiv preprint 

https://doi.org/10.1101/2021.09.16.21263686


 12 

expressing the Tfh cell signature markers PD-1, BCL6 and ICOS in the KTX group (Figure 5A). 302 

Concordantly, a significant reduction of Tfh cells in KTX patients in comparison to HDs also 303 

emerged by a direct flow cytometry analysis (Figures 5B-C).  304 

We then asked whether KTX recipients are, more broadly, incapable of mounting efficient antigen-305 

specific T cell responses to the SARS-CoV-2 mRNA vaccines. Since a direct evaluation of SARS-306 

CoV-2-specific T cells in vaccine-draining lymph nodes was not feasible due to the paucity and 307 

variability in cell recovery of FNAs, we measured the frequency of SARS-CoV-2-specific CD4 308 

and CD8 T cells in peripheral blood of 11 HDs and 10 KTX recipients via an Activation Induced 309 

Marker (AIM) assay following in vitro stimulation with a SARS-CoV-2 peptide megapool of 253 310 

overlapping 15-mers spanning the Spike protein (Grifoni et al., 2020a). The clinical features of the 311 

subjects included in this study are presented in Table 2. Similar to what has previously been 312 

reported (Apostolidis et al., 2021; Painter et al., 2021), we detected significantly increased 313 

frequencies of AIM+ (CD200+CD40L+) SARS-CoV-2-specific CD4 T cells in blood samples of 314 

all HDs after the first vaccine administration (Figure 6A-B and Figure S5A). These appeared to be 315 

further boosted by the second vaccine administration, as has been observed in other studies 316 

(Apostolidis et al., 2021; Painter et al., 2021), although this did not reach statistical significance in 317 

our cohort. In contrast, we observed a severely reduced induction of antigen-specific CD4 T cells 318 

in KTX recipients after either vaccine administration. Since KTX recipients might present altered 319 

ratios of naïve/antigen-experienced CD4 T cells, we also analyzed the AIM+ CD4 T cells as 320 

frequency of total CD4 T cells, observing a similar attenuation of SARS-CoV-2-specific CD4 T 321 

cells in the KTX group compared to HDs (Figure S5B). A functional stratification of the AIM+ 322 

CD4 T cells based on chemokine receptor expression allowed us to identify SARS-CoV-2-specific 323 

circulating Tfh cells (CXCR5+), as well as Th1 (CXCR3+), Th17 (CCR6+) and Th2 (CXCR3-
324 

CCR6-)-polarized CXCR5- non-Tfh cells (Figure 6C) (Acosta-Rodriguez et al., 2007; Morita et 325 

al., 2011; Trifari et al., 2009). As previously observed, healthy individuals predominantly generate 326 

SARS-CoV-2-specific circulating Tfh and Th1 polarized CD4 T cells in response to the mRNA 327 

vaccines (Figure 6C-D) (Apostolidis et al., 2021; Painter et al., 2021). Low frequencies of antigen-328 

specific Th2-biased CD4 T cells were also present. Of note, the SARS-CoV-2-specific circulating 329 

Tfh cells detected in HDs via the AIM assay presented a mixed Th1/Th2 functional polarization 330 

(Figure 6E) similar to what was observed in draining lymph node bona fide Tfh cells (Figure 2F). 331 
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In the few KTX recipients that had detectable AIM+ cells after two vaccinations, we did not 332 

observe major alterations in the functional polarization of SARS-CoV-2-specific CD4 T cells 333 

(Figure S5C-D), though the small numbers of AIM+ CD4 T cells in these donors prevented us from 334 

making definitive conclusions. The analysis of SARS-CoV-2-specific CD8 T cells followed a 335 

similar trend to that observed for CD4 T cell responses. SARS-CoV-2-specific CD8 T cells, 336 

defined either as CD8 T cells co-expressing 41BB and IFNg or expressing 3 out of 5 AIM markers 337 

used in our panel, were variable in frequency but detectable in most healthy vaccinees above pre-338 

vaccine baseline levels (Figures 6F-H and S5E-F). In contrast, most KTX recipients did not present 339 

detectable SARS-CoV-2-specific CD8 T cells, resulting in significantly reduced responses 340 

compared to HDs at both post-vaccine time points (Figure 6F-H and S5E-F).  As opposed to the 341 

altered antigen-specific T cell responses, we observed similar frequencies of total (non-antigen-342 

specific) CD4 T cell subsets across all time points in both HDs and KTX recipients (Figure S5G-343 

H). Altogether, these data point to severely decreased SARS-CoV-2-specific CD4 and CD8 T cell 344 

responses in KTX after two immunizations with SARS-CoV-2 mRNA vaccines. 345 

 346 

DISCUSSION 347 

 mRNA vaccines are a novel vaccine platform that has only been recently approved for human use 348 

during the current coronavirus disease 2019 (COVID-19) pandemic. While it is emerging that 349 

SARS-CoV-2 mRNA vaccines are highly efficient at inducing robust nAbs and memory B cell 350 

responses, we still have limited knowledge of the underlying mechanisms leading to the generation 351 

of such immune responses in humans. Specifically, a fundamental open question is whether nAb 352 

and memory B cell generation during SARS-CoV-2 mRNA vaccination is connected to the 353 

formation of GCs, microanatomical structures in secondary lymphoid organs harboring the 354 

generation of affinity matured Ab-secreting cells and memory B cells. The study of vaccine-355 

induced GC reactions in humans is heavily constrained when blood, the most easily obtainable 356 

human material, is the only available sample because bona fide GC B cells and Tfh cells are only 357 

present in secondary lymphoid organs (Vella et al., 2019). Surrogate biomarkers such as blood 358 

CXCL13 and circulating activated Tfh cells have been used thus far to predict the magnitude of 359 

ongoing GC responses (Havenar-Daughton et al., 2016; Vella et al., 2019). However, these 360 
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biomarkers present significant shortcomings when trying to directly assay GC responses including 361 

the fact that they are traceable for only short windows of time in blood, are not detectable in all 362 

individuals in response to vaccination, and have not been successfully used to fully predict broad 363 

qualitative aspects of GC reactions, such as the antigen specificity of GC B cells and their 364 

connection to GC-derived B cell responses (Bentebibel et al., 2013; Havenar-Daughton et al., 365 

2016). These limitations emphasize the need for directly probing GC responses by adopting 366 

minimally invasive approaches, such as fine-needle-aspiration, that allow longitudinal sampling 367 

of the vaccine draining lymph nodes without requiring their surgical excision. Only two published 368 

studies ever described human GC responses to vaccination (against influenza or SARS-CoV-2) in 369 

humans by using the FNA technique (Turner et al., 2020, 2021). One study (Turner et al., 2021),  370 

reported S-specific GC B cell responses to SARS-CoV-2 mRNA vaccination in lymph nodes, but 371 

did not investigate the generation of RBD-specific GC B cells or the connection between SARS-372 

CoV-2-specific GC B cells and Tfh cells, nAbs, and SARS-CoV-2-specific memory B cells. Our 373 

study sought to address these open questions by performing an in-depth profiling of the GC 374 

responses elicited by SARS-CoV-2 mRNA vaccines directly in lymphoid tissue. We found that 375 

these vaccines prompted the formation of robust Full S and RBD-specific GC B cell as well as Tfh 376 

cell responses localized in draining axillary lymph nodes. Importantly, our study revealed that 377 

lymphoid tissue SARS-CoV-2-specific GC B cell populations were strongly associated with the 378 

ability to produce SARS-CoV-2 nAbs, as further supported by the evidence that 379 

immunosuppressed individuals, who cannot form GCs, present a deeply blunted nAb production 380 

(Results in KTX are discussed at length below). Although to a lower degree, we also found that 381 

bona fide Tfh cells in draining lymph nodes correlated with nAb production, while activated Tfh 382 

cells in blood were a less reliable predictor of nAb generation. Additionally, in our study GC 383 

formation appeared to be tightly connected with the capacity to produce RBD-specific memory B 384 

cells. These findings, which we would have been unable to observe by studying blood alone, 385 

provide valuable insights on the otherwise poorly understood processes by which nAbs and 386 

memory B cells are formed in humans after immunization with SARS-CoV-2 mRNA vaccines.  387 

SARS-CoV-2-specific Abs, including nAbs, play a key role in the protection against COVID-19, 388 

as indicated by passive transfer experiments in animal models (McMahan et al., 2021; Rogers et 389 

al., 2020; Zost et al., 2020) and prospective cohort studies in previously-infected or vaccinated 390 

humans (Bergwerk et al., 2021; Earle et al., 2021; Khoury et al., 2021; Lumley et al., 2020). 391 
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Herein, we have observed a strong association between SARS-CoV-2-specific GC B cells and 392 

nAbs, which suggests that GC responses are critical to mount a SARS-CoV-2 nAb response during 393 

vaccination. In line with this connection, we have previously shown that animals immunized with 394 

SARS-CoV-2 mRNA vaccines efficiently formed RBD-specific GC B cells coupled with robust 395 

nAbs levels, as opposed to mice immunized with a protein RBD antigen formulated in an MF59-396 

like adjuvant, which mounted negligible GC responses and subsequently formed limited nAbs 397 

(Lederer et al., 2020). It is worth noting that a similar connection between GC formation and nAb 398 

production has not been observed during SARS-CoV-2 infection. Multiple groups have reported 399 

that several near-germline nAbs, endowed with potent in vitro neutralizing activity, are elicited 400 

during natural SARS-CoV-2 infection in humans (Brouwer et al., 2020; Kreer et al., 2020; 401 

Schultheiß et al., 2020; Seydoux et al., 2020). The low degree of SHM of these Abs is suggestive 402 

of a limited GC process involved in their generation. Similarly, a pre-print from Eisenbarth and 403 

colleagues shows that Tfh cell-deficient mice, which form negligible GCs in response to SARS-404 

CoV-2 infection, present decreased yet detectable production of Abs that can neutralize SARS-405 

CoV-2 in vitro (Chen et al., 2021).  Overall, these data indicate that GCs might not be necessary 406 

to form nAbs in response to infection. This apparently discordant outcome might stem from a 407 

combination of diverse factors, including a different pool of germline B cells recruited by SARS-408 

CoV-2 mRNA vaccination, but not during natural infection. Both BNT162b2 or mRNA-1273 409 

vaccines encode for a prefusion stabilized version of SARS-CoV-2 Full S protein (Wrapp et al., 410 

2020) that induce nAbs more targeted to the RBD and that bind more broadly across the RBD in 411 

comparison to the infection-induced nAbs (Greaney et al., 2021). The broader binding suggests 412 

that, in comparison to natural infection, additional/alternative germline precursors of the nAb 413 

secreting cells are recruited by SARS-CoV-2 mRNA vaccines. It is tempting to speculate that some 414 

of these nAb precursors require GC reactions to produce high-affinity nAbs, as supported by the 415 

finding that plasmablasts emerging from SARS-CoV-2 mRNA vaccination can present high levels 416 

of SHM (Amanat et al., 2021). As alternative or complementary explanation for the GC-nAb 417 

connection described in our current and previous studies, the mRNA vaccine platform might favor 418 

the formation of GC-derived nAbs thanks to its strong pro-GC activity. We and others have shown 419 

that the mRNA vaccine platform is very effective at promoting the formation of GC reactions in 420 

animal models (Lederer et al., 2020; Lindgren et al., 2017; Pardi et al., 2018a), with a mechanism 421 

that relies on an early induction of the pro-Tfh cytokine IL-6 by the lipid nanoparticle component 422 
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of these vaccines (manuscript under revision). The present study, along with the recently published 423 

work by Ellebedy and colleagues (Turner et al., 2021), further extend our earlier observation 424 

(Lederer et al., 2020) by directly showing the formation of SARS-CoV-2 specific GC B cells in 425 

humans after mRNA vaccination. Hence, by eliciting effective GC responses and/or potentially 426 

recruiting nAb precursors that can seed GCs, SARS-CoV-2 mRNA vaccines might 427 

mechanistically rely on GC responses to effectively generate nAbs, as strongly supported by the 428 

associations between GCs and nAbs found in this study.  429 

The second part of our study was aimed at evaluating the GC responses in KTX recipients and 430 

their association with humoral and memory B cell responses, as no study has ever evaluated B cell 431 

responses in their place of origin (vaccine-draining lymphoid tissue) in immunocompromised 432 

individuals. In agreement with other studies reporting that a fraction of KTX recipients can still 433 

produce SARS-CoV-2-binding Abs after two immunizations with SARS-CoV-2 mRNA vaccines 434 

(Benotmane et al., 2021; Boyarsky et al., 2021a; Kamar et al., 2021; Massa et al., 2021; Stumpf et 435 

al., 2021), we observed that 40-50% of the KTX recipients enrolled in our FNA study produced 436 

Full S- and RBD-specific IgG, albeit within the lower range of healthy controls. This finding was 437 

coupled to the observation that several KTX recipients had low but detectable plasmablast 438 

frequencies following the booster immunization. Of note, we also found that KTX recipients can 439 

generate reduced but detectable vaccine-induced SARS-CoV-2-specific memory B cells targeting 440 

the Full S protein outside the RBD region. Nonetheless, our study reported for the first time a 441 

complete failure of KTX recipients in forming lymphoid tissue SARS-CoV-2-specific GC B cell 442 

responses after the administration of two mRNA vaccine doses. This finding was accompanied by 443 

a markedly diminished generation of RBD-specific memory B cells and SARS-CoV-2 nAbs. Two 444 

other groups reported low SARS-CoV-2 vaccine-induced nAb levels in large SOT cohorts (Massa 445 

et al., 2021; Rincon-Arevalo et al., 2021) and decreased presence of class-switched RBD+ B cells 446 

(Rincon-Arevalo et al., 2021) in peripheral blood induced by two vaccine doses. Our study 447 

confirms and extends this observation by suggesting that defective GC formation could be the 448 

underlying culprit behind the decreased nAb and lack of RBD-specific memory B cell production 449 

in KTX recipients.  Overall, our study indicates that, while some residual immune response is 450 

obtainable by SARS-CoV-2 mRNA vaccination, B cell responses appear to be quantitatively and 451 

qualitatively curtailed in these immunocompromised subjects.  452 
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Given the suboptimal humoral and B cells responses of KTX recipients following SARS-CoV-2 453 

mRNA vaccination, an important question is whether mRNA vaccines are capable of eliciting T 454 

cell responses in immunocompromised individuals. In immunocompetent subjects, the licensed 455 

mRNA vaccines predominantly promote the formation of circulating blood Tfh cells and Th1-456 

polarized CD4 T cells (Painter et al., 2021). While a limitation of our study was the inability to 457 

assess SARS-CoV-2-specific T cell responses in vaccine draining lymph nodes due to the scarcity 458 

of available material, we observed that KTX recipients were almost completely deprived of bona 459 

fide lymph node Tfh cells after SARS-CoV-2 mRNA vaccination, which is consistent with the 460 

lack of GC B cell formation in these patients that is also described in this study. In parallel, we 461 

observed, consistent with other studies (Sattler et al., 2021; Stumpf et al., 2021), that SARS-CoV-462 

2-specific CD4 (including circulating Tfh cells and Th1-polarized cells) and CD8 T cell 463 

populations were decreased in frequency in KTX recipients when compared to the HD group. 464 

Overall, our study indicates that KTX recipients poorly respond to two immunizations with SARS-465 

CoV-2 mRNA vaccines by failing to produce efficient humoral and cellular responses, with some 466 

immune responses (GC B cells, nAb RBD-specific memory B cells and SARS-CoV-2-specific T 467 

cells) that were more severely affected than others (binding Abs, Full S-specific memory B cells). 468 

Since an increasing body of evidence is now suggesting that the administration of a third vaccine 469 

dose can significantly boost SARS-CoV-2 binding Abs and nAbs in recipients of SOT (Hall et al., 470 

2021; Kamar et al., 2021; Massa et al., 2021), it will be interesting to assess in the future whether 471 

this is due to the expansion of the small pool of preexisting (Full S+RBD-) memory B cells that we 472 

identified in this study, or to an increased de novo generation of Abs via GC reactions. 473 

Suboptimal vaccine responses in organ transplant subjects receiving immunosuppressant drugs 474 

was previously reported for other vaccines including influenza A/H1N1 and Hepatitis B 475 

(Brakemeier et al., 2012; Broeders et al., 2011; Cowan et al., 2014; Elhanan et al., 2018; Friedrich 476 

et al., 2015). Collectively, these studies reported impaired Ab production post vaccination, which 477 

is reflective of a dysfunction of the immune system in individuals receiving immunosuppressant 478 

drugs. The heavily diminished induction of GC B cell, memory B cell, nAb, and T cell responses 479 

in our KTX patients reported by this study is likely a consequence of lymphopenia as well as 480 

immunosuppression-induced immune cell dysfunction. KTX patients in this study uniformly 481 

received anti-thymocyte globulin (ATG) as induction immunosuppression at the time of kidney 482 
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transplantation (completed within a week). Hence, an incomplete reconstitution of the T cell pool  483 

following ATG administration might at least partially explain the hampered Tfh and SARS-CoV-484 

2-specific T cell responses in patients in our cohort who were recently transplanted. Additionally, 485 

maintenance immunosuppression comprised prednisone, a calcineurin inhibitor and an anti-486 

metabolite. Indeed, the majority of patients were lymphopenic, as evaluated by the baseline 487 

absolute lymphocyte count (8/9 in the FNA cohort, 9/11 in the blood cohort), as a consequence of 488 

ATG and/or maintenance immunosuppression. Currently, there is discordant data with regard to 489 

the impact of individual immunosuppressive drugs on the immune response to SARS-CoV-2 490 

mRNA vaccines in SOT populations (Boyarsky et al., 2021a; Cucchiari et al., 2021; Grupper et 491 

al., 2021), likely due to the diversity of pharmacologic/biologic immunosuppressive agents and 492 

doses used. Due to the limited size of our cohorts, we were unable to meaningfully attribute 493 

impacts of any of the individual agents on the GC process. Future studies with larger cohorts of 494 

KTX recipients will be needed to address the relative contribution of ATG and immunosuppressant 495 

drugs to the disrupted GC formation that we observed in these patients.  496 

In sum, by directly probing GC responses at their source, we provided a unique perspective on the 497 

connection between GC formation and nAb/memory B cell generation following immunizations 498 

with SARS-CoV-2 mRNA vaccines in healthy and immunocompromised individuals. Broadly, 499 

this work will pave the road to future human vaccine studies aimed at untangling the origin of 500 

long-lasting, protective immune responses after immunizations with different licensed-vaccines.  501 
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FIGURE LEGENDS 535 

Figure 1. GC B cell responses to SARS-CoV-2 mRNA vaccines are detected in ipsilateral but 536 

not in contralateral lymph nodes of immunocompetent individuals. 537 

(A) Schematic of study design. Fifteen healthy donors (HD) and thirteen kidney transplant (KTX) 538 

recipients volunteered to receive two-doses of either BNT162b2 or mRNA-1273. Blood was 539 

collected before immunization (V1) and at approximately 14 days post-prime (V2) and 8 days 540 

post-boost (V3). FNAs were collected at approximately 14 days post-prime (V2) and 8 days post-541 

boost (V3). 542 

(B) Representative ultrasound visualization of a HD axillary lymph node probed for the FNA 543 

procedure during V3 collection time point.   544 

(C) (Left) Representative flow cytometry plots of CD38+CD27lo/int B cells in HD FNAs at V2 and 545 

V3, a pre-pandemic tonsil sample (Tonsil Control) and a putative quiescent cadaveric lymph node 546 

(LN Control).  (Right) Representative flow cytometry plots of  GC B cells (CD19+CD4-CD8-IgM-
547 

IgD-CD38+CD27lo/intBCL6+) from the indicated donors. Naive B cells were used as negative 548 

control population to set the BCL6 gate. 549 

(D) Quantification of GC B cells in FNAs from HDs, displayed as a percentage of total 550 

lymphocytes. Paired (longitudinal) changes between V2 and V3 are displayed. 551 

(E) Representative flow cytometry of SARS-CoV-2 Full S+ RBD- (CD19+CD4-CD8-IgM-IgD-
552 

CD38+CD27lo/intBCL6+HA-Full S+RBD-) and Full S+ RBD+ (CD19+CD4-CD8-IgM-IgD-
553 

CD38+CD27lo/intBCL6+HA-Full S+RBD+) GC B cells in HD FNAs at V2 and V3 and in a tonsil 554 

control. 555 

(F) Quantification of Full S+ RBD- (left) and Full S+ RBD+ (right) GC B cells from HDs at V2 556 

and V3, displayed as a percentage of GC B cells. 557 

 (G) Representative flow cytometry plots of GC B cells in draining (ipsilateral) and in non-draining 558 

(contralateral) lymph nodes of HDs. 559 

(H) Quantification of GC B cells in FNAs at V3 from HD ipsilateral and contralateral lymph nodes, 560 

displayed as a percentage of total lymphocytes. 561 
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(I) Representative flow cytometry plots of antigen-specific GC B cells in ipsilateral and 562 

contralateral lymph nodes at V3. 563 

(J) Quantification of Full S+ RBD- (left) and  Full S+ RBD+ (right) GC B cells in ipsilateral and 564 

contralateral lymph nodes, displayed as a percentage of GC B cells.  565 

In (D and F), n = 11 donors; red data points = V2 and blue data points = V3. In (H and J), n=4 566 

donors; blue data points = ipsilateral lymph node and black data points = contralateral lymph node, 567 

both at V3. Statistical analysis: In (D and F), a paired Mann-Whitney U test with continuity 568 

correction was performed. In (H and J), the Wald-Wolfowitz runs test was performed. * P £ 0.05, 569 

** P £ 0.01, *** P £ 0.001, **** P £ 0.0001.     570 

 571 

Figure 2. Tfh cell responses with a mixed Th1/Th2 profile are measurable in healthy subject 572 

lymph nodes following immunization with SARS-CoV-2 mRNA vaccines. 573 

(A) Representative flow cytometry plots of Tfh cells (CD4+CD8-CD19-CD45RA-CXCR5hiPD-1hi) 574 

in HD FNAs at V2, V3 and from a contralateral lymph node (negative control).  575 

(B) Expression of BCL6 in Tfh cells from the donors indicated in (A) is displayed as a histogram. 576 

(C) Quantification of Tfh cells in ipsilateral and contralateral lymph nodes from HDs at V3, 577 

displayed as percentage of CD45RA- CD4 T cells. 578 

(D) Quantification of Tfh cells in ipsilateral lymph nodes from HDs, displayed as a percentage of 579 

CD45RA- CD4 T cells. Paired (longitudinal) changes between V2 and V3 are depicted. 580 

(E) Representative flow cytometry plots for defining Tfh cell subsets. CXCR5-CD45RA- (non-581 

Tfh) were used as a control population to set the chemokine receptor gates. 582 

(F) Quantification of Tfh cell subsets, displayed as a percentage of total Tfh cells. Tfh cells were 583 

stratified into: Th1 (CXCR3+), Th2 (CXCR3-CCR4+CCR6-), and Th17 (CXCR3-CCR4+CCR6+). 584 

Analysis was performed on samples from ipsilateral lymph nodes of HDs at V2 and V3. 585 
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(G) Spearman correlations between Tfh cells (displayed as a percentage of CD45RA- cells) and 586 

SARS-CoV-2-specific GC B cells (displayed as a percentage of lymphocytes) from the ipsilateral 587 

lymph nodes of HDs at V2 and V3. 588 

(H) Quantification of activated ICOShiPD-1hi Tfh cells in PBMCs, displayed as a percentage of 589 

CXCR5+ CD4 T cells. Paired (longitudinal) changes between V1, V2 and V3 are displayed.  590 

(I) Spearman correlation between activated ICOShiPD-1hi Tfh in PBMCs and bona fide ICOShiPD-591 

1hi  Tfh cells from draining lymph nodes (LN) of HDs at V2 and V3, both displayed as a percentage 592 

of CXCR5+ CD4 T cells.   593 

In (C), n = 4; blue data points = ipsilateral lymph node and black data points = contralateral lymph 594 

node, both at V3. In (D), n = 11. In (F and G), n = 13 for V2 and V3. In (H), n = 7; white data 595 

points = V1, red data points = V2 and blue data points = V3. In (I), n = 13 for V2 and n=11 for 596 

V3. In (D, G, and I), red data points = V2 and blue data points = V3. Statistical analysis: In (D and 597 

F), a paired (D) and an unpaired (F) Mann-Whitney U test was performed. In (C and H), the Wald-598 

Wolfowitz runs test was performed. In (G and I), correlations were determined using the 599 

Spearman’s rho with a 95% confidence interval. * P £ 0.05, ** P £ 0.01. 600 

 601 

Figure 3. SARS-CoV-2 mRNA vaccinations elicit antigen-specific memory B cell responses.   602 

(A) Representative flow cytometry of memory B cells (CD19+CD4-CD8-IgM-IgD-CD38-CD27+) 603 

from ipsilateral lymph nodes of HDs at V2 and V3, or from a putative quiescent cadaveric lymph 604 

node (LN Control). 605 

 (B) Representative flow cytometry of SARS-CoV-2-specific memory B cells (HA-Full S+RBD- 606 

or HA-Full S+RBD+) from ipsilateral lymph nodes of HDs at V2 and V3, or a LN control.   607 

(C) Quantification of Full S+ RBD- (left) and Full S+ RBD+ (right) memory B cells from ipsilateral 608 

lymph nodes of HDs, displayed as a percentage of total lymphocytes. Paired (longitudinal) changes 609 

between V2 and V3 are shown. 610 

(D) Representative flow cytometry of plasmablasts (CD19+CD4-CD8-IgM-IgD-CD38hiCD20-/lo) 611 

from ipsilateral lymph nodes of HDs at V2 and V3, or a LN control. 612 
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 (E) Quantification of plasmablasts in ipsilateral lymph nodes from HDs, displayed as a percentage 613 

of total lymphocytes. 614 

In (C and E), n = 11; red data points = V2 and blue data points = V3. Statistical analysis: In (C and 615 

E), a paired Mann-Whitney U test with continuity correction was performed. * P £ 0.05, ** P £ 616 

0.01.     617 

 618 

Figure 4. Kidney transplant recipients fail to mount GC reactions and have reduced B cell 619 

and humoral responses. 620 

(A) viSNE analysis of class-switched B cells (CD19+CD4-CD8-IgM-IgD-) in ipsilateral lymph 621 

node samples from HDs and KTX recipients at V3.  622 

(B) Representative flow cytometry of GC B cells (CD19+CD4-CD8-IgM-IgD-
623 

CD38+CD27lo/intBCL6+) in ipsilateral lymph node samples from HDs and KTX recipients at V3. 624 

(C and D) Quantification of GC B cells (C) and SARS-CoV-2-specific GC B cells (D), in 625 

ipsilateral lymph node samples from HDs and KTX recipients, displayed as a percentage of B 626 

cells. Unpaired (orthogonal) data from V2 and V3 are displayed. 627 

(E) Quantification of SARS-CoV-2-specific memory B cells, in ipsilateral lymph node samples 628 

from HDs and KTX recipients, displayed as a percentage of B cells. Unpaired (orthogonal) data 629 

from V2 and V3 are displayed. 630 

(F) Quantification of plasmablasts, in ipsilateral lymph node samples from HDs and KTX 631 

recipients, displayed as a percentage of B cells. Unpaired (orthogonal) data from V2 and V3 are 632 

displayed. 633 

(G and H) Serum concentration of Full S-specific (G) and RBD-specific (H) IgG from HDs and 634 

KTX recipients measured by ELISA. 635 

(I and J) Levels of nAbs against SARS-CoV-2 D614G (I) and Beta (J) mutants measured by 636 

pseudoneutralization assay in serum samples from HDs and KTX recipients.  637 
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In (A), for HD and KTX n=3 at V3. In (C-F), for HD: n = 13 for at V2 and V3; For KTX: n = 3 at 638 

V2 and n = 7 at V3. In (G-J), for HD: n = 12 at V1 and V2 and n = 13 at V3; For KTX: n = 7 at 639 

V1, n = 2 at V2, and n = 8 at V3. In (C-J), a circle is used to represent HDs, a triangle is used to 640 

represent KTX recipients, and a square is used to indicate a KTX recipient with a prior SARS-641 

CoV-2 infection. In (C-J), red data points = V2 and blue data points = V3 and in (G-J) white data 642 

points = V1. Statistical analysis: In (C-J), the Wald-Wolfowitz runs test was used to perform an 643 

exact comparison between the data distributions for HD versus KTX at each time point. * P £ 0.05, 644 

** P £ 0.01, *** P £ 0.001.     645 

 646 

Figure 5. Tfh cell responses to mRNA vaccination are dramatically dampened in kidney 647 

transplant recipients. 648 

(A) viSNE analysis of antigen-experienced CXCR5+ CD4 T cells (CD19-CD8-CD4+CD45RA-
649 

CXCR5+) in ipsilateral lymph node samples from HDs and KTX recipients at V3. 650 

(B) Representative flow cytometry of Tfh cells (CD4+CD8-CD19-CD45RA-CXCR5hiPD-1hi) from 651 

HDs and KTX recipients at V3. 652 

(C) Quantification of Tfh cells in ipsilateral lymph nodes samples from HDs and KTX recipients 653 

shown as a percentage of CD4 T cells. Unpaired (orthogonal) changes between V2 and V3 are 654 

displayed. 655 

In (A), for HD and KTX n=3 at V3. In (C), for HD: n = 13 for V2 and V3; for KTX: n = 3 for V2 656 

and n = 7 for V3; a circle is used to represent HDs, a triangle is used to represent KTX recipients, 657 

and a square is used to indicate a KTX recipient with a prior SARS-CoV-2 infection; red data 658 

points = V2 and blue data points = V3. Statistical analysis: In (C), a paired Mann-Whitney U test 659 

with continuity correction was performed. * P £ 0.05, ** P £ 0.01. 660 

 661 

Figure 6. Kidney transplant recipients fail to generate effective antigen-specific T cell 662 

responses. 663 
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(A) Representative flow cytometry of AIM+ (CD200+CD40L+) CD4 T cells in PBMCs at V1, V2 664 

and V3 from HDs and KTX recipients. 665 

 (B) Quantification of AIM+ CD4 T cells, defined as in (A), displayed as a percentage of antigen-666 

experienced (CD45RA-) CD4 T cells. Paired (longitudinal, left) or unpaired (orthogonal, right) 667 

analyses of PBMC samples from HDs and KTX recipients at V1, V2 and V3 are shown. 668 

(C) Representative gating strategy to define AIM+ CD4 T cell subsets in HD PBMC samples. 669 

(D and E) Quantification of AIM+ total CD4 T cell subsets (D) and AIM+ CXCR5+ CD4 T cell 670 

subsets (E) in HDs. Unpaired (orthogonal) analysis of PBMC samples from V1, V2 and V3 in HDs 671 

is displayed. 672 

(F) Representative flow cytometry of AIM+ (IFNg+ and 41BB+) CD8 T cells in PBMCs at V1, V2 673 

and V3 from HDs and KTX recipients.  674 

(G) Quantification of AIM+ (IFNg+ and 41BB+) CD8 T cells, displayed as a percentage of antigen-675 

experienced (CD45RA-) CD8 T cells. Paired (longitudinal, left) or unpaired (orthogonal, right) 676 

analyses of PBMC samples from HDs and KTX recipients at V1, V2 and V3 are shown  677 

(H) Quantification of AIM+ (cells expressing at least 3 of 5 activation markers: CD107a, 41BB, 678 

CD200, CD40L, and IFNg) CD8 T cells, displayed as a percentage of antigen-experienced 679 

(CD45RA-) CD8 T cells. Paired (longitudinal, left) or unpaired (orthogonal, right) analyses of 680 

PBMC samples from HDs and KTX V1, V2 and V3 recipients are shown. 681 

In (B, D-E and G-H), for HD: n = 11 for V1and V3, n = 9 for V2; for KTX: n = 5 for V1, n = 6 for 682 

V2, and n = 7 for V3. In (B and G-H), a circle is used to represent HD and a triangle is used to 683 

represent KTX; white data points = V1, red data points = V2 and blue data points = V3. Statistical 684 

analysis: In (B-H), the Wald-Wolfowitz runs test was used to perform an exact comparison 685 

between the two data distributions of interest. * P £ 0.05, ** P £ 0.01, *** P £ 0.001, **** P £ 686 

0.0001.  687 

  688 
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METHODS 689 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 690 

Study design and human samples 691 

The prospective cohort study included 15 healthy adults and 14 kidney transplant recipients at the 692 

Hospital of the University of Pennsylvania across both the lymph node and blood samples analyses 693 

(Table 1 and 2). All participants received two doses of either BNT162b2 or mRNA-1273 694 

vaccines, according to the recommended 3- and 4-week interval, respectively.  All participants 695 

received the first and second immunizations in the same arm. Written informed consent for 696 

participation was obtained according to the Declaration of Helsinki and protocols were approved 697 

by the Institutional Review Board of the University of Pennsylvania. Lymph node samples were 698 

obtained by ultrasound-guided fine needle aspiration at day 12 (+/- 3 days) after primary 699 

immunization and at day 10 (+/- 2 days) after booster immunization. Blood samples were obtained 700 

at baseline prior to vaccination (visit 1, V1), day 12 (+/- 3 days) following primary immunization 701 

(visit 2, V2), and day 10 (+/- 2 days) following booster (visit 3, V3). 702 

Lymph nodes and pediatric tonsils were obtained from the National Disease Resource Interchange 703 

(NDRI), and the Children’s Hospital of Philadelphia (CHOP), respectively. 704 

 705 

Ultrasound guided fine needle aspiration 706 

All fine needle aspirations (FNA) were performed by board-certified radiologists, similar to what 707 

previously described (Havenar-Daughton et al., 2020). Briefly, a Philips EPIQ ELITE or PHILIPS 708 

IU222 ultrasound instrument was used to visualize axillary draining lymph nodes. The area around 709 

the lymph node was anesthetized using 2-6mL of 0.9% buffered lidocaine solution. A 25-gauge 710 

needle was inserted into the cortex and moved back-and-forth several times, sample was aspirated 711 

and ejected into cold RPMI media containing 10% FBS. A total of five such passes were 712 

performed. In all participants, FNAs were performed on the side of vaccination (ipsilateral). In 4 713 

participants, additional FNA was performed on the contralateral side. 714 

 715 

All rights reserved. No reuse allowed without permission. 
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for thisthis version posted September 21, 2021. ; https://doi.org/10.1101/2021.09.16.21263686doi: medRxiv preprint 

https://doi.org/10.1101/2021.09.16.21263686


 27 

Blood processing 716 

Isolation of serum: Blood was collected in serum separator tubes (Becton Dickinson) which were 717 

spun at 935g for 15 minutes. Serum was collected, aliquoted, and frozen at -80°C for subsequent 718 

use.  719 

Isolation of Peripheral Blood Mononuclear Cells (PBMCs): PBMCs were isolated from blood 720 

collected in sodium heparin vacutainer tubes (Becton Dickinson). Briefly, whole blood was first 721 

spun at 935g for 15min. The plasma was carefully collected, aliquoted and stored at -80°C. The 722 

buffy layer and red cell sediment were diluted with an equal volume of RPMI with 5% FBS 723 

(RPMI-5) and gently layered over 15mL of Ficoll-Paque Plus (Cytiva) in a 50mL SepMate tube 724 

(STEMCELL Technologies). The sample was centrifuged at 1200g for 10 minutes. The PBMC 725 

were transferred into a new 50mL conical tube, centrifuged, decanted, and washed twice with 726 

RPMI-5 before flow cytometry staining or cryopreservation in FBS with 10% dimethyl sulfoxide. 727 

 728 

Production of fluorescently labeled proteins 729 

Labeling of SARS-CoV-2 full-length spike protein: Full-length, biotinylated spike protein was 730 

purchased from R&D Systems.  Streptavidin-conjugated BV421 (Biolegend) was then added at a 731 

6:1 molar ratio (biotinylated-protein to streptavidin-conjugate) on ice for 1 hour. 732 

Labeling of HA and SARS-CoV-2 RBD: Recombinant HA and RBD was produced as previously 733 

described (Amanat et al., 2020; Margine et al., 2013; Stadlbauer et al., 2020). To create 734 

fluorescently labeled RBD tetramers, RBD was biotinylated using the EZ-Link Micro Sulfo-NHS-735 

Biotinylation Kit (ThermoFisher). Streptavidin-conjugated PE was then added at a 6:1 molar ratio 736 

(biotinylated-protein to streptavidin-conjugate). Specifically, after the volume of fluorochrome 737 

needed to achieve a 6:1 molar ratio was determined, the total volume of fluorochrome was split 738 

into 10 subaliquots. These subaliquots were then added, on ice, to the biotinylated protein and 739 

mixed by pipetting every 10 minutes (for a total of 10 additions).   740 

 741 

Flow cytometry 742 
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Staining was performed on freshly isolated FNA and PBMC samples or cryopreserved control LN 743 

and tonsil samples. Up to 106 cells were incubated with a cocktail of chemokine receptor antibodies 744 

in FACS buffer (PBS containing 2% FBS and 1mM EDTA) for 10 minutes at 37℃. All remaining 745 

steps were carried out at 4℃. Without washing, a 2x cocktail of all other surface antibodies diluted 746 

in Brilliant Violet Staining Buffer (BD Biosciences) was added directly and incubated for 1 hour. 747 

Cells were washed with FACS buffer, fixed and permeabilized with FoxP3 748 

Fixation/Permeabilization Buffer (eBioSciences) according to manufacturer’s instructions for 1 749 

hour, and incubated with anti-BCL6 mAb (BD Biosciences) for 30 minutes. The 23-color panel 750 

used in this study is described in Table 3. Samples were washed, resuspended in FACS buffer and 751 

immediately acquired on an Aurora using SpectroFlow v2.2 (Cytek). Data was analyzed using 752 

Flow v.10 (Treestar). 753 

 754 

viSNE analysis 755 

viSNE analysis was performed on Cytobank (https://cytobank.org).  756 

Class-switched B cell analysis: Cells were defined as live, CD8-, CD4-, CD19+, IgD- IgM-. viSNE 757 

analysis was performed using 3200 cells from n = 3 donors per cohort with 5000 iterations, a 758 

perplexity of 60 and a theta of 0.5. The following markers and/or probes were used to generate 759 

viSNE projections:  CXCR5, CD11b, CD11c, CD20, CD27, CD38, BCL6, CCR4, CCR6, CXCR3, 760 

CD138, ICOS, PD-1, RBD Probe, Full S Probe, HA Probe.  761 

CXCR5+ CD4 T cell analysis: Cells were defined as live, CD8-, CD19-, CD4+, CD45RA- CXCR5+. 762 

Analysis was performed using 2730 cells from n = 3 donors per cohort with 5000 iterations, a 763 

perplexity of 100 and a theta of 0.5. The following markers and/or probes were used to generate 764 

viSNE projections:  PD-1, BCL6, CCR4, CCR6, CXCR3, CD11b, CD11c, CD20, CD27, CD38, 765 

ICOS. 766 

 767 

Activation induced marker (AIM) expression assay 768 

The AIM assay was performed as previously described (Painter et al., 2021). Briefly, after thawing 769 

and counting, cells were resuspended in fresh R10 to a final density of 10x106 cells/mL, and 2x106 770 

cells in 200µL were plated in duplicate wells in 96-well round-bottom plates. After resting 771 
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overnight, CD40 blocking antibody was added to both duplicate wells for 15 minutes prior to 772 

stimulation. One of the duplicate wells was then stimulated for 24 hours with costimulation (anti-773 

human CD28/CD49d, BD Biosciences) and the Spike peptide megapool at a final concentration of 774 

1 mg/mL, while the other well was treated with costimulation alone as a paired unstimulated 775 

sample. The CD4-S peptide megapool consists of 253 overlapping 15-mer peptides spanning the 776 

entire sequence of the Spike protein and was prepared as previously described (Grifoni et al., 777 

2020b, 2020a).  The remainder of the AIM assay was performed and samples were collected and 778 

analyzed as previously described (Painter et al., 2021). The flow cytometry panel used for the the 779 

detection of AIM+ cell populations is described in Table 4. 780 

AIM+ cells were identified from non-naïve or total T cell populations where indicated. All data 781 

from AIM expression assays were background-subtracted using paired unstimulated control 782 

samples. For T cell subsets, the AIM+ background frequency of CD45RA- T cells was subtracted 783 

independently for each subset. AIM+ CD4 T cells were defined by dual-expression of CD200 and 784 

CD40L. AIM+ CD8 T cells were defined by either expression of 41BB and IFNg or a boolean 785 

analysis identifying cells expressing at least three of five markers: CD200, CD40L, 41BB, 786 

CD107a, and intracellular IFNg.  787 

AIM assay data were visualized using RStudio. Boxplots represent median with interquartile 788 

range. Source code and data files are available upon request from the authors. 789 

 790 

Enzyme-linked immunosorbent assay  791 

ELISAs were performed using a previously described protocol (Flannery et al., 2020). Plasmids 792 

expressing the receptor binding domain (RBD) of the SARS-CoV-2 spike protein and the full-793 

length (FL) spike protein were provided by F. Krammer (Mt. Sinai). SARS-CoV-2 RBD and FL 794 

proteins were produced in 293F cells and purified using nickel–nitrilotriacetic  acid (Ni-NTA) 795 

resin (Qiagen). The supernatant was incubated with Ni-NTA resin at room temperature for 2 hours 796 

before collection using gravity flow columns and protein elution. After buffer exchange into 797 

phosphate-buffered saline (PBS), the purified protein was aliquoted and stored at −80°C. ELISA 798 

plates (Immulon 4 HBX, Thermo Fisher Scientific) were coated with PBS (50 µl per well) or a 799 
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recombinant SARS-CoV-2 RBD or FL proteins (2 µg/ml) diluted in PBS and stored overnight at 800 

4°C. ELISA plates were washed three times with PBS containing 0.1% Tween 20 (PBS-T) and 801 

blocked for 1 hour with PBS-T containing 3% nonfat milk powder. Serum samples that had been 802 

previously heat-inactivated (56°C for 1 hour) were serially diluted four-fold in 96-well round-803 

bottom plates in PBS-T supplemented with 1% nonfat milk powder (dilution buffer), starting at a 804 

1:50 dilution. ELISA plates were then washed three times with PBS-T. 50 µl of serum dilution 805 

was added to each well and incubated at room temperature for 2 hours. Plates were then washed 806 

again with PBS-T three times and 50 µl of horseradish peroxidase (HRP)–labeled goat anti-human 807 

IgG (1:5000; Jackson ImmunoResearch Laboratories) secondary antibodies was added. After 1-808 

hour incubation at room temperature, plates were washed three times with PBS-T, 50 µl of 809 

SureBlue 3,3′,5,5′-tetramethylbenzidine substrate (KPL) was added to each well, and 25 µl of 250 810 

mM hydrochloric acid was added to each well to stop the reaction five minutes later. Plates were 811 

read at an optical density (OD) of 450 nm using the SpectraMax 190 microplate reader (Molecular 812 

Devices). All incubation and washing steps were performed using a plate mixer. For analyses, OD 813 

values from the plates coated with PBS were subtracted from the OD values from plates coated 814 

with either RBD or FL recombinant protein, to control for background ELISA antibody binding. 815 

Each plate contained a dilution series of the IgG monoclonal antibody CR3022, which is reactive 816 

to the SARS-CoV-2 spike protein, to control for variability between assays. Serum antibody 817 

concentrations were reported as arbitrary units relative to the CR3022 monoclonal antibody.  818 

 819 

Pseudovirus neutralization assay 820 

Production of VSV pseudotypes with SARS-CoV-2 S:  293T cells plated 24 hours previously at 5 821 

X 106 cells per 10 cm dish were transfected using calcium phosphate with 35 µg of pCG1 SARS-822 

CoV-2 S D614G delta18 or pCG1 SARS-CoV-2 S B.1.351 delta 18 expression plasmid encoding 823 

a codon optimized SARS-CoV2 S gene with an 18 residue truncation in the cytoplasmic tail 824 

(kindly provided by Stefan Pohlmann). Twelve hours post transfection the cells were fed with 825 

fresh media containing 5mM sodium butyrate to increase expression of the transfected DNA. 826 

Thirty hours after transfection, the SARS-CoV-2 spike expressing cells were infected for 2-4 hours 827 

with VSV-G pseudotyped VSVΔG-RFP at a MOI of ~1-3. After infection, the cells were washed 828 

twice with media to remove unbound virus. Media containing the VSVΔG-RFP SARS-CoV-2 829 
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pseudotypes was harvested 28-30 hours after infection and clarified by centrifugation twice at 830 

6000g then aliquoted and stored at -80 °C until used for antibody neutralization analysis. 831 

Antibody neutralization assay using VSVΔG-RFP SARS-CoV-2:  All sera were heat-inactivated for 832 

30 minutes at 55 ⁰C prior to use in neutralization assay. Vero E6 cells stably expressing TMPRSS2 833 

were seeded in 100 µl at 2.5x104 cells/well in a 96 well collagen coated plate. The next day, 2-fold 834 

serially diluted serum samples were mixed with VSVΔG-RFP SARS-CoV-2 pseudotyped virus 835 

(100-300 focus forming units/well) and incubated for 1hr at 37 ⁰C.  Also included in this mixture 836 

to neutralize any potential VSV-G carryover virus was 1E9F9, a mouse anti-VSV Indiana G, at a 837 

concentration of 600 ng/ml (Absolute Antibody). The serum-virus mixture was then used to 838 

replace the media on VeroE6 TMPRSS2 cells. 22 hours post infection, the cells were washed and 839 

fixed with 4% paraformaldehyde before visualization on an S6 FluoroSpot Analyzer (CTL, Shaker 840 

Heights OH). Individual infected foci were enumerated and the values compared to control wells 841 

without antibody. The focus reduction neutralization titer 50% (FRNT50) was measured as the 842 

greatest serum dilution at which focus count was reduced by at least 50% relative to control cells 843 

that were infected with pseudotyped virus in the absence of human serum. FRNT50 titers for each 844 

sample were measured in at least two technical replicates and were reported for each sample as the 845 

geometric mean. 846 

 847 

Statistical analysis 848 

GraphPad Prism software version 9 was used for generating dot plots, bar plots and the correlation 849 

images presented in this work. All statistical data analyses were carried out using R version 4.0.3. 850 

The departure of the data from a normal/Gaussian distribution was confirmed by the Shapiro-Wilk 851 

test and consequently, nonparametric, distribution-free tests were used for all comparisons 852 

throughout this work. Single comparisons between variables were performed using the two-tailed 853 

Mann-Whitney U test with continuity correction when the number of data points in each group 854 

was greater than seven. Else, the Wald–Wolfowitz runs test was employed to afford greater 855 

sensitivity to the analysis (Sprent, 2019). Univariate correlations involving continuous and 856 

categorical data were performed using the rank-based Spearman correlation analysis. The reported 857 

p-values are corrected for multiple hypothesis testing using the Benjamini-Hochberg procedure 858 
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(Benjamini and Hochberg, 1995). Statistical significance for all comparisons was set at the critical 859 

values of p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).  860 
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SUPPLEMENTAL INFORMATION 861 

 862 

Supplementary Figure 1. GC B cell responses to SARS-CoV-2 mRNA vaccines are detectable 863 

in vaccine-draining ipsilateral lymph nodes.  864 

(A) Representative gating strategy for defining GC B cells (CD19+CD4-CD8-IgM-IgD-
865 

CD38+CD27lo/intBCL6+), SARS-CoV-2-specific GC B cells (CD19+CD4-CD8-IgM-IgD-
866 

CD38+CD27lo/intBCL6+HA-S+RBD+/-) and memory B cells (CD19+CD4-CD8-IgM-IgD-CD38-
867 

CD27+). 868 

(B) Quantification of GC B cells from ipsilateral lymph nodes of HDs, displayed as a percentage 869 

of total lymphocytes. Unpaired (orthogonal) changes between V2 and V3 are shown. 870 

(C) Spearman correlation between HD age (years) and GC B cells (displayed as a percentage of 871 

lymphocytes) at V2 and V3. 872 

(D) Orthogonal analysis of Full S+ RBD- and Full S+ RBD+ GC B cells from HD ipsilateral lymph 873 

nodes, displayed as a percentage of GC B cells. 874 

(E and F) Spearman correlation between HD age (years) and antigen-specific GC B cells 875 

(displayed as a percentage of GC B cells) at V2 and V3. 876 

In (B and D), n=13 for V2 and V3. In (C, E and F), n =12 for V2 and V3. In (B-F), red data points 877 

= V2 and blue data points = V3. Statistical analysis: In (B and D), an unpaired Mann-Whitney U 878 

test with continuity correction was performed. In (C, E and F), correlations were determined using 879 

the Spearman’s rho with a 95% confidence interval. * P £ 0.05.      880 

 881 

Supplementary Figure 2. Tfh cell frequencies increase following immunization with SARS-882 

CoV-2 mRNA vaccines. 883 

(A) Representative gating strategy for defining Tfh cells (CD4+CD8-CD19-CD45RA-CXCR5hiPD-884 

1hi). 885 
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(B) Representative flow cytometry of Tfh cells in a putative quiescent cadaveric lymph node (LN 886 

Control, left) and a pre-pandemic tonsil sample (Tonsil Control, right).  887 

(C) Orthogonal analysis of Tfh cells from HD ipsilateral lymph nodes at V2 and V3, displayed as 888 

a percentage of CD45RA- CD4 T cells.  889 

(D) (Left) Representative flow cytometry of activated ICOShiPD-1hi Tfh cells (CD4+CD8-CD19-
890 

CD45RA-CXCR5+ICOShiPD-1hi) from HD PBMC samples at V1, V2 and V3. (Right) 891 

Representative plot of CD38 expression, displayed as a histogram, in ICOShiPD-1hi Tfh cells.  892 

(E)  Spearman correlation between activated ICOShiPD-1hi Tfh cells, defined as in (D), from 893 

PBMCs (displayed as a percentage of CXCR5+ CD4 T cells) and antigen-specific GC B cells 894 

from ipsilateral lymph nodes (displayed as a percentage of lymphocytes) of HDs at V2 and V3.  895 

 896 

In (C), n=13 for V2 and V3. In (E), n =13 for V2 and n = 11 for V3. In (C and E), red data points 897 

= V2 and blue data points = V3. Statistical analysis: In (C), an unpaired Mann-Whitney U test with 898 

continuity correction was performed. In (E), correlations were determined using the Spearman’s 899 

rho with a 95% confidence interval. * P £ 0.05.   900 

 901 

Supplementary Figure 3. SARS-CoV-2 mRNA vaccines induce the generation of antigen-902 

specific memory B cells. 903 

(A) Orthogonal analysis of SARS-CoV-2-specific memory B cells from HD ipsilateral lymph 904 

nodes (LNs) at V2 and V3, displayed as a percentage of lymphocytes.  905 

(B) Orthogonal analysis of SARS-CoV-2-specific memory B cells from HD PBMCs at V2 and 906 

V3, displayed as percentage of lymphocytes.  907 

(C) Spearman correlation between SARS-CoV-2-specific memory B cells from ipsilateral lymph 908 

nodes (LN) and PBMCs of HDs, both displayed as a percentage of lymphocytes.  909 

(D) Orthogonal analysis of plasmablasts from PBMCs of HDs at V2 and V3, displayed as a 910 

percentage of lymphocytes.  911 

(E) Spearman correlation between plasmablasts from HD ipsilateral lymph nodes (LN) and 912 

PBMCs at V2 and V3, both represented as a percentage of lymphocytes.  913 

 914 
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In (A and B), n=13 for V2 and V3. In (C - E), n =13 for V2 and n = 11 for V3. In (A-E), red data 915 

points = V2 and blue data points = V3. Statistical analysis: In (A, B, and D), an unpaired Mann-916 

Whitney U test with continuity correction was performed. In (C and E), correlations were 917 

determined using the Spearman’s rho with a 95% confidence interval. * P £ 0.05, ** P £ 0.01, *** 918 

P £ 0.001.     919 

 920 

Supplementary Figure 4. Kidney transplant recipients have blunted germinal center 921 

responses which correlates with reduced B cell and humoral responses. 922 

(A) Quantification of the total cell yield from ipsilateral lymph nodes (LNs) of HDs and KTX 923 

recipients at V2 and V3. 924 

(B) Quantification of SARS-CoV-2-specific memory B cells in PBMCs from HDs and KTX 925 

recipients, displayed as a percentage of B cells. 926 

(C) Quantification of SARS-CoV-2-specific memory B cells from ipsilateral lymph nodes (LN) 927 

of HDs and KTX recipients, displayed as a percentage of memory B cells. 928 

 (D) Spearman correlation between SARS-CoV-2-specific memory B cells  (from PBMCs) and 929 

SARS-CoV-2-specific GC B cells (from ipsilateral lymph nodes, LN) from HDs and KTX 930 

recipients at V2 and V3, both displayed as a percentage of B cells. 931 

(E) Quantification of plasmablasts in PBMCs from HDs and KTX recipients, displayed as a 932 

percentage of B cells. 933 

(F and G) Spearman correlation between SARS-CoV-2 binding (F) and neutralizing (G) 934 

antibodies (against the D614G mutant) and SARS-CoV-2-specific GC B cells (from ipsilateral 935 

lymph nodes, displayed as a percentage of B cells) from HDs and KTX recipients at V2 and V3. 936 

(H) Spearman correlation between neutralizing antibody titers against the D614G mutant and 937 

activated ICOShiPD-1hi Tfh cells from ipsilateral lymph nodes (top) or PBMCs (bottom), shown 938 

as a percentage of CXCR5+ CD4 T cells. 939 
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In (A), for HD: n = 13 for V2 and V3; for KTX: n = 5 for V2 and n = 6 for V3. In (B and E), for 940 

HD: n =13 for V2 and n = 11 for V3; for KTX: n = 2 for V2 and n = 8 for V3. In (C and D), for 941 

HD: n = 13 for V2 and V3; for KTX: n = 3 for V2 and n = 7 for V3. In (F-H), for HD: n = 12 for 942 

V2 and V3; for KTX: n = 2 for V2 and n = 7 for V3. In (A-H), a circle is used to represent HDs, a 943 

triangle is used to represent KTX recipients, and a square is used to indicate a KTX recipient with 944 

a prior SARS-CoV-2 infection; red data points = V2 and blue data points = V3. Statistical analysis: 945 

In (A), an unpaired Mann-Whitney U test was performed. In (B, C and E), the Wald-Wolfowitz 946 

runs test was performed. In (D and F-H), correlations were determined using the Spearman’s rho 947 

with a 95% confidence interval. * P £ 0.05, ** P £ 0.01, *** P £ 0.001, **** P £ 0.0001.     948 

 949 

Supplementary Figure 5. SARS-CoV-2-specific CD4 and CD8 T cells are reduced in KTX 950 

PBMCs 951 

(A) Representative flow cytometry gating strategy for AIM assays on PBMC samples. 952 

(B) Quantification of AIM+ CD4 T cells as a percentage of total CD4 T cells. Paired (longitudinal, 953 

left) or unpaired (orthogonal, right) analyses of PBMC samples from HDs and KTX recipients at 954 

V1, V2 and V3 are shown. 955 

 (C and D) Quantification of AIM+ CD4 T cell subsets (C) and AIM+ CXCR5+ CD4 T cell subsets 956 

(D) in PBMCs from KTX recipients, shown as a frequency of AIM+ CD45RA- CD4 T cells. 957 

(E) Quantification of AIM+ CD8 T cells (IFN-g+ 41BB+), shown as a percentage of total CD8 T 958 

cells, in PBMC samples from HDs and KTX recipients.   959 

(F) Quantification of AIM+ CD8 T cells (cells expressing at least 3 of 5 activation markers: 960 

CD107a, 41BB, CD200, CD40L, and IFN-g), shown as a percentage of total CD8 T cells, in PBMC 961 

samples from HDs and KTX recipients.   962 

(G and H) Quantification of total CD45RA- CD4 T cell subsets in PBMC samples from HDs (G) 963 

and KTX recipients (H), shown as a frequency of total CD45RA-  CD4 T cells. 964 

In (B-H), for HD: n = 11 for V1and V3, n = 9 for V2; for KTX: n = 5 for V1, n = 6 for V2, and n 965 

= 7 for V3. In (B and E-F), a circle is used to represent HDs and a triangle is used to represent 966 
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KTX; white data points = V1, red data points = V2 and blue data points = V3. Statistical analysis: 967 

In (B-H), the Wald-Wolfowitz runs test was used to perform an exact comparison between the two 968 

data distributions of interest. * P £ 0.05, ** P £ 0.01, *** P £ 0.001, **** P £ 0.0001. 969 

  970 
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