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Abstract

Ascorbate (vitamin C) is an essential micronutrient in humans. The chronic severe deficiency of
ascorbate, termed scurvy, has long been associated with increased susceptibility to infections.
How ascorbate affects the immune system at the cellular and molecular levels remained unclear.
Here, from a micronutrient screen, we identified ascorbate as a potent enhancer for antibody
response by facilitating the IL-21/STAT3-dependent plasma cell differentiation in mouse and
human B cells. The effect of ascorbate is unique, as other antioxidants failed to promote plasma
cell differentiation. Ascorbate is critical during early B cell activation by poising the cells to plasma
cell lineage without affecting the proximal IL-21/STAT3 signaling and the overall transcriptome.
Consistent with its role as a cofactor for epigenetic enzymes, ascorbate potentiates plasma cell
differentiation by remodeling the epigenome via TET (Ten Eleven Translocation), the enzymes
responsible for DNA demethylation by oxidizing 5-methylcytosines into 5-hydroxymethylcytosine
(5hmC). Genome-wide 5hmC profiling identified ascorbate responsive elements (Ear) at the
Prdm1 locus, including a distal element with a STAT3 motif overlapped with a CpG that was
methylated and modified by TET in the presence of ascorbate. The results suggest that an
adequate level of VC is required for antibody response and highlight how micronutrients regulate
the activity of epigenetic enzymes to regulate gene expression. Our findings imply that epigenetic
enzymes can function as sensors to gauge the availability of metabolites and influence cell fate

decisions.
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Introduction

Vitamin C (VC) or ascorbate is an essential micronutrient for maintaining cell barrier integrity
and protecting cells from oxidant damage'?. Due to a mutation in GULO (L-gulono-gamma-
lactone oxidase), humans are unable to synthesize ascorbate and have to depend on dietary
absorbtion®. Long-term ascorbate deficiency causes a disease termed scurvy, which has been
associated with weakened immune responses and higher susceptibility to pneumonia®. Although
scurvy is rare nowadays, a survey in early 2000s estimated that the VC insufficiency rate is around
7.1% in the U.S®, and is even more prevalent in some sub-groups including the elderly, smokers,
those with limited dietary intake and those with increased oxidative stress due to illnesses®®). VC
insufficiency may contribute to the variation of immune response against infections. Thus, it is
critical to understand how VC regulates immune response at the cellular and molecular level.

In the past decades, researchers have explored using VC as a therapeutic treatment for
diseases, such as infections and cancers, but the results have been mixed'®"". For instance, the
studies of VC oral supplementation on the prevention of “common cold” or to enhance immune
responses have been highly controversial, often confounded by different administrative routes
and quantitative methods'®2'. The results could potentially be confounded by factors including
the pre-existing VC levels in the participants?2%; genetic variants in the specific VC transporters’;
the ill-defined viral pathogens for “common cold”; and the evolution of viruses to infect humans
regardless of VC status. Notably, excess oral supplementation does not increase the steady-state
VC concentration beyond the physiological level maintained by absorption and excretion.
Recently, VC is injected intravenously to achieve a supraphysiologic concentration for treating
sepsis and cancers™'*?®. The outcomes from these studies were ambiguous on whether the
‘mega dose” VC was effective in treating these diseases'®'*?¢2® Nonetheless, VC
supplementation via either route can address acute deficiency which may contribute to poorer

outcomes?®3!

and is likely to be necessary for certain conditions, especially for the population with
VC insufficiency.

VC deficiency/insufficiency has been associated with dysregulated immune responses based
on historical observation and experimental evidence. For instance, using Gulo-knockout mice that
were unable to synthesize VC, studies have shown that VC deficiency negatively affects the
response to influenza infection. One study showed that influenza infection increased the
production of pro-inflammatory cytokines (TNF-a, IL-1) and lung pathology without affecting viral
clearance®. Another study showed that Gulo-deficient mice are defective in viral clearance due
to decreased type | interferon response®. In addition to Gulo-deficient mice, guinea pigs are

natural unable to synthesize VC and have been used as a model to show that VC is important for
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73 T-cell-dependent antibody response after immunization®3

. The mechanism by which VC
74  regulates innate and adaptive immune responses remains unclear. In addition to its antioxidative
75  function, VC is a cofactor for several epigenetic enzymes including Ten-eleven-translocation
76  (TET)®38 TET proteins (TET1, TET2, TET3) are critical for DNA demethylation by oxidizing 5-
77  methylcytosine (5mC) mainly into 5-hydroxymethylcytosine (5hmC) and other oxidized bases,
78  which are the intermediates for demethylation®. Besides enhancing neuronal and hematological
79 differentiations in vitro*®, VC facilitates the differentiation of regulatory T cells by potentiating TET-
80 mediated demethylation of the Foxp3 intronic enhancer CNS2*'4. These findings strongly
81  suggested that one of the physiological functions of VC is to ensure the proper regulation of the
82  epigenome that is required for coordinated immune responses.

83 B cells are responsible for the humoral immunity against pathogens and plasma cells are
84  specialized in secreting antibodies. Plasma cells express the key transcription factor (TF) BLIMP1
85  (encoded by Prdm1) and can be induced by T-cell-derived signals, including CD40 ligand and IL-
86  21. Using a two-step in vitro system modeling the T-dependent plasma cell differentiation, we
87 performed a micronutrient screen and identified VC as a potent enhancer for plasma cell
88  differentiation in B cells from mice and humans. The effect on plasma cells is specific to VC, as
89  other antioxidants had no significant effect. We identified that the early B cell activation (1% step)
90 s the critical period requiring the presence of VC, which enables the B cells to become plasma
91 cells after IL-21 stimulation. Intriguingly, VC treatment had only minimal influence on the
92  transcriptome and IL-21 proximal signaling, suggesting the effect of VC is likely via the epigenome.
93 Indeed, VC treatment increases the activity of TET as indicated by the level of 5hmC. Genome-
94  wide 5hmC profiling of the Prdm1 locus revealed several VC-responsive elements, including one
95  of the elements (E58) with a highly conserved STAT3 motif overlapped with a CpG. The CpG at
96 E58 is methylated in naive B cells and potentially modified with 5hmC in the presence of VC.
97  Using B cells deficient in Tet2 and/or Tet3, we showed that TET2 or TET3 is sufficient to mediate
98 the effect of VC. Our results suggest that an adequate level of VC is required for proper antibody
99 response and highlight the influence of micronutrients on cell differentiation via epigenetic

100  enzymes.

101

102
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103  Results

104  Vitamin C as an Enhancer for Plasma Cell Differentiation

105 To study the role of micronutrients in plasma cell differentiation, we used a well-characterized
106 B cell culture system®. In brief, mouse naive B cells were cultured with 40LB, a stromal cell
107  expressing CD40L and BAFF to activate and promote the survival of B cells (Fig. 1A). Naive B
108  cells were seeded with 40LB in the presence of IL-4 for four days (1% step), followed by a
109  secondary co-culture with IL-21 for three days to induce the differentiation of plasma cells (2"
110  step) by the surface marker CD138 (Syndecan-1). Around 20% plasma cells were generated in
111  this two-step culture after seven days (Fig. 1B).

112 We reasoned that the relatively inefficient plasma cell differentiation might be due to the
113 paucity of micronutrients, as the deficiencies have been linked to increased susceptibility to
114 infections*. To determine if effective B cell differentiation requires micronutrients, we included
115 B27 and/or VC to the B cell culture. B27 is a culture supplement containing hormones,
116  antioxidants (e.g. vitamin E and reduced glutathione), and other micronutrients (e.g. vitamins A,
117 B7, selenium). The combination of B27 and VC was effective in promoting the differentiation of
118  neurons*”-%°. Compared to control (Mock), the combination of B27 and VC significantly increased
119  the percentage by at least 3-fold after the 7-day culture (Fig. 1C, 1D). Remarkably, VC was the
120  major component responsible for the enhancement of plasma cell differentiation (Fig 1C, 1D),
121 while B27 alone or B27 without antioxidants (B27-A0) have no effect. These culture supplements
122 and VC had no significant effect on cell numbers and cell death (Fig. S1A-C), suggesting the
123 increased plasma cells was not due to a preferentially increased survival.

124 Given that the primary activity of VC relies on its antioxidant potential, it is possible that VC
125  relieves oxidative stress that may inhibit plasma cell differentiation. To address this possibility, we
126  cultured B cells in the presence of another antioxidant N-acetylcysteine (NAC). Unlike VC, NAC
127  had no significant effect on plasma cell differentiation (Fig. 1C, 1D). In addition, B27 and the
128  culture media also contained other antioxidants but were unable to promote plasma cell
129  differentiation (Fig 1C, 1D), suggesting the effect on plasma cell is specific to VC and may not
130  generalize to other antioxidants.

131 Next, we analyzed the oxidative state in the cultured B cells with a fluorescent dye (CellROX).
132 The data showed that the mock and VC-treated cells had similarly low oxidative levels (left panel;
133 Fig. 1E), which is supported by the fact that the addition of NAC during the CellROX assay did
134 not significantly decrease the fluorescent signal (2" panel, Fig. 1E). To confirm the validity of the
135  assay, tert-Butyl hydroperoxide (TBHP) was added to induce reactive oxygen species (ROS),

136 which results in increased in the fluorescent signal (3™ panel, Fig. 1E). The presence of VC in the
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137  culture media was sufficient to quench the exogenous ROS that can be further removed with the
138 addition of NAC (3" and 4" panels; Fig. 1E). The results demonstrated that the activated B cells
139 in our system exhibited low oxidative stress, thus the effect of VC on plasma cell is likely
140  independent of its general antioxidative function.

141 To address if activity of VC on plasma cells is conserved in human, we isolated naive B cells
142 from healthy donors and induced plasma cell differentiation using two conditions: 1) anti-CD40,
143 toll-like receptor ligand CpG, and IL-21 in CpG (ODN); 2) S. aureus Cowan | (SAC) and IL-21.
144  Consistent with its effect on mouse cells, VC can facilitate the differentiation of human plasma
145  cells in both conditions (Fig. 1F, 1G). Together, the results suggested that VC is an important
146 micronutrient for the generation of plasma cell in mice and humans.

147

148  VC Supplement Facilitates the Differentiation of bona fide Plasma Cells

149 Our data revealed that VC promotes plasma cell differentiation indicated by using the surface
150  expression of CD138. To confirm the results, we analyzed the protein expression of BLIMP1 and
151 IRF4, two TFs important for plasma cell. Consistent with CD138, the percentage of BLIMP1 and
152  IRF4 increased substantially after 7-day culture with VC (Fig. 2A, 2B). VC-treated B cells also
153  downregulated the B-lineage TF PAX5 (Fig. 2A upper panel; 2B) similar to mature plasma cells.
154  While B cells secreted minimal number of antibodies after the 1% step culture regardless of VC
155 (Fig. S2A), VC treatment significantly enhanced the antibody secretion after stimulation with IL-
156 21 during 2™ step culture (Fig. 2C). These results demonstrated that VC enhanced the
157  differentiation of bona fide plasma cells.

158

159 VC is Required for the Initial Activation Step of Plasma Cell Culture

160 As described above (Fig. 1A), the in vitro plasma cell differentiation is a two-step process,
161  where naive B cells are initially activated with IL-4 (1! step) then stimulated with IL-21 to induce
162  plasma cell differentiation (2" step). To identify the critical period for VC, we treated the cells with
163  VC at different time points as indicated (Fig. 3A) and analyzed the cells by FACS on day 7 for
164  CD138 expression. Consistent with the above result, the addition of VC throughout the culture
165  significantly enhanced plasma cell differentiation compared to control (Fig. 3A; compare | vs V).
166  The data showed that the addition of VC during the 1% step is sufficient to enhance plasma cell
167 differentiation (Fig. 3A; Il), while the effect is less pronounced when VC is added during the 2"
168  step (Fig. 3A; lll). The higher percentage of plasma cells after VC treatment is not due to

169 increased kinetics of plasma cell differentiation. B cells were similar in function and phenotype
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170  after the initial four days of culture regardless of VC treatment (Fig. 3B, S2A, S2B). These data
171  demonstrated that VC is important for conditioning the B cells during the initial activation period.

172 During the 2" step culture, B cells are stimulated with 40LB and IL-21 to induce plasma cell
173  differentiation. To determine whether VC facilitates plasma cell differentiation by modulating the
174  CDA4OL/BAFF or cytokine signals, we cultured the B cells with IL-21 in the presence or absence
175  of 40LB cells during the 2" step as indicated (Fig. 3C). The results show that VC significantly
176  enhances plasma cell differentiation regardless of 40LB cells by measuring CD138 (Fig. 3D-E),
177  antibody secretion (Fig. S3A), and TF expression (Fig. S3B). While the percentage of plasma
178  cells was similar between mock- and VC-treated cells after 1% step culture (Fig. 3B), stimulation
179  with IL-21 for 24h was sufficient to induce significantly more plasma cells from VC-treated B cells
180  (Fig. 3F). These results suggest that VC conditions B cells to be responsive to the IL-21-induced
181 plasma cell differentiation.

182

183  VC has Limited Effect on the Proximal IL-21 Signaling and Transcriptome

184 IL-21 is produced by T cells and can induce the phosphorylation of STAT3 after binding to IL-
185 21 receptor (IL-21R) on B cells. To address if VC promotes plasma cell differentiation by altering
186  IL-21 signaling, we cultured the B cells with 40LB and IL-4 for four days, and the expression of
187 IL-21R was analyzed by flow cytometry. The data showed that IL-21R expression was
188  comparable between mock- and VC-treated cells (Fig. 4A). To test if VC may enhance the
189  signaling capacity of IL-21R, we stimulated the cells cultured the cells with IL-21 for 30 minutes
190  and the phosphorylation of STAT3 (pSTAT3) was analyzed. Similarly, the results showed that VC
191  has no significant effect on the phosphorylation of STAT3 in response to IL-21 (Fig. 4B). Note
192  that the same concentration of IL-21 was used for both the short-term stimulation (30 minutes)
193 and the 2™ step culture. These data suggest that VC-mediated conditioning of the B cells is not
194  due to heightened responsiveness to IL-21.

195 Based on the above results, VC poises B cells toward plasma cell lineage without affecting
196  the overall phenotypes (Fig. 3B, S2) and IL-21 signaling (Fig. 4) prior to IL-21 stimulation. To
197 identify the potential genes regulated by VC, we analyzed the transcriptomes of naive and B cells
198  cultured for four days in the presence of absence of VC by RNA-seq. As expected, B cell activation
199 induced substantial changes in transcriptomes, with thousands of differentially expressed genes
200 (DEGs; Fig. 5A, 5B). Surprisingly, the transcriptomes of B cells are highly similar between control
201 and VC-treated cells (Fig. 5C), with only one and five genes differentially decreased and
202  increased, respectively. Among the DEGs, the majority of them are non-coding transcripts (e.g.
203  Gm48840, Gm13192, Gm5340) and proteins with unknown function (1700120K04Rik, Lrp2bp).
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204  One of the genes induced by VC is Rnf165/Ark2C, a ubiquitin E3 ligase that has been associated
205  with impaired motor neuron axon growth®. Its function in the immune system remained unclear.
206  However, based on the minimal number of DEGs, we speculated that VC might condition the B

207  cells without affecting the transcriptome.

208
209  The Effect of VC is Dependent on either TET2 or TET3
210 In addition to being an general antioxidant, VC has an unique property to reduce Fe(lll) to

211  Fe(ll) for epigenetic enzymes, including Ten-Eleven Translocation (TET). family proteins (TET1,
212 TET2, TET3) are essential for DNA demethylation by oxidizing 5-methylcytosine (5mC) to mainly
213 5-hydroxymethylcytosine (5hmC)**%*2 Previous studies have shown that TET2 and TET3 are
214  required for B cell development and function®*%°. Therefore, we hypothesize that VC may affect
215  the B cell epigenome by enhancing the enzymatic activity of TET. We isolated B cells from control
216 (Cd19°°*), Tet2-deficient (Cd19°®* Tet2™), or Tet3-deficient (Cd19°* Tet3"") mice and cultured
217  them in the presence or absence of VC. While VC greatly increased the percentage of plasma
218  cells generated in control B cells (Fig. 6A-D; WT), the differentiation was slightly impaired in the
219  Tet2- or Tet3-deficient cells (Fig. 6A-D). As TET2 and TET3 often function redundantly, we
220 isolated B cells from Tet2 and Tet3 conditional double-deficient mice to address if the effect of
221  VC is mediated by TET enzymes. Since the deletion of Tet2 and Tet3 using Cd19°" resulted in
222 aggressive B cell lymphoma at an early age (unpublished observation), we used a tamoxifen-
223 inducible Tet2/3-deletion system to circumvent this caveat as previously described®. In this
224  system, CrefR"2 Tet2" Tet3" and control Cre®™ mice were injected with tamoxifen for five
225  consecutive days to induce the deletions of Tet2 and Tet3. B cells were isolated on day eight and
226  cultured as above. Remarkably, the effect of VC on plasma cell differentiation dramatically
227  decreased in the absence of TET2 and TET3 as measured by percentages of CD138" (Fig. 6E
228 and 6G) or BLIMP1* (Fig. 6F and 6H) B cells. Therefore, these results strongly suggested that
229  the ability of VC to enhance plasma cell differentiation is via TET2 and TETS3.

230

231  VC Remodels the Genome-wide 5hmC Modification

232 TET enzymes oxidize 5mC into oxidized bases including 5hmC, a stable epigenetic
233 medication and an intermediate for DNA demethylation*®*?¢°, To confirm VC indeed enhances
234  TET activity, we used DNA dot blot to semi-quantitatively measure the level of 5hmC in B cells.
235  Naive B cells had the highest density of 5hmC compared with B cells from day four or day seven
236  culture (Fig. 7A), an observation consistent with the passive dilution of 5ShmC after cell divisions.

237  The addition of VC significantly increased the amount of 5hmC compared to those in the mock
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238  control B cells at both time points (Fig. 7A; compare Mock and VC). These results confirm that
239  VC enhances TET activity in B cells.

240 To identify the targeted genomic regions regulated by TET, we used HMCP, a modified
241  CLICK-chemistry-based 5hmC pulldown method, to analyze the genome-wide 5hmC distribution.
242 Overall, the number of 5ShmC-enriched regions correlated with the levels of 5hmC (Fig. 7A): naive
243 B cells contained the most 5hmC-enriched regions; B cells activated for four days (Mock®*) had
244  the lowest; B cells cultured with VC (VCP®*) had significantly more 5hmC-enriched regions
245  compared to mock control (Fig. 7B). Analysis of the differentially hydroxymethylated regions
246  (DhmRs) revealed that B cells cultured for four days (MockP®*) lost the majority (87.6%; Fig. 7C
247  left panel and Fig. S4A) of the 5ShmC-enriched regions that were identified in naive B cells.
248  Smaller percentages of peaks are either maintained (7.9%) or gained (4.4%). In contrast, while
249  considerable numbers of DhmRs were decreased in B cells cultured with VC (VCP#*; 59.2%; Fig.
250  7C middle panel and Fig. S4B), a significant number of regions either maintained (24.3%) or
251 gained 5hmC (16.5%) after culture. Most of these 5ShmC-enriched regions were distal to the
252  transcription start sites (Fig. S4C-E), suggesting that many of these regions might be potentially
253 regulatory elements as previously described®.

254 To understand the effect of VC on TET-mediated epigenome remodeling, we focused on the
255  regions between the activated B cells from mock and VC groups. The analysis of DhmRs revealed
256  that VC induced a significant number of 5ShmC-enriched regions (72.3%; Fig. 7C right panel and
257  Fig. 7D), while a small number of regions have decreased 5hmC (3.7%). Motif analysis of the
258  regions enriched in VC-treated cells showed modest enrichment of motifs from TF families,
259  including basic helix-loop-helix (bHLH), nuclear receptor (NR), and zinc fingers (Zf; Fig. S5A).
260  The DhmRs preferentially found in mock control were enriched in bHLH, basic leucine zipper
261  (bZIP), and Zf family TFs (Fig. S5B). How and if these TFs may collaborate with TET to facilitate
262  DNA modification remains to be addressed. Altogether, the data demonstrated that VC enhanced
263  the enzymatic activity of TET, resulting in a substantial increase in 5hmC throughout the genome.
264

265 Potential Tet-responsive element at the Prdm1 distal region

266 Prdm1-encoded BLIMP1 is the TF critical for the differentiation and function of plasma cells.
267 The above results showed that VC promotes plasma cell differentiation via TET-mediated
268  deposition of 5hmC. Therefore, we hypothesize that VC may affect the DNA modification status
269  at the Prdm1 locus, resulting in an increased permissiveness to IL-21-mediated upregulation. In
270  naive B cells, the Prdm1 gene body and several downstream regions, including a previously

271  described 3’ Prdm1 enhancer close to the transcriptional terminal site, are enriched in 5hmC (Fig.
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272  8A, top panel). In B cells activated without VC (Mock®®*), the majority of the regions showed
273  decreased 5hmC. The decrease was more noticeable after considered the lower global 5hmC
274  (Fig. 7A). Remarkably, VC induced the enrichment of 5hmC at least 14 locations (teal bars in Fig.
275 8B, MockDay4 vs VCDay4). One of the most pronounced enrichment was at E58, a previously
276  undescribed element located at +58kb relative to the start of Prdm1°'. DhmR analyses showed
277  that E58 is preferentially enriched in VC-treated B cells compared to both naive and mock control
278  (Fig. 7B). Moreover, overlaying a previously published DNA methylation data demonstrated that
279  Eb58 is methylated in naive B cells and is at the edge of a demethylating region (Fig. 7C),
280 consistent with a previous observation where the boundaries between methylated and
281  demethylation regions are enriched in 5hmC®2.

282 Since VC induced 5hmC modification at several locations at the Prdm1 locus, we speculate
283  that some of these cis-elements may be responsible for the effect of VC on plasma cells (Fig. 3D,
284  3E, S3B). Among the elements, E58 has one of the highest proportions of 5hmC modification at
285  the Prdm1 locus. Coincidentally, analysis of previously published STAT3 ChIP-seq in T cells®'
286  showed that IL-21-induced STATS3 could bind to E58 (Fig. S6A). Interestingly, a predicted STAT3
287  motif at E58 contained a CpG site that is methylated in naive B cells (Fig. S6B). This CpG-
288  containing STAT3 motif is highly conserved (Fig. S6C), suggesting that the motif may have
289  significant biological functions and is potentially regulated by DNA modification. In conclusion, our
290 data showed that plasma cell differentiation is sensitive to the level of VC, which can affect the
291  epigenome by modulating the activity of epigenetic enzymes including TET. Heighten TET activity
292 may increase the probability of the DNA modification/demethylation at critical regulatory elements
293  and may skew the lineage decision of the differentiating B cells.

294

295

296

297

298

299

300

301

302
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304 Discussion
305 VC has long been known for its broad effect on immune responses. Long-term VC deficiency

306 results in scurvy, a disease historically associated with increased susceptibility to infections* 463,

307  While recent studies have focused on VC supplements on disease treatments or prevention'®'*

308 42028303163 rgatively little is known about the mechanism of how VC deficiency may affect the
309  immune response.

310 Using an in vitro 2-step model of plasma cell differentiation, we performed a limited
311  micronutrient screen and identified VC as a strong potentiator of plasma cell differentiation in
312  mouse and human B cells (Fig. 1C-D, 1F-G). The effect of VC on plasma cells is likely
313 independent of its general antioxidant capacity. First, other antioxidants, including vitamin E,
314  reduced glutathione, NAC, and 2-mercaptoethanol (a component in the complete media), could
315 not recapitulate the effect (Fig. 1C-D). Second, the basal levels of oxidative stress were low in
316  the cells regardless of VC treatment (Fig. 1E), suggesting that VC may exert its activity on other
317  cellular processes. We further identified that the main effect of VC occurred during the initial
318 activation step (1% step; Fig. 3A), prior to the stimulation with IL-21. Intriguingly, after the four
319  days of 1% step culture, the percentage of plasma cells (Fig. S2, 3B), the capacity of proximal IL-
320  21/STATS3 signaling (Fig. 4), and the transcriptomes (Fig. 5C) were remarkably similar between
321  control and VC-treated cells. As recent studies suggested that VC is a cofactor for epigenetic
322  enzymes, we speculated that VC might facilitate B cells to differentiate into plasma cells by
323  remodeling the epigenetic landscape (Fig. S7).

324 Our data showed that VC indeed has a profound effect on the epigenome, including the
325  genome-wide distribution of 5hmC. VC increased the total 5ShmC deposited by TET (Fig. 7A), and
326  either TET2 or TET3 is required for VC-enhanced plasma cell differentiation (Fig. 6). The
327  genome-wide mapping of 5hmC showed that in the absence of VC, the majority of 5ShmC-enriched
328  regions in naive B cells showed decreased 5hmC after B cell proliferated (Naive vs Mock®*; Fig.
329 7B, 7C). While B cells cultured with VC showed a similar decrease in the numbers of 5hmC-
330 enriched regions (naive vs VCP#*; Fig. 7B, 7C), VC was able to promote TET activity and resulted
331 in the maintenance of a subset of original 5hmC-enriched regions. Moreover, VC was required
332  for the appearance of at least 10,000 de novo 5hmC peaks induced by activation (3,413 in
333 MockP®* vs 15,207 in VCP®*; Fig. 7C). The data suggest that TET2 or TET3 may be recruited to
334  these regions in the activated B cells but the enzymatic rate is limited when the intracellular level
335 of VCis low.

336 Since Prdm1/BLIMP1 is the TF essential for plasma cell differentiation, we speculate that VC

337  may affect the 5ShmC modification at the Prdm1 locus and render it permissive to STAT3-mediated
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338  upregulation. Upon examination of the 5hmC at the Prdm1 locus, we identified at least 14 VC-
339  induced DhmRs in the B cells cultured with VC (VCP®*) that we termed “ascorbate responsive
340 elements” (Ear; Fig. 8B), which are defined as the regions with gained 5hmC after VC treatment.
341  One noticeable Ear is E58, an undescribed cis-element located at +58 kb, and several known
342  enhancers®'. Previously published STAT3 ChiP-seq data showed that STAT3 could bind to E58
343 in response to IL-21 in T cells (Fig. S6A)°", coinciding with a conserved STAT3 binding motif at
344  E58 (Fig. S6B, S6C). Interestingly, the STAT3 motif contains a CpG site overlapping the 5hmC
345  signal (Fig. 8A, 8C). Based on this observation, we suggest that VC alters the DNA modification
346  status at E58 and potentially other Ear at the Prdm1 locus that may affect the recruitment of TFs.
347  The mechanism behind VC-mediated plasma cell differentiation remained to be addressed.

348 Our data is accordant with a recent publication showing that VC can promote plasma cell
349 differentiation via TET enzymes®. Similar to our results, Qi et al. showed that the effect of VC on
350 plasma cells is dependent on TET, and TET-deficient affects VC-assisted DNA demethylation at
351 the Prdm1 intronic enhancers. While the previous study provided in vivo data, we have shown
352  detailed molecular mechanisms of how VC enhances plasma cell differentiation. For instance, we
353  dissected the 2-step culture system and have shown VC is critical during the initial B cell activation
354 (1% step). The effect of VC is unique and cannot be substituted by other antioxidants. Moreover,
355 we demonstrated that VC has no immediate effect on the transcriptome and IL-21/STAT3
356  signaling after the 1% step culture. Our data demonstrated that the main effect of VC is to remodel
357 the epigenome. Furthermore, our genome-wide profiling of 5hmC revealed several Ear at the
358  Prdm1 locus, including a potential novel element E58 that might be sensitive to the methylation
359  status. Together, the studies here and Qi et al. have presented a clear picture of the importance
360 of VC on regulating B cell differentiation.

361 Increasing evidence has revealed the link between the metabolome and epigenome in the
362  immune system®. For instance, VC stabilizes the in vitro induced regulatory T cells by stabilizing
363  the expression of lineage TF Foxp3 by facilitating TET-mediated DNA demethylation at CNS2, a
364  Foxp3 intronic enhancer*'*** Another example is a-ketoglutarate (aKG), an intermediate in the
365 Kreb cycle and a substrate for many epigenetic enzymes. Studies have shown that aKG
366 modulates macrophage function by facilitating histone demethylation®® and promoting IL-2-
367 sensitive gene expression in T cells by TET-mediated DNA demethylation®”. Our results and
368  others have shown that VC is a vital micronutrient required for efficient plasma cell differentiation®.
369 Based on these observations, we hypothesize that epigenetic enzymes may act as rheostats to

370  control appropriate gene transcription by integrating the availability of micronutrients or
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371  metabolites. Future studies will be needed to address how micronutrients, including VC,
372  contribute to immune response via epigenetic remodeling.
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390 Materials and Methods

391  Animal Experiments. All animal experiments were approved by IACUC at La Jolla Institute and
392 Ohio State University. C57BL/6J mice (6-12 weeks; Jax#000664) were purchased from Jackson
393  Laboratory (Bar Harbor, ME). Tet2" Tet3" (generous gifts from Dr. Anjana Rao) crossed with
394  Rosa26-SLEYFP (Jax#006148) and Ubc-CrefR™? (Jax#008085; CrefR™ herein) mice were as
395  described previously®. To induce Tet2/3-deletion with Cre® ™2, mice were injected with 2mg of
396  tamoxifen in corn oil (Millipore-Sigma, St. Louis, MO) for 5 consecutive days and rested for 2 days
397  Dbefore the isolation of primary B cell.

398

399  Cell culture. 40LB cells were cultured in D10 media consists of DMEM (high-glucose), 10% fetal
400  bovine serum (FBS; Gemini Bio, West Sacramento, CA), and 2mM GlutaMax. Primary B cells
401  were cultured in R10 media consists of RPMI1640, 10% FBS (Gemini Bio), 2mM GlutaMax, 1x
402  non-essential amino acid, 1mM sodium pyruvate, 10mM HEPES, 50 ug/mL gentamicin, and 55
403  uM 2-mercaptoethanol. B27 serum-free supplement (50x) was added as 1x. The components of
404  B27 are listed in Table S4. All cell culture reagents above are from Gibco-ThermoFisher (Waltham,
405 MA) unless otherwise stated.

406

407  Induced germinal center (iGB or 40LB) culture. The iGB culture was performed according to
408  previous publication with slight modifications®, Briefly, 40LB cells were irradiated (30 Gy) and
409  1x10° cells were plated for each well in a 24-well tissue-culture plate in D10 media. The following
410  day, B cells were isolated from mouse spleens using EasySep mouse B cell isolation kit (Stemcell
411  Technologies, Vancouver, Canada) according to manufacturer’s instruction. For the first step
412 culture, B cells (10,000) were plated with the irradiated 40LB cells in R10 media with 1 ng/mL
413  recombinant mouse interleukin-4 (rmlL-4; Peprotech, East Windsor, NJ). On day 4, B cells were
414  resuspended and 50,000 cells were transferred to irradiated 40LB cells in R10 media with 10
415  ng/mL rmIL-21 (Peprotech) for the second step culture. Cells were analyzed on day 7. For VC
416 treatment, L-ascorbic acid 2-phosphate (Millipore-Sigma) was dissolved in water and sterilized
417  with 0.22um syringe-filter and was added at a final concentration of 100 pg/mL (310.5 uM). VC
418  was added on the beginning of the 15! and 2" steps co-culture.

419

420 Isolation and culture of primary human B cells. Human peripheral blood mononuclear cells
421  (PBMCs) were isolated from healthy donors with IRB approval (to D.J.W.). Briefly, 20 to 40ml of
422  whole blood was diluted with phosphate based-saline (PBS) and overlaid on Ficoll-Paque Plus

423  (Cytiva, Marlborough, MA). After centrifugation, PBMCs were transferred from the interface and
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424  washed with PBS. Primary human B cells were isolated from PBMCs using the EasySep Human
425  Naive B cell isolation kit (Stemcell Technologies). Naive B cells were cultured with or without VC
426 (100 pg/mL) in R10 media. To induce plasma cell differentiation, cells were cultured with
427  recombinant human IL-21 (100 ng/mL; Peprotech) and either with: 0.01% PANSORBIN (Millipore);
428  or ODN (2.5 uM; Invivogen, San Diego, CA) and anti-hCD40 (1 pyg/mL; BioLegend). Cells were
429  harvested on day six for flow cytometry analysis.

430

431  Flow Cytometry. Cells were resuspended in FACS buffer (1% bovine serum albumin, 1mM
432  Ethylenediaminetetraacetic acid/EDTA, 0.05% sodium azide) and incubated with Fc-receptor
433 blocking antibody 2.4G2 (5 upg/mL; BioXCell, Lebanon, NH) for at least 10 mins on ice.
434 Fluorescence-conjugated antibodies and live-dead dye were added and incubate on ice for 25-
435 30 mins. Cells were washed at least two times with FACS buffer, fixed with 1% paraformaldehyde
436  (ThermoFisher), and analyzed by either FACS Canto-Il, LSR-II, or Accuri C6 (all BD, Franklin
437  Lakes, NJ). FACS Aria Il (BD) and MA900 (Sony Biotechnology, San Jose, CA) were used for
438  cell isolation. For intracellular transcription factor staining, cells were stained by using True-
439  Nuclear transcription factor buffer set (Biolegend, San Diego, CA). Briefly, cells were fixed with
440  1x fix concentrate buffer (Biolegend) at room temperature (RT) for 45-60 mins and washed twice
441  with 1x permeabilization buffer. Cells were resuspended in 1x permeabilization buffer and stained
442  with fluorescence-conjugated antibodies at RT for 30 mins. Cells were washed twice with 1x
443 permeabilization buffer and prior to FACS analysis. For detection of apoptosis, 1x10° cells were
444  washed with PBS and resuspended in 1x binding buffer (10 mM HEPES pH 7.4, 140 mM NacCl,
445 2.5 mM CaCly). Biotin-conjugated Annexin V (Stemcell Technologies) was added and incubated
446  at RT for 10-15 mins. Cells were washed and resuspended in 1x binding buffer. APC-Streptavidin
447  (Biolegend) was added and incubated at RT for 10-15 mins. Cells were washed, pelleted, and
448  resuspended in 1X binding buffer. 7-Aminoactinomycin D (7-AAD; BD) was added to label the
449  dead cells by incubating at RT for at least 5 mins and analyzed by FACS immediately. FACS
450 antibodies and reagents are listed on Table S5.

451

452  STAT3 Phosphorylation Assay

453  Cells from the 1% 40LB culture were washed once with complete media and stimulated with rmlL-
454 21 (10 ng/mL final) at a concentration of 5x10° cells/mL at 37°C for 30 mins. Cells were fixed
455 immediately with paraformaldehyde (final 2%; ThermoFisher) and incubated at 4°C for 30 mins.
456  Cells were washed twice with FACS buffer and the surface antigens were stained with

457  fluorescence-conjugated antibodies at RT for 30 mins. Cells were washed twice again with FACS
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458  buffer and fixed with ice-cold methanol (final 90%) and stored at -20°C overnight. The next day,
459  cells were washed at least twice with FACS buffer to remove the fixative before incubating with
460 the Fc-receptor blocking antibody 2.4G2 (BioXCell) and rat serum (Stemcell Technologies),
461  followed by the anti-phosphoSTAT3 (Tyr705) antibody (Biolegend) at RT for 30 mins. Cells were
462  washed twice with FACS buffer, fixed with 1% paraformaldehyde (ThermoFisher), and analyzed
463 by FACS.

464

465  Cytosine-5-methylenesulfonate (CMS) dot blot. CMS dot blot was performed as previously
466  described?. Briefly, genomic DNA was treated with Methylcode bisulfite conversion kit
467  (ThermoFisher) to convert 5hmC into CMS. DNA was diluted, denatured, neutralized, and
468  immobilized on a nitrocellulose membrane with the Bio-Dot apparatus (Bio-Rad, Hercules, CA).
469 CMS was detected using rabbit anti-CMS antisera (gift from Dr. Anjana Rao) followed by
470  peroxidase-conjugated goat-anti-rabbit IgG secondary antibody. Membrane was exposed using
471  SuperSignal West Femto (ThermoFisher) and X-ray films.

472

473  5hmC enrichment analysis. Genomic DNA was isolated from B cells either using Blood and
474  Tissue or Flexigene kits (Qiagen, Hilden, Germany). DNA was quantified with Qubit
475  (ThermoFisher) and sonicated to around 150-200bp using Bioruptor Pico (Diagenode, Denville,
476  NJ). 5hmC enrichment analysis was performed using the HMCP kit (Cambridge Epigenetix,
477  Cambridge, United Kingdom) based on the addition of azido-glucose to 5hmC by T4-beta-
478  glucosyltransferase following the manufacturer's instruction. The 5hmC-enriched and input
479 libraries were sequenced using Novaseq 6000 (lllumina, San Diego, CA) with 50x50bp paired-
480  end using SP flow cells (Nationwide Children Hospital, Columbus, OH).

481

482 RNA sequencing. RNA was purified using RNeasy Kit (Qiagen) and was analyzed by
483  TapeStation RNA tape (Agilent, Santa Clara, CA). Total RNA (RIN>9.5) was used for mRNA
484  isolation using the NEBNext Poly(A) mRNA Magnetic isolation module (NEB, Ipswich, MA).
485  Libraries were constructed using NEBNext Ultra Il Directional RNA Library Prep Kit (NEB)
486  according to the manufacturer’s protocol and barcoded using the NEBNext Multiplex (unique dual
487 index) Oligos (NEB). Libraries were sequenced using Novaseq 6000 (lllumina) with 50x50 bp
488  paired-end using SP flow cells (Nationwide Children Hospital).

489

490  ELISA. Culture supernatants were collected on day four and day seven of 40LB culture and stored

491  at-20C. Capture antibodies for specific isotypes (goat anti-IgM, -IgG, and IgE; Southern Biotech,
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492  Birmingham, AL) were coated on high-binding 96-well plates (Corning, Tweksbury, MA) at 1
493  ug/mL overnight. After blocking with 1% bovine serum albumin in PBS, standards (IgM and I1gG
494  from Southern Biotech; IgE from Biolegend) and samples were applied to the coated plate for 1
495  hr at room temperature (RT). After washed with PBS-T (PBS with 0.05% Tween-20), 160 ng/ml
496  of HRP-conjugated donkey anti-mouse IgG (H+L) detection antibody (Jackson Immunoresearch,
497  West Grove, PA) was added to the plates and incubate for 1 hr at RT. The peroxidase substrate
498  tetramethylbenzidine (TMB; ThermoFisher) was added and the reactions were stopped by adding
499 50 uL of 1 M sulfuric acid. The absorbance (OD) of the plates were read using SpectraMax
500  (Molecular Device, San Jose, CA) at 450nm (using OD at 540nm as background). Antibody
501 concentrations were extrapolated from the standards.

502

503 Oxidative stress analysis. The ROS levels were detected using CellROX deep red flow
504  cytometry assay kit (ThermoFisher) according to the manufacturer’s protocol. Briefly, 50,000 cells
505  cultured for four days with 40LB were added to a 24-well plate. Cells might be treated with 250
506  uM NAC for 1hr at 37°C. Tert-butyl hydroperoxide (TBHP; 200 uM), an inducer of ROS, might be
507 added to the cells for 30 mins 37°C. To monitor the oxidative stress, 2uL of CellROX Deep Red
508 reagent was added to the cells for 15 mins followed by 1uL of SYTOX Blue Dead Cell stain
509  solution for another 15 mins. The cells were analyzed immediately by flow cytometry.

510

511  Cell sorting. CretR"2 Tet2™ Tet3"" Rosa26-5-5""" mice and Cre®""? Rosa26-5-5YF" (control) were
512 injected intraperitoneally with tamoxifen (Sigma; 2mg per mouse in corn oil) for 5 consecutive
513  days and rested for 2 days before the isolation of primary B cell. CD19* YFP" live splenic B cells
514  were sorted using MA900 with 100um flow chips (Sony Biotechnology).

515

516 Bioinformatics analyses

517 5hmC analysis. Paired-end reads were mapped to the mouse genome mm10 GRCm38 (Dec.
518  2011) from UCSC using Bowtie 2 (v2.4.2)%, reads that failed the alignment and duplicates were
519  removed using Samtools (v1.10). Transcripts mapping to autosomal and sex chromosomes were
520  kept. Bigwig files were generated using bamCoverage (--normalizeUsing RPKM) using Deeptools
521  (v3.5.1)%. Peaks were called using MACS2"° with control samples (callpeak -g 1.87¢€9 -q 0.01 --
522  keep-dup all --nomodel —broad). Reads were compared to the blacklisted regions for mm10
523 (ENCODE 2016). Count matrix was generated using DiffBind (v2.0.2)"' dba count with
524  normalization DBA_SCORE_TMM_MINUS_EFFECTIVE. Differentially enriched 5hmC regions
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525  were determined using edgeR, regions were selected by an adjusted p-value lower than 0.05.
526  Heatmaps were generated using Deeptools.

527

528 RNA-seq analysis. Paired-end reads were mapped to the mouse genome using GRCm38
529  genome sequence, primary assembly (ENCODE 2016) using STAR (v 2.7.0). Gene count matrix
530 was generated with STAR using Comprehensive gene annotation CHR Regions. Unmapped
531 regions were filtered. Differential gene expression was calculated using limma (v3.12) using voom
532  transformation. Genes were selected by an adjusted p-value (FDR) lower than 0.05 and a log(2)
533  fold enrichment higher or equal to 1.

534

535 Published STAT3 ChIP-seq. The Bigwig files for STAT3 ChlP-seq were downloaded from
536  Cistrome (CistromeDB # 4577 and 4580). The data were from CD4 T cells stimulated with IL-21
537 (100 ng/mL) for 1 hour®".

538

539  Data Availability. Codes used in this study will be available upon requested. The data have been
540  deposited to National Center for Biotechnology Information Gene Expression Omnibus (GEO
541  GSE183681).

542
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543  Figure Legends

544  Figure 1. Vitamin C augments mouse and human plasma cell differentiation.

545  (A) Schematic depiction of the 2-step 40LB cell culture system. Splenic naive B cells were isolated
546  and cultured with IL-4 and irradiated 40LB cells, which express CD40L and BAFF. Four days after
547  culture, cells were sub-cultured to new layer of 40LB cells. IL-21 was used to induce plasma cell
548  differentiation. (B) FACS analysis of plasma cells generated after each step during the 2-step
549  culture. The plasma cell marker CD138, a plasma cell marker, was analyzed on day 4 and day 7
550  (n=6). (C-D) Micronutrient screen for plasma cell differentiation. B cells were cultured with
551  supplements as indicated were analyzed by FACS on day 7 (n=6). (E) Low basal oxidative states
552 in cultured B cells. B cells were cultured for 4 days with or without VC and the reactive oxygen
553  species were monitored using a FACS-based fluorescent assay (CellROX). The antioxidant N-
554  acetylcysteine (NAC) and oxidant tert-Butyl hydroperoxide (TBHP) were added 30 and 15 minutes,
555  respectively, prior to the assay as controls (n=3). (F,G) VC enhances the differentiation of human
556  plasma cells. Naive B cells were isolated from human PBMCs and stimulated for 6 days as
557 indicated to induced plasma cell differentiation in the presence or absence of VC. Data are from
558 5-6 independent experiments with 6 donors. All data are from at least two independent
559  experiments. Mean + SEM was shown for bar charts. Statistical significance was determined by
560  unpaired (B, E) or paired (F, G) Student’s t test, and by one-way ANOVA with Dunnett's post hoc
561  test (D). ***, P <0.001. ns, not significant.

562

563  Figure 2. VC promotes the generation of bona fide plasma cells.

564  (A-B) Expression analysis of lineage TFs. B cells were cultured as indicated for 7 days and the
565  expression of transcription factors were analyzed by intracellular staining and FACS (n=6).
566  Representative FACS plots (A) and summaries (B) are shown. Note that BLIMP1 and IRF4 are
567 important TFs plasma cells differentiation. (C) Antibody secretion by VC-induced plasma cells.
568  Culture supernatants were collected after day 7 and the secreted antibodies with indicated
569 isotypes (IgM, IgG1, IgE) were analyzed by ELISA (n=6). All data are from at least two
570  independent experiments. Mean £+ SEM was shown for bar charts and the statistical significance
571  was determined by unpaired Student’s t test. ***, P < 0.001.

572

573  Figure 3. VC potentiates the IL-21-dependent differentiation of plasma cell during the initial
574  activation phase.

575 (A) VC is required during activation phase. B cells were treated with or without VC as indicated

576  for the 1% and 2" step culture. Dotted arrow represents control and solid orange arrow indicates
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577  VC. Plasma cell differentiation (%CD138") was analyzed on day 7 by FACS. Representative
578  FACS plots were shown on right and summarized data are shown on left. Roman numbers are
579  used for correlation between panels. (B) VC has no significant effect on the percentage of plasma
580 cells after 1% step culture. Representative FACS plots for plasma cell marker CD138 of B cells on
581 day 4 (left) and the summarized data (right) are shown (n=6). (C-E) IL-21 alone is sufficient to
582 induce plasma cell differentiation during 2" step. (C) Schematic representation of the B cell
583  culture used in the next panels. B cells were cultured with IL-21 for indicated time without the
584  40LB stromal cells. (D-E) Cells were either cultured with or without 40LB in the presence of IL-21
585  during the 2" step. Percentage of plasma cells (%CD138*) was analyzed by FACS on day 7 (n=6).
586  The representative FACS plots (D) and summarized data (E) are shown. (F) IL-21 stimulation
587 induced plasma cell differentiation after 24h. B cells were culture in the absence (mock) or
588  presence (VC) of VC during the 1% step with IL-4 and 40LB. Cells were stimulated with IL-21 alone
589  for 24h and the percentage of CD138" cells was analyzed by FACS (n=9). All data are from at
590 least two independent experiments. Mean + SEM was shown for bar charts and the statistical
591  significance was determined by one-way ANOVA with Dunnett's post hoc test (A) and unpaired
592  Student’s t test (B, E, F). ***, P < 0.001. ns, not significant.

593

594  Figure 4. VC did not promote the proximal IL-21 signaling.

595  (A) VC has no effect on IL-21 receptor expression. Mock or VC-treated B cells were cultured
596  for 4 days and the expression of IL-21R was analyzed by FACS (n=6). (B) VC does not alter the
597 IL-21 induced STAT3 phosphorylation. B cells from day 4 culture were stimulated with IL-21
598  for 30 minutes and the level of STAT3 phosphorylation (pSTAT3) was analyzed by FACS (n=6).
599  Representative histograms are shown in left and summarized data in right. All data are from at
600 least two independent experiments. Mean + SEM was shown for bar charts and the statistical
601  significance was determined by unpaired Student’s t test. ns, not significant.

602

603  Figure 5. Limited effect of vitamin C on the transcriptome in activated B cells.

604  The mRNA was isolated from naive and indicated day 4 activated B cells and the transcriptomes
605  were analyzed by RNA-seq (see Materials and Methods). Comparisons shown are between (A)
606  Naive vs mock; (B) Naive vs VC; (C) Mock vs VC. Three independent biological replicates were
607  used for each group. Red dots indicate differentially expressed genes with an adjusted P value <
608  0.01 and log fold change = 1. Numbers indicate the numbers of differentially expressed genes.
609  Gene names for all differentially expressed genes are shown on (C).

610
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611 Figure 6. TET2 or TET3 is required for VC-mediated enhancement of plasma cell
612 differentiation.

613  (A-D) Tet2 or Tet3 is sufficient for VC-mediated increased in plasma cells. (A-B) B cells from WT
614  (Cd19°°*) or Tet2 conditional deficient (Cd19* Tet2": Tet2-KO) mice isolated and cultured as
615 in Fig. 1A with or without VC. Percentage of CD138" cells was analyzed by FACS on day 7 (n=3).
616 (C-D) B cells were isolated from either WT (Cd79°®*) or Tet3 conditional KO (Cd19°* Tet3""
617  Tet3-KO) and cultured as in (A; n=3). Representative FACS plots (A, C) and summarized data
618 (B, D) are shown. (E-H) Tet2 or Tet3 are required for the effect of VC. Control (CrefR™) or
619  Tet2/Tet3 conditional deficient (Cre?™? Tet2™ Tet3") mice were injected with tamoxifen for 5
620  consecutive days and B cells were isolated by cell sorting on day 8. The expression of Rosa26-
621  YFP was used as a surrogate marker for Cre activity. B cells were cultured as in (A) or (C) and
622  percentage of CD138 (E) and intracellular staining of TFs (F) were analyzed by FACS on day 7.
623  Summarized data are shown in (G) and (H). Representative FACS plots for plasma cell marker
624  CD138 (E) and transcription factors (F) on day 7. All data are from at least two independent
625  experiments. Mean + SEM was shown for bar charts and the statistical significance was
626  determined by unpaired Student’s t test. ***, P <0.001. *, P < 0.05. ns, not significant.

627

628  Figure 7. VC induced a global increase in 5hmC modification.

629  (A). VC increased total 5hmC in B cells. DNA from indicated B cells were isolated and the total
630  5hmC levels were analyzed using cytosine 5-methylenesulphonate (CMS) dot blot (Materials and
631  Methods). Note that CMS is the immunogenic product of 5hmC after bisulfite treatment. DNA was
632  serially 2-fold diluted starting from 250ng to ~7.8ng. Three biological replicates were blotted for
633  each group. (B-D) The genome-wide 5hmC enrichment was analyzed using a CLICK-chemistry
634  based pulldown method (HMCP). Two biological replicates were used for each condition (naive,
635  MockP¥* VCP¥*: see Materials and Methods for details). (B) VC treatment increased the numbers
636  of 5hmC-enriched region. The number of 5ShmC-enriched (5hmC+) regions were called using
637 HOMER and the numbers of consensus regions between replicates are plotted. (C) VC maintains
638  pre-existing and induces de novo 5ShmC-enriched regions. Pairwise comparisons between the
639  three groups are shown. Numbers and percentages of regions are shown for each comparison.
640  Colors indicate the 5hmC status of the regions. Number of 5hmC+ region in naive B cells and B
641  cells with or without VC treatment. (D) Visualization of 5hmC at differential regions between B
642  cells from Mock®* and VCP®* groups. The 5hmC enrichment was plotted as heatmaps around
643  (+/- 3kb) the differential and common regions between MockP®* and VCP®* (right panel of 7C).

644  Normalized 5hmC counts are plotted as color scale and each row represent a region.
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645  Figure 7-source data 1. Original blot for Fig. 7A CMS dot blot.

646

647  Figure 8. VC induced 5hmC modification at the Prdm1 locus.

648  (A) The genome browser tracks of the 5ShmC enrichment at the Prdm1 locus. Data shown are the
649  average of two biological replicates as in Fig. 7D. (B) Differential 5hmC-enriched regions (DhmRs)
650  between the indicated group as in Fig. 7C. Colors indicate the differential status of the regions as
651  depicted in the legend. (C) DNA methylation in naive and 48h-activated B cells from previous
652  publication®®"2. The height of the black bars indicated the percentage of CpG methylation and the
653  red track (CpG) indicated the CpGs that were covered in the analysis. Note that VC induced
654  several 5hmC-enriched regions when compared to control (teal lines in 3 row of DhmR) and we
655 termed these regions Ear (ascorbate response elements). One of the prominent Ear is E58
656  (labeled in green in A), which showed significant increase in 5hmC after VC treatment.

657

658
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659  Supplementary Figure 1. Minimal effect of VC on B cell survival. (A) Culture supplements
660 had no significant effect on B cell numbers. B cells were cultured as in Fig. 1C-D and the cells
661  were enumerated on day 7 using ViCell automated cell counter (n=3). (B-C) VC had no major
662  effect on cell death. B cells were cultured with or without VC and the percentage of apoptotic cells
663  were analyzed by FACS using 7AAD and AnnexinV (n=6). (B) Representative FACS plots. (C)
664  Quantification. Statistical significance was determined by one-way ANOVA with Dunnett's post
665  hoc test (A) or unpaired Student’s t test (C). ns, not significant (P > 0.05).

666

667  Supplementary Figure 2. Minimal antibody secretion and differentiation of plasma cells at
668 early stage. (A) Low level of antibody secretion on day 4. Mock or VC-treated B cells were
669  cultured with 40LB and IL-4 for 4 days (1% step; Fig. 1A) and the antibody secretion was analyzed
670 by ELISA as in Fig. S1 (n=6). Note that the scales of IgG1 and IgE on Fig. 2C are at least 50-
671  200x higher. (B) Low percentage of plasma cells on day 4. TFs were analyzed as in Fig. 2A-B.
672  There are statistically significant but minor changes (compared Fig. 2B) in PAX5" and BLIMP1*
673  cells between mock and VC groups (n=6). All data are from at least two independent experiments.
674  Mean £ SEM was shown for bar charts and the statistical significance was determined by unpaired
675  Student’s t test. ***, P <0.001. **, P < 0.01.

676

677 Supplementary Figure 3. IL-21 alone during later phase is sufficient for plasma cell
678 differentiation. B cells were cultured with IL-21 alone with or without 40LB during the 2" step as
679 in Fig. 3D. (A) Antibodies secretion was analyzed by ELISA and (B) the expression of TFs was
680 analyzed by FACS on day 7 (n=6). All data are from at least two independent experiments. Mean
681 + SEM was shown for bar charts and the statistical significance was determined by unpaired
682  Student’s t test. ***, P < 0.001. ns, not significant.

683

684  Supplementary Figure 4. Analyses of 5hmC-enriched regions. (A-B) Heatmaps showing
685  5hmC enrichment at the differential and common regions between (A) Naive and Mock"®*; (B)
686  Naive and VCP®*, Data were plotted as described in Fig. 7D. (C-E) Majority of 5hmC-enriched
687  regions are distal elements. The distance between the indicated 5hmC-regions and the closest
688  transcriptional start sites (TSSs) are plotted. Note that majority of the regions are at least 10 kb
689 away from TSSs.

690

691  Supplementary Figure 5. Enrichment of TF motifs at differential 5hmC regions. The

692  enrichment of motifs was analyzed for the differential regions between Mock®®* and VCP®* using
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693 HOMER. Common regions between the two groups are used as backgrounds for motif analysis.
694  Motif enrichment for regions with (A) increased in 5hmC (VC"") and (B) decreased in 5hmC
695  (VCP®) in the presence of VC. Y axis indicates the relative number (fold) of TF motifs in the
696  differential regions compared to background regions. The size of the bubble indicates the
697  percentage of all regions with the indicated TF motif (bottom). The bubble color indicates the
698  statistical significance.

699

700  Supplement Figure 6. Sequence analysis of a potential Prdm1 enhancer E58.

701  (A) Genomebrowser tracks showing the 5hmC enrichment at the Prdm1 locus from VCP®* group
702 (asin Fig. 8A). The previous published STAT3 ChlP-seq tracks from CD4 T cells stimulated with
703 or without IL-21 were shown®'. E58, one of the Eag, is depicted. (B) A potential STAT3 motif at
704  E58 overlapped with a CpG that is methylated in naive B cells (Fig. 8C). Motif analysis was
705  performed using JASPAR 2020. (C) The CpG-containing STAT3 motif is highly conserved. The

706  DNA sequences alignment at E58 from 40 animals were using UCSC conservation tracks. “.”

707  indicate the identical sequences while “-“ or “=” indicate gap in alignment.

708

709  Supplement Figure 7. Working model for VC-facilitated plasma cell differentiation.

710  During plasma cell differentiation, TET2 and/or TET3 is recruited to the enhancers of Prdm1. In
711  the presence of sufficient VC, TET proteins have a higher enzymatic activity and efficiently oxidize
712 5mC into 5ShmC at certain cis elements, which we termed “ascorbate responsive element” or Ear.
713 The oxidation of 5mC at some Ear may increase the association of TFs, such as STAT3 to E58.
714  However, when VC is limited, the decreased TET activity resulted in an inefficient oxidation of
715 5mC, which may preclude the binding of TF and/or the maintenance the association between
716  DNA and nucleosome (not depicted). Therefore, the activity of epigenetic enzyme may reflect the
717  availability of micronutrients or metabolites and may influence gene expression and cell fate
718  decisions.

719
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720  Supplementary Tables

721  Table S1. DEGs between naive and day 4 mock B cells.
722  Table S2. DEGs between naive and day 4 VC B cells.

723  Table S3. DEGs between day 4 mock and day 4 VC B cells.
724  Table S4. Components of B27 serum free supplement.

725  Table S5. Antibody and FACS reagent list.
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Figure 1. Vitamin C augments mouse and human plasma cell differentiation.
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Supplementary Fig. 1. Culture supplements have no significant
effect on B cell number and survival.
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Figure 2. VC promotes the generation of bona fide plasma cells.
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Supplementary Figure 2. Minimal antibody secretion by B cells at early stage.
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Figure 3. VC potentiates plasma cell lineage during the initial priming phase.
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Supplementary Figure 3. IL-21 alone during later phase is sufficient for plasma
cell differentiation.
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Figure 4. VC did not promote the proximal IL-21 signaling.
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Figure 5. Limited effect of vitamin C on the transcriptome in activated B cells.


https://doi.org/10.1101/2021.09.15.460473
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.15.460473; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

A

W

C D

Tet2-KO Tet3-KO
Plasma cell Pl Il
Mock vC Cd19Cre/+ Mock vC Cd19Crer+ asma ce
"11.6 74.2 100 —2— 1 12.3] 46.4. 80
" i whe ol i . .
® ; \ WT & 80 = & w1 f | @\ “WT &3 60
Q .l - - % [a NN ﬁ ! - : 0 40
Q . O 40 Q — — O
N~ b ~ 4= 90
17.47 56.2 S 20 ' 7.77 29.1 S
S ’ g’ Tet2™ R g g Tes™ =
o'l @ s | (ko) 52 52 o D (KO)
E = = . = =
BV510-CD19 s> WT Tet2KO BV510-CD19 = WT Tet3KO
E  Tetz3DKO F G H
Mock vC CreERT2 Mock VvC CreERT2 Plasma cell BLIMP1*
‘""1; 966‘ 551 80 kel ° 60 Fkek
o reen : ) P to 60| = B P
& v P o 44 wT o ﬁ] ?& wT 3 QE 0
o ] < 3.49 0 40 < .
(_I) 1001y J1 S DI- S S— O *kk = 20 —.
Ot B ] ~ o | B 20 p
O 4.50 127) Tet2 ﬁ‘ ] ﬂ Tet2f R, 5
IiJ ] AN | ' Tet3ﬂ/ﬂ é e a1 1 ) Tet3ﬂ/ﬂ % (>) < (>) =
b U ' (DKO) 6931 “121 (DKO) 8> &
- RENR R PR ™ AT T T E TE/S _
BV510-CD19 =pp PE-BLIMP1 ey DKO wT 7§|1‘(2C/)3

Figure 6. TET2 or TET3 is required for VC-mediated enhancement of plasma
cell differentiation.
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Figure 7. VC induced a global increase in 5ShmC modification.
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