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ABSTRACT:

Humoral immune-related adverse events, including hypogammaglobulinemia and B cell
depletion, pose long-term infection risks after chimeric antigen receptor T cell therapy (CARTX)
for hematologic malignancies. This prospective study evaluates the kinetics of pathogen-specific
humoral immunity prior to and up to a year after CARTx targeting CD19 and CD20 (B cells) or
BCMA (plasma cells) in 100 and 28 individuals, respectively. Antibodies are tested for 12 vaccine-
preventable pathogens and using comprehensive high-throughput antibody profiling. A subset of
72 participants are evaluated for post-CARTXx vaccine responses. Here, we show pathogen-
specific humoral immunity does not significantly change after CD19-, CD20-, or BCMA-targeted
CAR-T cell therapy (CARTX). However, seroprotective antibodies are absent for up to one-third
of routine vaccine-preventable pathogens in CD19- and CD20-CARTX recipients and for nearly
half of vaccine-preventable pathogens in BCMA-CARTX recipients by one-year post-CARTX. Pre-

vaccination B cell count is the main predictor of vaccine response.



INTRODUCTION:

The development of chimeric antigen receptor T cell therapy (CARTX) for B cell and
plasma cell malignancies is a major milestone in cancer immunotherapy with high rates of
complete remission®2. Five products targeting CD19 are approved to treat children and/or adults
with refractory or relapsed acute lymphoblastic leukemia (ALL), non-Hodgkin lymphoma (NHL),
and chronic lymphocytic leukemia (CLL)**, and two products targeting B
cell maturation antigen (BCMA) are approved for adults with multiple myeloma (MM)>¢, These
products are also being studied as potentially transformational therapies for autoimmune
diseases’®. Thus, the uses for CARTXx are rapidly increasing.

Although cytokine release syndrome (CRS) and immune effector cell-associated
neurotoxicity syndrome (ICANS) are the earliest and most serious immune related adverse events
(irAEs) after CARTYX, severe manifestations affect a minority of patients, are typically transient,
and can usually be effectively managed®. In contrast, on-target, off-tumor depletion of non-
malignant B lineage cells affects the majority of B lineage targeted CARTX recipients and is a
principal irAE of CARTx!%! These humoral irAEs, along with immune effector cell-associated
hematotoxicity (ICAHT), can persist for years and result in increased risk for infections; indeed,
infections are the most common cause of non-relapse mortality after CARTx®16,

The long-term effects of CARTx on pre-existing pathogen-specific immunity are poorly
understood. CD19 expression is found on early and mature B cell lineages but declines as B cells
differentiate into plasma cells!’. Plasma cells can live for decades®® and are the primary long-lived
source of antibodies to previously encountered pathogens!’1%-2%, Small studies have suggested
that pre-existing pathogen-specific IgG may persist despite depletion of CD19* B cells after CD19-
CARTX or treatment with rituximab (anti-CD20) due to preservation of fully differentiated CD19"
plasma cells?*28, In contrast, BCMA is expressed by long-lived plasma cells?*2°, and depletion of

non-malignant BCMA* plasma cells after BCMA-CARTX may result in loss of pre-existing



pathogen-specific IgG but preserve the naive and memory B cell compartments necessary for
vaccine response®. Additionally, pathogen-specific B or T cells may recover after CAR-T cell
therapy, which may also impact antibody titers®*3233, To date, the published literature on the
effects of CARTx on pre-existing pathogen-specific immunity are limited and inconclusive,
particularly for BCMA-CARTX.

In light of these uncertainties, patients often receive prophylactic immunoglobulin
replacement therapy (IGRT) to address hypogammaglobulinemia, although this blood product is
expensive, has frequent side effects, can reduce vaccine efficacy, and is of unclear benefit in this
population®—3¢, Alternatively, vaccination after CARTx may be a durable and cost-effective tool to
mitigate iIrAEs, as approximately one third of infections may be from vaccine-preventable
infections®’. Vaccine responses after CD19-CARTX are biologically plausible given observations
that patients can respond to vaccines =6 months after rituximab, even in the absence of
measurable peripheral blood B cells*®#°, Similar observations have been made for CARTX
recipients receiving SARS-CoV-2 and influenza vaccines?6234!, Additionally, CD19-CARTX
recipients can recover polyclonal CD19* B cells without relapse, typically 26 months after
therapy*?, although persistent B cell aplasia is common!. While responses to SARS-CoV-2
vaccination have been well studied after CARTx**-%5, data on response to other routine vaccines
in CARTX recipients are very limited*'%64’, Improved understanding of the need and strategies for
vaccinating CARTX recipients is critical given pre-existing and emergent gaps in humoral
immunity related to their treatment.

We hypothesized that CD19 or CD20-CARTX targeting B cells (hereafter referred to as
CD19/20-CARTx) would not impact pre-existing pathogen-specific antibody levels, but these
individuals would have poor vaccine responses. Conversely, we hypothesized that BCMA-CARTX
targeting plasma cells would result in loss of pathogen-specific antibody levels but have less
impact on vaccine responses. Here, we report the results of a prospective observational study

evaluating the impact of CD19/20 and BCMA-targeted CARTx on multiple metrics of humoral and



pathogen-specific immunity, as well as the ability of routine vaccines to improve pathogen-specific

immunity in CARTX recipients.

RESULTS:

Participant characteristics

We prospectively enrolled 279 individuals who were planning to receive CARTx for a B
cell or plasma cell malignancy from 2019-2023 at Fred Hutchinson Cancer Center (Fred Hutch)
and Seattle Children’s Hospital (SCH). We collected blood pre-CARTXx (pre-lymphodepleting
chemotherapy) and at approximately six months and/or one year in 128 participants who
remained in remission without additional anti-tumor therapy and who had not received IGRT in
the preceding eight weeks (Fig.1; Supplementary Table 1). One hundred participants received
CD19/CD20-CARTXx and 28 received BCMA-CARTx. Demographic and clinical characteristics are
detailed in Table 1. The median age was 62 years old (range, 18-83 years). The BCMA cohort
was more heavily pre-treated with a median of 8 (range, 1-14) prior cancer therapies compared
to a median of 4 (range, 1-9) in the CD19/20 cohort. Forty-four participants (34%) received a
hematopoietic cell transplant (HCT) before CARTx with a higher proportion in the BCMA-CARTX
cohort (75%) compared to the CD19/20-CARTXx cohort (23%). CARTX indications in the CD19/20
cohort included B cell NHL, ALL, and CLL; the BCMA cohort was treated for MM.

To evaluate pre-CARTx pathogen-specific antibody titers in children, adolescents, and
young adults (CAYA) treated with B cell-targeted CARTx for ALL who were underrepresented in
the longitudinal cohort due to frequent use of IGRT and additional anti-tumor therapies, we
included baseline samples from 22 participants treated at SCH who did not have subsequent

samples meeting inclusion criteria (Supplementary Table 2). Thirteen individuals in this



subgroup received CD19-CARTX, two received CD22-CARTX, and six received CD19/22 dual-

targeting therapy.

CAR-T cell persistence

We measured CAR-T cell persistence at approximately six-months (n=30, CD19/20; n=9,
BCMA) and one-year (n=23, CD19/20; n=8, BCMA) in a subset of participants for whom a PCR
assay targeting their CAR-T cell product was available. For both CD19- and BCMA-CARTXx
recipients with ongoing cancer remission, most participants had detectable CAR-T cells through
one year (Supplementary Fig.1a,b). Thus, our results are interpreted in the context of ongoing

CAR-T cell mediated B cell and plasma cell depletion as further demonstrated below.

Kinetics of immunoglobulins, B cell subsets, and T cell subsets before and after CARTx

We evaluated changes in total IgA, IgM, and IgG subsets, as well as T and B cell subsets,
stratified by receipt of CD19/CD20 or BCMA-CARTX (Fig.2a-i). Baseline immunoglobulin levels
were below the lower limit of normal for most participants in both groups. Baseline IgA and IgM
(Fig.2a,b) titers were significantly lower in participants receiving BCMA- compared to CD19/20-
CARTX, whereas IgG levels were similar (Fig.2c). IgA levels significantly decreased at six months
after CARTx in both groups, with modest recovery by one year that was no longer significantly
different between CARTX target but remained below pre-CARTX levels (Supplementary Fig.2a-
c). IgM levels modestly increased after BCMA-CARTx compared to a small but significant
reduction after CD19/20-CARTx that remained persistently lower at one year compared to
baseline. 1gG levels remained similar when comparing between groups at each time point, but

IgG levels significantly decreased after CD19/20-CARTX.



CD19" B cell counts had distinct kinetics in BCMA- and CD19/20-CARTXx recipients
(Fig.2d-g; Supplementary Fig.3a,b; Supplementary Table 3). Both groups had similarly low
CD19* B cell counts prior to CARTx. In BCMA-CARTX recipients, there was a significant increase
in CD19* B cell counts over time post-CARTX, with the majority of recipients achieving a B cell
count 220 cells/pL by six months (70%) and 1 year (82%). In contrast, CD19/20-CARTX recipients
had a significant decrease in CD19* B cell count after CARTX, with a minority having a CD19* B
cell count 220 cells/pL at six months (17%) but recovery to pre-CARTX levels at one year (39%).
Naive B cells (CD19*CD27-1gD*) had a similar pattern. Memory B cells (unswitched, CD19*CD27~
IgMMigD' and class switched, CD19*CD27*IgD~) were low pre-CARTXx in both groups with further
decline after CD19/20-CARTx but some recovery after BCMA-CARTx. Bone marrow CD138*
plasma cells in BCMA-CARTX recipients showed sharp declines after treatment (Fig.2j). Overall,
these patterns are congruent with the expected effects of CARTx by target and are consistent
with the findings of CAR-T cell persistence. Finally, CD4* and CD8" T cell counts were similar and

stable by CARTx target and time point (Fig.2h,i).

Kinetics of pathogen-specific antibody titers before and after CARTx

We tested serum for IgG to 12 vaccine-preventable pathogens at each time point. First, we
compared baseline antibody titers among 100 adults and 22 CAYA prior to CD19, CD20, CD22,
or CD19/22-targeted CARTx. We observed that the youngest individuals (0-8 years old) had lower
antibody titers and frequency of seroprotection for many pathogens compared to older individuals
although with some differences, such as higher antibodies for hepatitis viruses compared to adults
(Supplementary Fig.4a-l; Supplementary Fig.5a-). Compared to population-based
seroprevalence studies?®4-5" BCMA-CARTXx recipients had a lower prevalence of pre-CARTXx
seroprotection, while CD19/20-CARTX recipients had a similar prevalence of seroprotection for

most pathogens (Supplementary Fig.6).



Next, we evaluated changes in pathogen-specific antibody titers over time in the CARTx
cohort with a pre-CARTx sample (n=128; median days before CARTX, 7 days; interquartile range
[IQR], 5-12) and at least one post-CARTx sample at approximately six months (n=110; median
days after CARTX, 193 days; IQR 175-217) and/or one year (n=91; median, 376 days; IQR, 354-
407) after CARTXx (Fig.3a-l1; Supplementary Table 4). At baseline, BCMA-CARTX recipients had
significantly lower pathogen-specific antibody titers for most pathogens compared to CD19/20-
CARTx. BCMA-CARTX recipients showed a general pattern of increases in antibody titers by one-
year post-CARTXx for several pathogens, which was contrary to our original hypothesis. After
CD19/20-CARTYX, pathogen-specific 1gG levels were stable over time, consistent with our
hypothesis. However, pathogen-specific antibody titers at one year remained lower for most
pathogens in the BCMA-CARTXx cohort compared to the CD19/20 CARTXx cohort. Similar patterns
were observed when comparing the proportion of participants with antibody titers considered to
be seroprotective (Supplementary Fig.7a-I; Supplementary Table 5). Seroprotection to
pathogens corresponding to live-attenuated vaccines was particularly low in BCMA-CARTXx
recipients (Supplementary Fig.8a,b).

To better appreciate the pattern of gains, losses, or stability in seroprotective antibody
titers, we generated divergent stacked bar charts (Supplementary Fig.9a-d; Supplementary
Fig.10a-d). These visually depict that there was more change in seroprotection status after
BCMA-CARTx compared to CD19/20-CARTXx. To further summarize these data, we analyzed net
gains or losses in the total number of pathogens with seroprotection per participant from pre- to
post-CARTX (Fig.4a,b). Compared to CD19/20-CARTX recipients, BCMA-CARTX recipients were
more likely to both gain and lose seroprotective levels of pathogen-specific antibodies compared
to pre-CARTX levels, both at six months and one year but had a higher net gain of protective

immunity by one year post-CARTX.



Variables associated with seroprotective pathogen-specific antibody titers before and after

CARTXx

We created a summary measure of pathogen-specific immunity by computing the
percentage of pathogens with seroprotective antibodies per participant and time point (Fig.4c).
Across time points, the median percentages for this metric ranged from 67%-75% for CD19/20
CARTXx recipients and 42%-50% for BCMA CARTXx recipients. We computed GEE models
comparing the composite outcome between and within groups over time, adjusted for baseline
and time-dependent clinical and immunologic variables (Fig.4d; Supplementary Table 6,7). This
demonstrated that the proportion of pathogens with seroprotective antibody titers was stable over
time after CD19/20-CARTx and modestly increased after BCMA-CARTX (although the increase
did not reach statistical significance). BCMA-CARTX recipients had a lower proportion of
pathogens with seroprotective antibody titers at all time points compared to CD19/20-CARTXx
recipients, consistent with the individual-level antibody results. The model-predicted differences
translate to approximately two to three fewer pathogens with seroprotection for the BCMA group
compared to the CD19/20 group at each time point.

We identified other variables associated with a higher proportion of seroprotective
antibody titers from the adjusted models, including higher total IgG, higher total IgA, white race,
and receipt of IGRT within 8-16 weeks before sampling (Supplementary Table 7). CD19" B cell
counts and receipt of relevant vaccines during the study period were not associated with the
proportion of seroprotective antibody titers. Antibody kinetics restricted to data points without a

preceding relevant vaccine administration are depicted in Supplementary Fig.11a-l.

Comprehensive serological profiling using VirScan to further explore the broader impact of CARTx

on antigen-specific humoral immunity



In addition to individual assays to test antibody titers for vaccine-preventable pathogens,
we tested the same samples using VirScan to comprehensively analyze antigen-specific antibody
profiles. The VirScan assay contains peptides derived from most known human viruses (244 viral
species; 1,361 strains), 62 bacterial species (72 strains), 22 parasite and yeast species, and 86
allergens. The median number of “epitope hits” per participant across all time points was 132
(IQR, 72-200) across a median of 55 (IQR, 33-76) species. Among the CD19/20 cohort of adults
and CD19, CD22, and CD19/22 CAYA cohort at baseline pre-CARTX, two to three times more
epitope hits were observed in adults compared to children <18 years old (Fig.5a). Consistent with
results for vaccine preventable pathogen-specific IgG, BCMA-CARTX recipients demonstrated
significantly fewer epitope hits compared to CD19/20 recipients at each measured time point
(Fig.5b). Both groups had relatively stable epitope hits over time despite CARTX, and these
findings were confirmed in an adjusted GEE model (Supplementary Tables 8,9). A history of
prior HCT or prior CARTx was significantly associated with fewer epitope hits.

We also assessed measures of diversity including richness (number of different targets
represented) and evenness (relative abundance of epitopes from each target). We first estimated
Shannon’s Evenness index, a measure of the evenness of epitopes of different targets distributed
within a sample. This metric was stable over time in both cohorts but significantly higher in BCMA-
CARTX recipients, reflecting depletion of epitopes across targets after BCMA-CARTX (Fig.5c). In
contrast, Simpson’s Index, a combined measure of evenness and richness, was similar between
BCMA- and CD19/20-CARTXx recipients and stable over time (Fig.5d). Together, this indicates
more richness in the CD19-CARTXx cohort due to a higher number of targets with epitope counts

>1.

Humoral immune response to routine vaccines after CARTx



We next evaluated the immunogenicity of vaccines administered per standard of care® in 72
participants comprised of a subset of 59 participants from the pre/post-CARTx cohort and an
additional 13 participants prospectively enrolled after CARTx (Fig.1; Supplementary Table 10).
Sixty participants received CD19/CD20-CARTx and 12 received BCMA-CARTx. Demographic
and clinical characteristics were similar to the overall cohort (Supplementary Table 11). The
median number of evaluable unique vaccines administered per participant was five (IQR, 5-6;
CD19/20 median, 6; IQR, 5-6 vs. BCMA median, 5; IQR, 3-5), targeting a median of six pathogens
(IQR, 5-8) with a median of two doses per vaccine (IQR, 1-3; CD19/20 median, 2; IQR, 1-3 vs.
BCMA median, 1; IQR, 1-3). Time to first vaccination was a median of 8.6 months (IQR, 7.1-13.6;
CD19/20 median, 8.7; IQR, 7.1-13.6 vs. BCMA median, 8.2; IQR, 6.8-12.3) post-CARTx
(Supplementary Fig.12a,b). Details pertaining to the number of participants receiving each dose
per pathogen, timing relative to CARTX, and type of pneumococcal vaccines are in
Supplementary Tables 12,13.

We evaluated pre-vaccine immunoglobulins, B cell subsets, and T cell subsets, stratified
by receipt of CD19/CD20 or BCMA-CARTX (Supplementary Fig.13a-e). Prior to vaccination, IgA
was generally lower, and CD19" B cell counts were generally higher, in BCMA- compared to
CD19/20-CARTX recipients, although these differences were not statistically significant. IgM, 1gG
and CD4+ T cell count were similar between CARTX groups.

Pathogen-specific antibody titers prior to and after each relevant vaccine dose are shown
in Fig.6a-1 with significance testing shown in Supplementary Table 14. Overall, the majority of
testable pathogens showed no significant change in titers after a single vaccine dose, but
significant increases were observed after 22 doses for 33% of tested pathogens in the CD19/20
cohort and 75% of tested pathogens in the BCMA cohort. These data are similarly displayed
based on the proportion with seroprotective titers in Supplementary Fig.14a-l. Pre-vaccine
seroprotective pathogen-specific antibody titers were present for 201 of 357 (56%) total antibody

tests in the CD19/20 cohort and 27 of 54 (50%) tests in the BCMA cohort.



To estimate and compare seroresponse rates following each vaccine dose, as well as to
better understand the clinical utility of vaccination and factors associated with a response, we
evaluated vaccine response in participants with pre-vaccine antibody titers below the threshold
for seroprotection. Due to relatively high levels of seroprotection for some pathogens, only a
subset of participants and pathogens were eligible for this analysis. Demographics and clinical
characteristics for those included in the seroresponse analysis were largely similar to those for
participants in the vaccine cohort that were excluded from this analysis (Supplementary Table
15). In this subgroup of 58 participants (48 CD19/20, 10 BCMA) with a median of 3 (IQR 2-4)
evaluable pathogens per participant, we estimated the cumulative incidence of seroresponse,
defined as a =2-fold increase in antibody titers after vaccination. Thirty seven participants (30
CD19/20, 7 BCMA) had a seroresponse for at least one pathogen. The overall cumulative
incidence of a seroresponse was approximately 50% or higher for H. influenzae, C. diphtheriae,
hepatitis B virus, and S. pneumoniae after 22 vaccine doses (Fig.6m-q; Supplementary Table
16). BCMA-CARTX recipients had earlier and greater overall seroresponse rates compared to
CD19/20-CARTXx recipients (Fig.6m-q), although the relatively low number of participants
preclude definitive conclusions.

We used Cox regression models to further evaluate correlates of vaccine responsiveness.
In adjusted models, receipt of BCMA-CARTXx (adjusted hazard ratio [aHR], 2.53; 95% CI,1.05-
6.08; p=0.04) and higher CD19* B cell count (aHR per log1o increase, 2.16; 95% CI, 1.44-3.23;
p<0.001) were significantly associated with increased seroresponse, when averaged across
pathogens (Table 2). CD19" B cell count 220 cells/uL (indicative of B cell recovery) was a pre-
specified threshold for analysis and similarly associated with a greater rate of seroresponse (aHR,
3.72; 95% ClI, 1.72-8.01; p<0.001; Table 2). To further explore the impact of CD19" B cell count
on individual vaccine responses, we created cumulative incidence curves of seroresponse
stratified by CD19" B cell count, which showed a general pattern of greater seroresponse in

participants with 220 cells/uL (indicative of B cell recovery) across evaluable pathogens



(Supplementary Fig.15a-e; Supplementary Fig.16a-c). Notably, vaccine responses were also
observed in participants with low (<20 cells/uL) or no CD19* B cell counts (Supplementary
Tables 17,18). For example, seroresponses after 2 doses of vaccination in individuals with CD19*
B cell counts <20 cells/uL ranged from 17%-50%, depending on the pathogen (Supplementary

Table 18).

S. pneumoniae functional and serotype specific responses to vaccination

To evaluate whether vaccine seroresponse based on total S. pneumoniae IgG titers
correlates with functional humoral immunity and serotype-specific responses, we assessed
pneumococcal opsonophagocytic activity and serotype-specific 1gG levels among twelve
participants who met the seroresponse criterion and had paired pre-vaccine and post-dose 2
serum samples available for testing. Responses were tested for the 13 serotypes included in the
PCV13 vaccine. Among this subgroup, a =24-fold increase in functional opsonophagocytic activity
was detectable for at least one serotype for 10 of the 12 participants and to a median of 8
serotypes (IQR, 5-9) in these 10 participants (Supplementary Fig.17a). Serotype-specific IgG
testing demonstrated a 24-fold increase in IgG for at least one serotype in 9 of 12 participants
and to a median of 5 serotypes (IQR, 4-9) in these 9 participants (Supplementary Fig.17b). A
moderate correlation was observed between fold change in opsonization and IgG (p=0.65

aggregated across all serotypes, and ranging from p=0.36 to 0.87 for individual serotypes).

DISCUSSION:

This study highlights distinct patterns of pathogen-specific humoral immunity and vaccine

responses among recipients of CD19/20- and BCMA-CARTx. Our results demonstrate that

CD19/20-CARTX recipients have stable pathogen-specific humoral immunity after treatment but



may lack seroprotective antibodies for up to one-third of vaccine-preventable pathogens. BCMA-
CARTX recipients also demonstrated stable pathogen-specific immunity but lack seroprotective
antibodies for nearly half of tested vaccine-preventable pathogens by one year after treatment,
representing a significantly larger deficit in pathogen-specific humoral immunity compared to
CD19/20-CARTX recipients. A relatively low proportion of CD19/20-CARTX recipients achieved
seroresponse to vaccination and typically required =2 doses to stimulate an immune response. In
contrast, the rate of seroresponse in BCMA-CARTX recipients was twice as high. A higher pre-
vaccine peripheral blood CD19* B cell count was the primary variable associated with vaccine
responsiveness, supporting the use of B cell recovery as a useful metric for guiding vaccine
initiation after CARTXx for B cell lineage malignancies.

We hypothesized that CD19/20-CARTX recipients would maintain high levels of pathogen-
specific immunity and have persistence of antibody diversity due to preservation of plasma cells,
the key source of antibodies to previously encountered immunogens. This was confirmed by our
findings and is consistent with other studies of immune reconstitution after CD19/20-CARTXx
therapy?6:5354, By comparison, BCMA is expressed predominantly on long-lived plasma cells and
a subset of memory B cells, including plasmablasts, that are critical for the maintenance of
humoral immunity'”. Thus, we initially hypothesized that BCMA-CARTX recipients would have a
loss of pathogen-specific IgG and antibody diversity. We observed that these participants already
had substantial pathogen-specific immune deficits prior to CARTYX, likely due to their underlying
plasma cell malignancy and prior anti-tumor therapies (median of 8 prior lines of therapy, and 75%
had a prior HCT). After BCMA-CARTX, we observed a modest but non-significant recovery of
pathogen-specific immunity, which may have been in part due to use of IGRT in the 8-16 weeks
prior to sampling and re-vaccination, based on the attenuated change estimates and lack of
statistical significance after adjusting for these variables. However, the small sample size restricts

definitive conclusions. These overall findings for vaccine-preventable pathogens with targeted



antibody testing were confirmed for pathogen-specific immunity more broadly using the VirScan
serologic profiling assay and are consistent with findings from other smaller studies®%-58,

As part of this study, we also enrolled a unique pediatric cohort of 22 CAYA CARTX
recipients. There are limited data about pathogen-specific immunity in younger individuals prior
to and after CARTx. In comparisons of pre-CARTXx antibody levels in this younger cohort to adult
CD19/20-CARTX recipients, we observed lower levels of antibody titers for many pathogens with
some anticipated differences based on exposures and vaccine schedules. Notably, broad
antibody diversity measured by VirScan increased with age and was consistent with findings from
a prior study in healthy individuals®®. Due to subsequent HCT or IGRT use after CARTx in younger
individuals, we had too few post-CARTx measurements to determine whether they similarly
maintain pathogen-specific humoral immunity as observed in adults.

In addition to documenting clear deficits in pathogen-specific immunity in CARTx
recipients, this study also interrogated response to vaccination in a subgroup of 72 participants
receiving a variety of routine vaccines after CARTx. There remains a limited understanding of
vaccine immunogenicity in this population aside from studies of SARS-CoV-2 vaccination*'43-4547
Our results demonstrated that BCMA-CARTX recipients achieved a seroresponse after
vaccination at over twice the rate as CD19/20-CARTX recipients, which we hypothesize was due
to a preserved naive B cell compartment. These results are fairly consistent with, and substantially
extend, the initial observations from SARS-CoV-2, influenza and other vaccine studies*'#3-4%47,
Importantly, we used an opsonophagocytic assay for S. pneumoniae to demonstrate that
increases in binding antibody responses correlated with functional antibody responses, similar to
data from a recent pneumococcal vaccine trial in HCT recipients®.

In adjusted models, higher pre-vaccination peripheral blood CD19* B cell count was the
key immunologic predictor of vaccine response; individuals with B cell counts <20 cells/uL had a
relatively low cumulative incidence of seroresponse of approximately 20-50% after =22 vaccine

doses across different pathogens. A recent retrospective study found similar associations



between higher B cell count, as well as IgA, and vaccine response*. Based on our findings, a
CD19" B cell count 220 cells/uL may be a useful clinical heuristic for guiding initiation of
vaccination after CARTYX, although lower values do not preclude a humoral response, and patients
may still generate T cell responses, even with undetectable B cell counts®244.61.62,

Together, our data demonstrate that CD19/20- and BCMA-CARTX recipients have stable
but ongoing humoral pathogen-specific immunity deficits through one year after CARTX, with
greater deficits in BCMA-CARTX recipients. Vaccination is a valuable tool to mitigate some of
these deficits. For influenza and SARS-CoV-2, which need to be given on a recurring basis, prior
data have supported starting as early as three months post-CARTYX, irrespective of B cell
recovery**. This is based in part on observations that individuals with B cell depletion, including
CARTX recipients, can generate robust T cell responses that are likely associated with reduced
severity of viral infections if infected32446162,

Strengths of this study include its prospective design with longitudinal sampling starting
pre-CARTX, relatively large sample size, and control for IGRT administration and relapse. This
enabled evaluation of the influence of CARTXx on preexisting immunity, as well as comparisons
across CARTXx targets and other variables in adjusted models. The inclusion of a CAYA cohort
allowed for unique baseline comparisons across age groups to inform the pathogen-specific
immune status of young individuals prior to CARTX, which has not been previously well described,
although a healthy age-matched cohort would be necessary to make further conclusions. The use
of VirScan for comprehensive antibody repertoire profiling complement the pathogen-specific
findings. Finally, there are few published data pertaining to vaccination responses, and strategies
to inform when to vaccinate CARTXx recipients, aside from SARS-CoV-2. To the authors’
knowledge, this is the largest study of vaccine humoral immunogenicity to routine vaccines and
the variables associated with a vaccine response after CARTX.

Limitations include small sample size in some subgroup analyses and variability in

vaccination timing, as vaccines were administered in the setting of routine clinical care.



Vaccination histories prior to CARTx were also not available. In addition, models used for
comparisons of humoral immunity pre- and post-CARTx assumed any missing data occurred at
random. Because we excluded those with IGRT in the previous eight weeks or with relapse, it is
possible that humoral immunity was lower in the excluded participants. Analyses of response to
vaccination may be subject to selection bias based on who was offered vaccination in the clinical
setting, although a standard guideline was available throughout the study duration, and
characteristics were similar among patients who were and were not vaccinated. We were unable
to obtain longitudinal samples from most of the pediatric participants due to meeting exclusion
criteria prior to the six-month post-CARTx time point. Thus, these findings may not be
generalizable to CAYA CARTX recipients. Vaccine-induced cellular immunity was not assessed in
this study but is an important aspect of immunity for many infections.

In summary, we demonstrate that individuals receiving BCMA-CARTXx had greater immune
deficits than CD19/20-CARTX recipients before and up to one year after CARTx. CARTx had
minimal impact on pre-existing pathogen-specific antibody titers following both CD19/20- and
BCMA-CARTX, but immunologic deficits were frequent in both groups through one year post-
treatment. These data highlight the need for supportive care to reduce infection risk, as
underscored by observations that infections are the most common cause of non-relapse mortality
after CARTx'>'6, Re-vaccination can be successfully utilized to boost antibody titers, particularly

among patients with higher B cell counts.

METHODS:

Study approval

All participants provided written informed consent prior to inclusion in the study in

accordance with the Declaration of Helsinki. The investigation was approved by the Fred Hutch

Institutional Review Board.



Study design and participants

Pediatric and adult participants were enrolled as part of a prospective observational study
of individuals with an underlying B cell lineage malignancy with planned treatment with chimeric
antigen receptor T cell therapy (CARTX). Individuals were recruited from the Fred Hutchinson
Cancer Center (Fred Hutch) or Seattle Children’s Hospital (SCH). All individuals who received
commercial or investigational CARTX for a B cell or plasma cell malignancy were approached for
enrollment. Informed consent was obtained from all participants. Investigational study protocols
for participants enrolled in this study included the following at SCH (NCT02028455,
NCT03244306, NCT03330691, NCT03338972, and NCT03684889) and Fred Hutch
(NCT01865617, NCT02706392, NCT03103971, NCT02706405, NCT02631044, NCT03277729,
NCT03105336, NCT02614066, NCT03331198, NCT03575351, NCT03502577, NCT03338972,
NCT02028455). Demographic and treatment details for participants were extracted from medical
records and electronic databases. Sex and gender were not considered in the study design. Sex
was determined based on self-report of participants as indicated in the electronic medical record.
Gender was not collected as part of enroliment. Participants were compensated for each blood
sample received.

Eligible individuals for pre/post-CARTx analyses included those in sustained remission
from their underlying malignancy after CARTX, without new anti-tumor directed therapy or
hematopoietic cell transplant (HCT) for their underlying malignancy prompting CARTXx. Receipt of
pre-planned maintenance therapy was not exclusionary. Follow-up samples were obtained at
approximately six months and one-year post-CARTX. For inclusion in pre/post-CARTx analysis,
a pre- and at least one post-CARTx sample >3 months from CARTx was required. A subset of
pediatric participants with only pre-CARTx samples were included in descriptive results

comparing baseline pre-CARTx data only.



We evaluated vaccine responses among participants eligible for the above analyses who
received at least one vaccine and who had a preceding and =1 post-vaccine sample obtained for
testing. This analysis also included additional participants prospectively enrolled after CARTXx.
Vaccinations after CARTx were administered according to the Fred Hutch Standard Practice
Guideline® at the discretion of health care providers. Briefly, killed or inactivated vaccinations
were recommended in patients who were 26 months post-CARTx and off IVIG for 22 months,
irrespective of immune reconstitution. Live vaccines were recommended in patients who were
212 months post-CARTX, off immunosuppression for 212 months, had not received IVIG for =28
months, and had a CD4* T cell count >200 cells/mm?.

Samples obtained within eight weeks (<2 half-lives for circulating IgG) of immunoglobulin
replacement therapy (IGRT) were excluded from all analyses to reduce contribution of

supplemental IgG to the interpretation of pathogen-specific titer results?6:53,

Samples and testing

Samples from all time points were blinded to clinical details and batch tested per
participant to minimize batch effects. Serum was isolated from whole blood collected in red-top
vacutainer tubes and stored at —80°C. Peripheral blood mononuclear cells (PBMCs) from whole
blood were collected in acid citrate dextrose vacutainers. PBMCs were isolated by Ficoll-
Histopaque gradient separation followed by centrifugation to obtain a mononuclear cell layer.
PBMCs were washed, aliquoted in freezing medium of 90% fetal bovine serum and 10% DMSO

before storage in liquid nitrogen.

Testing for serum total immunoglobulins and pathogen-specific IgG titers



Total IgG, total IgM, and total IgA in serum were tested via turbidometry at the University
of Washington Department of Laboratory Medicine. In participants with multiple myeloma (MM),
we estimated total IgG, IgM and IgA by subtracting the monoclonal component. Pathogen-specific
total IgG or serotype specific-lgG was measured for hepatitis A, hepatitis B, poliovirus type 1 and
3, varicella zoster virus, measles, mumps, rubella, Haemophilus influenzae type B, Clostridium
tetani, Corynebacterium diphtheriae, and Streptococcus pneumoniae using gold standard tests in
Clinical Laboratory Improvement Amendments (CLIA)-certified reference laboratories as detailed
in Supplementary Table 19. Immunoglobulin and pathogen-specific IgG values that were below
the lower detection limit were assigned values of the lower detection limit divided by 2; values

above the upper detection limit were assigned values of the upper detection limit.

Evaluation of functional antibodies against S. pneumoniae using a multiplex opsonophagocytosis

assay (MOPA).

Functional anti-pneumococcal antibodies were assessed using a standardized multiplex
opsonophagocytosis assay (MOPA) performed by Sunfire Biotechnologies. Participants were
included if they had paired pre-vaccine and post-dose 2 serum samples and demonstrated a =2-
fold increase (i.e., seroresponse) in total S. pneumoniae IgG antibodies (Mayo Clinic
Laboratories); pre-vaccine seroprotection was not an exclusion criterion. The assay quantified
opsonization indices (Ols) against the 13 PCV13 serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C,
19A, 19F, and 23F using antibiotic-resistant target strains and differentiated HL-60 phagocytes,
following validated MOPA protocols developed by Nahm and colleagues®%°. Heat-inactivated
sera were serially diluted and incubated with pneumococci, complement, and HL-60 cells;
surviving bacteria were enumerated after incubation, and Ols were calculated as the reciprocal

dilution achieving 50% killing.



Evaluation of B cell subsets, T cell subsets, and plasma cell

B and T cell subsets were immunophenotyped from whole blood PBMC samples. All
monoclonal antibodies used for flow-cytometric immunophenotyping were commercially
available, research-grade reagents with established specificity and prior validation by the
manufacturers. Antibodies were selected based on standard use in immune-cell profiling panels
and clones with well-characterized performance. Samples were thawed and incubated in FACS
buffer (DPBS + 2% fetal bovine serum) with antibody cocktails. Cells were labeled with antibodies
including combinations of anti-CD4 Alexa Fluor 488 (clone OKT4, BioLegend), anti-lgM PerCP-
Cy5.5 (clone G20-127, BD), anti-CD8 APC-H7 (clone SK1, BD), anti-CD19 BV421 (clone HIB19,
BD), anti-CD45 BV510 (clone HI30, BD), anti-CD3 BV605 (clone UCHT1, BioLegend), anti-CD14
BV711 (clone MOP-9, BD), anti-CD16 BV711 (clone 3G8, BD), anti-lgD BUV737 (clone 1A6-2,
BD), anti-CD27 PE-Cy7 (clone LG.7F9, Thermo Fisher Scientific) and fixable viability dye (FVD).
B cells were defined as CD19*CD3-expressing cells in the lymphocyte population
(Supplementary Fig.18). The following B cell populations were delineated: CD27-1gD* (naive B
cells), CD27*IgD"IgM- (switched memory B cells), and CD27*IgD’IlgM* (unswitched memory B
cells). Additionally, T cells were defined as CD19°CD3"* expressing cells in the lymphocyte
population. CD4* and CD8" T cells were further delineated. Plasma cells in bone marrow were
evaluated clinically by the University of Washington Immunohistochemistry Lab, with CD138
expression measured via staining with anti-CD138 (clone BA38) on a Bond Il autostainer.
Absolute B and T cell counts were calculated by multiplying proportions from flow cytometry by
absolute lymphocyte counts from complete blood cell count results. Analyses were performed

using FlowJo Software (version 10.10).

IgG profiling using a systematic epitope scanning method (VirScan)



We performed VirScan® utilizing the expanded VirScan bacteriophage display library
(Vir3)%¢ containing 115,753 200-mer oligonucleotides, encoding 56-residue peptide tiles with 28-
residue overlaps, that together span the reference protein sequences of most known human
viruses (244 viral species; 1,361 strains). Additionally, the Vir3 library contains peptides for 62
bacterial species (72 strains), 86 allergens, 22 parasite and yeast species, and a small assortment
of other organisms with sequences sourced from the Immune Epitope Database (IEDB).%®

We mixed phage library with a volume of serum containing 2 ug of total IgG per sample.
In participants with IgG MM, we estimated 2ug total non-multiple myeloma IgG by subtracting the
monoclonal component, estimated from the gamma region of serum protein electrophoresis. All
samples were tested in two technical replicates. Serum antibodies were allowed to bind to phage
overnight at 4°C on a rotator with continuous mixing. Antibody-phage complexes were
immunoprecipitated using Dynabead Protein A and Protein G Magnetic Beads (ThermoFischer
Scientific) and lysed to release the corresponding DNA insert sequences from the bound phage.
Phage DNA inserts were amplified to attach appropriate adapter sequences and individual index
sequences. Indexed amplimers were then quantified with fluorometry using the Qubit dsDNA High
Sensitivity Assay Kit (ThermoFischer Scientific). Samples were then pooled in equal proportions,
gel purified and sequenced on an lllumina NextSeq P2 (lllumina) Next Generation Sequencing
(NGS) using a custom read primer. Raw NGS outputs were analyzed through phippery.5’
Sequence reads were aligned, and oligonucleotides were deconvoluted into antigen epitope ‘hits’
(presence of antibody against an epitope) using a Z-score enrichment approach to detect and
measure the relative enrichment of each epitope against a background of beads-only samples
without added serum.®® An epitope hit was assigned when the z-score was calculated to be above
a threshold of >7.0 standard units in both replicates. Multiple epitope hits sharing a seven amino
acid overlap were considered to have the same antibody specificity and collapsed into a singular

hit. The highest z- score of the collapsed hits was retained and all lower scores were filtered out.



Evaluation of CAR-T cell persistence

CAR-T cell persistence was quantified via quantitative PCR assays on cryopreserved
PBMC samples from six months and one year post-CARTXx time points. Samples chosen for
analysis were those for which a commercial or investigational QPCR assay was available. Tests
were developed and conducted by the Fred Hutch Immune Monitoring Core. DNA was extracted
from PBMCs and used to amplify the following gene sequences, as relevant: Flap-EF1, Hum
CD19, and 28BB. Continuous fluorescent measurement of the PCR products was performed
during each cycle of amplification. Samples were run in parallel with a no template control, a
known copy number plasmid positive control, and participants’ samples. All controls and samples
were set up on a 96-well plate and run in triplicates. Following gPCR, the mean cycle threshold
(CT) values obtained from the triplicate samples were used to calculate the copy number of
targeted genes from the participants’ samples based on the previously established standards
curves. Samples with an absolute copy number of greater than 10 target sequences / ug input

DNA were defined as positive.

Statistical Analyses & Reproducibility

We prespecified a targeted sample size of 130 CARTXx recipients (50 adult and 50 pediatric
CD19/CD20-CARTX recipients, and 30 adult BCMA-CARTX recipients). Based on this sample
size, we computed the precision of seroprotection estimates within each group and the minimum
detectable differences in seroprotection between groups, for the 6-month time-point post-CARTYX,
for a given pathogen. Wilson 95% confidence intervals (Cl) were within +/-14% for the
CD19/CD20 cohorts and within +/-18% for the BCMA cohort. Assuming a range of 70%-90% for
the percentage of adult CD19/20-CARTX recipients with seroprotection at 6 months, our study

design had 80% power for detection of clinically relevant differences in the prevalence of



seroprotection when comparing either the pediatric CD19/20-CARTx cohort (minimum detectable
relative risks [RR], 1.5-2.9) or the BCMA-CARTX cohort (minimum detectable RR, 1.6-2.2) to the
adult CD19/20-CARTXx cohort; these calculations were based on Fisher’'s exact test, with a 2-
sided type | error rate of 0.025 for each comparison to maintain an overall type | error rate of 0.05
using a Bonferroni correction. For example, if we assumed 80% of adult CD19-CARTX recipients
have seroprotective IgG to measles 6-months post-CARTXx, we would be powered to detect a 44%
or lower prevalence of seroprotective IgG to measles after adult BCMA-CARTx (minimum RR of
1.8).

Laboratory values other than those reported as percentages were expressed as
logio(value + 1) to accommodate values <1 and right-skewed distributions. For analyses of
kinetics of pathogen-specific immunity and VirScan metrics before and after CD19/20 and BCMA-
targeted CARTX, we used the following generalized estimating equations (GEE) framework. Our
primary exposure variables were CARTx target (CD19/20 versus BCMA) and time point (six
months and one year post-CARTXx versus pre-CARTX); we included these variables as well as the
interactions between CARTXx target and time point in all models and referred to this as base model
one. Using the interaction terms, CARTXx target comparisons were conducted for each time point,
and time point comparisons were conducted within each CARTXx target group. These models used
an independence working correlation with robust standard errors. Pathogen-specific comparisons
of antibody titer outcomes (using the normal distribution) and proportion of participants with
seroprotective antibody titer outcomes (using the binomial distribution with logit link) were
conducted using base model one; separate models were used for each pathogen. Due to sparse
data or zero cells for the proportion with seroprotective antibodies among certain pathogens,
alternative methods were used in select cases; chi square or Fisher’s exact tests were used to
compare outcomes by CARTXx target, and GEE models using subgroups were used to compare
outcomes by time point. We did not adjust for multiple comparisons in these or any analyses; two-

sided tests were used for all analyses. Pathogen-specific proportion of participants with



seroprotective antibodies were also estimated for each group and time point using Wilson 95%
confidence intervals (Cl).

For the pre- and post-CARTx pathogen-specific immunity analyses, our primary outcome
was a summary metric defined as the proportion of pathogens with seroprotective antibody levels,
computed for each participant at each time point. To test for differences in this outcome by groups,
we used logistic GEE models with the dependent variable specified as the number of pathogens
with seroprotective antibody levels (successes) out of the number of pathogens measured (trials)
per participant at each time point, with similar specifications as described above. Here, we added
time-dependent variables for receipt of IGRT in the 8-16 weeks before each sample and number
of pathogens with vaccination prior to each sample to the base model one described above and
referred to this as base model two. Pre-specified candidate adjustment variables included age at
CARTx (>60 years versus <60 years), biological sex, race (nonwhite versus white), ethnicity,
number of lines of cancer therapy prior to CARTX, any prior HCT or CARTX, any B-cell targeting
therapy in six months before CARTX, type of CARTx product (commercial versus investigational),
and the following laboratory measures as time-dependent covariates: total IgG, IgA, IgM; CD19*
B cell count; CD4+ T cell count. Multivariable model selection used a modified purposeful variable
selection procedure as follows.%® For each candidate adjustment variable, we first ran models that
added the candidate adjustment variable to base model two. Continuous variables were evaluated
for functional form and categorized according to clinical cut points if a linear relationship was not
supported. When included in these models, adjustment variables that either led to a >20% change
in any of the primary exposure model coefficients or had a p-value < 0.20 were then added to a
preliminary multivariable model. Next, candidate adjustment variables that were neither significant
at the 0.10 level, nor changed any other variable coefficients by >20% were sequentially removed
from the preliminary model. Finally, we confirmed that none of the initially excluded adjustment
variables were significant at the 0.10 level nor changed other variable coefficients by >20%, to

arrive at the final multivariable model. Model estimates were presented as odds ratios (OR) with



95% confidence intervals (Cl). For easier interpretation of the primary comparisons, we also
presented model predicted proportions of pathogens with seroprotection within primary exposure
subgroups, using marginal standardization.®® This method computes a weighted average of
predicted probabilities to reflect the confounder distribution in the target population, which, in our

case, was the total cohort eligible for this analysis.

VirScan analyses

Statistical methods were adapted from ecologic analyses employed in microbiome or other
population analyses: (i) total epitope score: the sum of unique epitopes observed for all antigens
in VirScan (ii) Simpson's Index’®"", and (iii) Shannon's Evenness metric’>"3,

We used GEE to describe and compare means and mean changes in the evaluated
VirScan metrics at pre-, 6 month and 1-year post-CARTXx time points. The base model included
primary explanatory variables, including CARTX type and sampling time points. Interaction terms
between different time points (pre-CARTX, 6-months post-CARTX, 1-year post-CARTX) and the
CARTXx group were included in the models to estimate changes within each subgroup and to test
whether these changes differed by subgroup. Additionally, the base model was adjusted for
receipt of IGRT 8-16 weeks before sample collection. We also adjusted for other potential
confounders in the models and explored associations of other biologically relevant variables with
these outcomes. To aid parsimonious model building, we used purposeful variable selection to
choose the optimal number of additional confounders to adjust for in each model.

Violin plots were generated to graphically represent the spectrum of viruses and epitope
densities at pre- and post-CARTx time points for each CARTx group (CD19 vs. BCMA).
Furthermore, we explored the relationship between age (discretized age group categories 0-8, 9-
17, 18- 39, 40-59, 60-69, >= 70) and VirScan outcomes at baseline for those receiving only the

CD19 CARTXx therapy (100 adults, 22 pediatric participants).



Vaccine immunogenicity analyses

Initial descriptive vaccine response analyses included participants with 21 pre- and =1
post-vaccine dose sample, regardless of the sequential dose to which this corresponded; a
sample collected before the first vaccine dose was not required. Baseline (pre-first dose of
vaccine) immunoglobulins, B cell subsets, and T cell subsets were defined as those
corresponding to the earliest vaccine administered per participant. These baseline values were
compared by CARTX target group using Wilcoxon rank-sum tests. Pathogen-specific antibody
titers were compared by CARTXx target group and time point using similar GEE models as
described for previous analyses. Due to sparse data, values for post dose =2 were combined and
for some pathogens, simplified models with fewer parameters and/or small sample bias
corrections were used.

To estimate the cumulative incidence of vaccine response overall and by select baseline
factors, we focused on a clinically relevant group of participants with baseline titers below the
defined threshold for seroprotection for at least one pathogen. Vaccine response was evaluated
separately for each pathogen. Pathogens with too few participants meeting baseline criteria for
inclusion were excluded from these analyses. Fold differences in pathogen-specific antibody titers
following each vaccine dose were computed using the ratio of post-dose to baseline
untransformed values; baseline values of zero were assigned a value of half the distance to the
minimum non-zero value for purposes of these calculations. Cumulative incidence of vaccine
response was computed using dose as the time variable. Participants not achieving the
seroresponse endpoint, defined as a 22-fold increase in antibody titers, were censored after the
last dose received. To test for associations between select baseline factors (CARTX target, time
from CARTX to first vaccine dose, and baseline CD19* B cell count) and hazard rate of vaccine

response, we used marginal discrete time (dose) multivariate Cox models with robust standard



errors to accommodate participants that contributed vaccine response data for =21 pathogen
(multiple endpoints).” This model was stratified by pathogen, allowing for separate baseline
hazards for each pathogen. We tested for equal effects across pathogens and estimated an
average effect across pathogens when there was not sufficient evidence to suggest unequal
effects. We first ran univariable models for each factor. We considered two different
parameterizations of baseline CD19" B cell count: continuous on the logi scale and a pre-
specified binary indicator of 220 cells/uL vs <20 cells/uL, based on the use of this threshold in
other studies. Due to limited number of events, multivariable models including a maximum of two
independent variables were considered by selecting variables significant in univariable analysis.
Separate models were developed for each of the two parameterizations of baseline CD19* B cell
count.

SAS, version 9.4 (SAS Institute, Cary, North Carolina); Stata, version 18.5 (StataCorp

LLC, College Station, Texas); and R (version 4.3.1) were used for analyses.

DATA AVAILABILITY:

Comprehensive individual-level data generated in this study contain human participant
information and therefore are not publicly available due to ethical and legal restrictions,
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controlled access through Fred Hutchinson Cancer Center’s data governance processes.
Requests will be subject to institutional review and require submission of (i) a brief research
proposal, (ii) documentation of IRB/ethics approval or exemption as applicable, and (iii)
execution of an appropriate data use agreement. Requests may be initiated by contacting the

corresponding author (jahill3@fredhutch.org) after publication. The authors will make best




efforts to provide the requested information within three months of the request. Source data are

provided with this paper.
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TABLES:



Table 1: Participant Demographics and Clinical Characteristics of Pre/Post-CARTx Cohort

|Baseline Characteristict CD19/20? (n=100) [BCMA (n=28)  [All (n=128)
[Age at CARTX in years, median (range) 62 (18 - 83) 65 (42 - 74) 62 (18 - 83)
[Female 32 (32%) 14 (50%) 46 (36%)
[Race
White 88 (88%) 24 (86%) 112 (88%)
Asian 8 (8%) 1 (4%) 9 (7%)
American Indian / Alaska Native 1 (1%) 2 (7%) 3 (2%)
Black / African American 1 (1%) 1 (4%) 2 (2%)
Native Hawaiian / Pacific Islander 1 (1%) 0 (0%) 1 (1%)
Multiple 1 (1%) 0 (0%) 1 (1%)
|Ethnicity
Not Hispanic or Latino 92 (92%) 23 (82%) 115 (90%)
Hispanic or Latino 7 (7%) 2 (7%) 9 (7%)
Unknown 1 (1%) 3 (11%) 4 (3%)
|Diagnosis
Lymphoma 88 (88%) 0 (0%) 88 (69%)
ALL 5 (5%) 0 (0%) 5 (4%)
CLL 7 (7%) 0 (0%) 7 (5%)
IgG Multiple Myeloma 0 (0%) 21 (75%) 21 (16%)
Other Multiple Myeloma 0 (0%) 7 (25%) 7 (5%)
Number of prior cancer treatments, median (range) 4 (1-9) 8 (1 - 14) 4 (1 - 14)
|Prior HCT
No prior HCT 77 (77%) 7 (25%) 84 (66%)
Prior auto HCT only 18 (18%) 19 (68%) 37 (29%)
Prior allo HCT only 5 (5%) 1 (4%) 6 (5%)
Prior auto and allo HCT 0 (0%) 1 (4%) 1 (1%)
|Months from most recent HCT to CARTX, median (range) [26 (4 - 148) 55 (20 - 292) 43 (4 - 292)
[Prior cARTX 5 (5%) 1 (4%) 6 (5%)
Type of CAR-T cell product
Commercial 59 (59%) 15 (54%) 74 (58%)
Investigational 41 (41%) 13 (46%) 54 (42%)
Conditioning chemotherapy
Cyclophosphamide & fludarabine 99 (99%) 28 (100%) 127 (99%)
Bendamustine 1 (1%) 0 (0%) 1 (1%)
IB cell targeting therapy in 6 months before CARTxX®
None 37 (37%) 19 (68%) 56 (44%)
Rituximab only 40 (40%) 0 (0%) 40 (31%)




Rituximab and other 13 (13%) 0 (0%) 13 (10%)
Blinatumomab and other 1 (1%) 0 (0%) 1 (1%)
Other 9 (9%) 9 (32%) 18 (14%)

‘Numbers shown are n(%) unless otherwise specified. ALL indicates acute lymphoblastic leukemia; CLL, chronic lymphocytic
leukemia; HCT, hematopoietic cell transplant; CARTx, CAR-T cell therapy.

288 were CD19, 11 were CD20, and 1 was CD19/CD20.

°No participants received BCMA/CD3 targeting bispecific or trispecific antibody therapy during study period.




Table 2. Unadjusted and Adjusted Cox Model Estimates for Association of Post-CARTXx, Pre-Vaccine Covariates with

Seroresponse

Unadjusted HR

Multivariate Model 12

Multivariate Model 23

Baseline Variable! (95% Cl) p-value Adjusted HR p-value Adjusted HR p-value
(95% ClI) (95% ClI)
CARTX target
CD19/20 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
BCMA 2.82(1.05,7.58) | 0.04 2.53 (1.05, 6.08) 0.04 2.46 (0.87, 6.95) 0.09
Time from CARTX to first
vaccine dose
per 1 month increase 1.01 (0.97,1.04) | 0.80
CD19* B cell count
per logio increase 2.18 (1.47,3.23) | <.001 2.16 (1.44, 3.23) <.001
<20 cells/pL 1.0 (Reference) - 1.0 (Reference)
220 cells/pL 3.54 (1.62, 7.75) | 0.002 3.72 (1.72, 8.01) <.001

'HR indicates hazard ratio; Cl, confidence interval. Estimates averaged across pathogens: Hepatitis A (n=22
participants), Hepatitis B (h=39), haemophilus influenzae type B (n=42), C. diphtheriae (n=13), S. pneumoniae

(n=44). P-values correspond to two-sided testing (matching confidence intervals) and are exact when =0.001. No
adjustments were made for multiple comparisons.

2Estimates adjusted for CARTX target and continuous logio CD19* B cell count.

SEstimates adjusted for CARTX target and binary CD19* B cell count.




FIGURE LEGENDS:

Fig.1: CONSORT diagram.

CARTXx indicates CAR-T cell therapy; SCH indicates Seattle Children’s Hospital; HCT,
hematopoietic cell transplant; IVIG, intravenous immunoglobulin G; CAYA, children,
adolescents, and young adults; mo, months; yr, year. Source data are provided as a Source

Data file.

Fig.2: Immunoglobulin, CD19* B cell, T cell, and plasma cell kinetics before and after BCMA- and
CD19/20-CARTXx.

Distribution of (a) IgA, (b) IgM, (c) IgG, (d-g) B cell and (h-i) T cell subsets, with counts
expressed as logio(value + 1), by time points relative to CARTx and by participant groups
defined by CARTX target received (BCMA data are in orange, CD19/20 data are in blue).
Dashed horizontal reference lines represent the upper and lower limit of normal for IgA, IgM,
and IgG, 20 cells/uL for CD19* B cell count, and 200 cells/uL for CD4+ T cell count. Naive B
cells were defined as CD27-1gD*. Boxes represent interquartile range, horizontal lines within
boxes represent the median, and whiskers extend to minimum and maximum values. Numbers
above the x-axis show the number of participants in each group. Brackets above boxplots show
statistical significance for group comparisons at each time point from generalized estimating
equation models with independent variables for group, time point, and their interaction; tests of
coefficents from these models were two-sided with no adjustments for other variables or for
multiple comparisons. *** indicates p<0.001, ** indicates 0.001 < p < 0.01, *indicates 0.01 <p
<0.05, and NS indicates not significant with p = 0.05. Precise p-values for comparisons between
BCMA- and CD19/20-CARTXx groups at pre-CARTX, 6mo post-CARTXx, and 1 yr post-CARTx
were 0.05, <.001, 0.06 for IgA; <.001, 0.26, 0.58 for IgM; 0.10, 0.87, 0.61 for IgG; 0.46, <.001,

<.001 for CD19+ B cell count; 0.02, <.001, <.001 for naive CD19+ B cell count. Model



estimates for these and additional comparisons are shown in Supplementary Fig.2a-c and
Supplementary Fig.3a,b. Among 26 BCMA-CARTX participants with available data, (j) the
percentage of CD138" plasma cells in bone marrow is shown, with each line representing a
participant, measured via immunohistochemistry staining. CARTXx indicates CAR-T cell therapy;

mo, months; yr, year. Source data are provided as a Source Data file.

Fig.3: Pathogen-specific antibody kinetics before and after BCMA- (n=28) and CD19/20-CARTXx
(n=100).

These plots (a-1) show pathogen-specific IgG titers, expressed as logio(value + 1), by time
points relative to CARTx (Pre-CARTX, 6 months post-CARTXx, and 1 year post-CARTXx) and by
CARTXx target (BCMA data are in orange, CD19/20 data are shown in blue). Boxes represent
interquartile range, horizontal lines within boxes represent the median, and whiskers extend to
minimum and maximum values. The dashed reference line (a-k) represents the threshold for
seroprotection; for S. pneumoniae (1), the reference lines correspond to boundaries between
low, modest, intermediate, moderate, and high levels. Brackets above boxplots show statistical
significance for within and between group comparisons from generalized estimating equation
models of mean log1o titers for each pathogen with independent variables for group, time point,
and their interaction; tests of coefficents from these models were two-sided with no adjustments
for other variables or for multiple comparisons (see Supplementary Table 4 for exact P-
values). *** indicates p<0.001, ** indicates 0.001 < p < 0.01, * indicates 0.01 < p <0.05, and NS
indicates not significant with p = 0.05. Vaccines affecting at least one relevant pathogen were
administered between sample collection time points in 59 (46%) participants. See
Supplementary Fig.11a-l that shows Fig.3 data when any samples with a prior vaccination
during this study time period have been excluded. CARTXx indicates CAR-T cell therapy; 6mo, 6

months post-CARTYX; 1yr, 1year post-CARTXx. Source data are provided as a Source Data file.



Fig.4: Patterns of change in seroprotective antibody titers through one year post-BCMA- and
CD19/20-CARTXx.

Number of pathogens with seroprotective antibodies per participant pre-CARTx compared to a)
six months post-CARTx and b) one year post-CARTXx for 12 pathogens. The size of each bubble
is proportional to the number of participants at each x-y coordinate. Orange bubbles represent
BCMA-CARTX recipients and blue bubbles represent CD19/20-CARTX recipients; dark orange
bubbles indicate coordinates with both BCMA- and CD19/20-CARTX recipients.The solid diagonal
line represents no change in the number of pathogens with seroprotective antibodies from pre-
CARTXx to post-CARTXx time points. The upper left hand portion of the graph corresponds to gains
in the number of pathogens with seroprotective antibodies, and the lower right hand portion
corresponds to losses in the number of pathogens with seroprotective antibodies. Panel A
includes 21 BCMA and 89 CD19/20-CARTXx recipients; panel B includes 19 BCMA and 72
CD19/20-CARTx recipients. ¢) Distribution of observed percentage of pathogens with
seroprotective antibodies at each study time point stratified by CARTXx target. Boxes represent
interquartile range, horizontal lines within boxes represent the median, and whiskers extend to
minimum and maximum values. Numbers above the x-axis show the number of participants in
each group. d) Adjusted model estimates (filled boxes) with 95% confidence intervals (Cl, capped
horizontal lines) for the proportion of pathogens with seroprotective antibodies compared over
time within and across CARTXx target cohorts from logistic generalized estimating equation models
(n=127). Tests of coefficents for differences in these models were two-sided with no adjustments
for multiple comparisons. Differences that do not cross the vertical reference line of x=0 represent
statistically significant differences. Comparisons are adjusted for race, time-dependent total IgG,
time-dependent total IgA, time-dependent CD19* B cell count, time-dependent receipt of IVIG in

8-16 weeks before the sample, and time-dependent number of pathogens with vaccination prior



to the sample. Vaccines affecting at least one relevant pathogen were administered between
sample collection time points in 59 (46%) participants. CARTx indicates CAR-T cell therapy; mo,

months; yr, year. Source data are provided as a Source Data file.

Fig.5: Comprehensive profiling of antigen-specific antibody repertoires using VirScan across

age groups and post-CARTXx timepoints.

a) Boxplot showing the total number of unique antigen-specific antibody epitope hits detected by
VirScan at the pre-CARTx timepoint stratified by age group (years) in CD19/20/22 CARTXx
recipients (n=122; 100 adults and 22 pediatric participants). The y-axis represents the sum of
epitope hits across all antigens. Boxplots display the interquartile range (IQR), median (horizontal
line), and range (whiskers), with outliers shown as individual points. Red dots indicate the mean
number of epitope hits within each age group. b) Violin plots depicting the distribution of total
epitope hits per individual at pre-CARTX, six months post-CARTX, and one year post-CARTX in
BCMA (orange, n=28) and CD19/20 (blue, n=100) CARTX recipients. Each distribution includes
the full density of observed values, with the red dot marking the group mean. Epitope hits
represent the cumulative number of distinct reactive peptides identified across all antigens profiled
by VirScan. ¢) Violin plots showing Shannon Evenness, a metric of diversity that quantifies the
uniformity of epitope reactivity across all detected pathogen and autoantibody species. Plots
represent the distribution of evenness scores at pre-CARTX, six-month, and one-year post-
CARTX timepoints in BCMA (orange, n=28) and CD19/20 (blue, n=100) CARTX recipients. Red
dots denote group means. d) Violin plots of Simpson’s Index, a diversity measure reflecting both
the richness and relative abundance of reactive epitopes among antigens profiled by VirScan.
Plots represent the distribution of index scores at pre-CARTX, six-month, and one-year post-

CARTX timepoints in BCMA (orange, n=28) and CD19/20 (blue, n=100) CARTXx recipients. Red



dots denote group means. CARTXx indicates CAR-T cell therapy; mo, months; yr, year. Source

data are provided as a Source Data file.

Fig.6: Immunogenicity of one or more doses of vaccines after BCMA- and CD19/20-CARTX.

a-l) depicts boxplots showing antibody titers measured pre-vaccination and at sequential time
points following up to six vaccine doses in participants who received BCMA- (orange) or CD19/20-
CARTXx (blue). Titers are plotted on a logi(value + 1) scale. The number of participants
contributing data at each time point is displayed above the x-axis. The dashed reference line
represents the threshold for seroprotection; for S. pneumoniae, the reference lines correspond to
boundaries between low, modest, intermediate, moderate, and high levels. Boxes represent the
interquartile range (IQR), horizontal lines within boxes show the median, and whiskers extend to
the minimum and maximum values. See Supplementary Table 14 for statistical significance for
within group comparisons. m-q) depicts cumulative incidence curves representing the proportion
of participants with a seroresponse, defined as a =2-fold increase in antibody titer from pre-
vaccination levels, among those without seroprotective antibody levels pre-vaccination, over the
course of sequential vaccine doses. Curves are stratified by CAR-T target: CD19/20 (blue) and
BCMA (orange). The x-axis represents the number of vaccine doses received. The y-axis
indicates the cumulative proportion of participants with a seroresponse at or after each dose.
Numbers shown below the x-axis reflect the number of participants at risk (i.e., those without a
prior seroresponse who continued to receive additional vaccine doses) at each time point by
group. Statistical comparison of cumulative incidence curves between CAR-T groups was
performed using two-sided Gray’s test; p-values are displayed in each panel. Source data are

provided as a Source Data file.



A range of humoral related adverse events can occur after treatment of haematological
malignancy with chimeric antigen receptor cell therapies. Here the authors characterise the
persistence of humoral immunity and response to vaccination after patients receive B cell
targeted chimeric antigen receptor T cell therapy.
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