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Abstract

Background: Autologous stem cell transplantation (ASCT) is a standard of care for patients 

with chemosensitive, relapsed/refractory (R/R) classical Hodgkin lymphoma (cHL) and diffuse 

large B-cell lymphoma (DLBCL). While the clinical benefit of ASCT has traditionally 

been attributed solely to cytoreduction from intensive chemotherapy, ASCT has important 

immunogenic effects which may contribute to its anti-tumor efficacy and could provide a favorable 
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immune environment for post-ASCT immune-based maintenance treatments. We previously 

reported clinical results of a phase II trial (NCT02362997) testing 8 doses of pembrolizumab 

maintenance therapy after ASCT for patients with R/R cHL or DLBCL. To clarify the impact of 

pembrolizumab on immune reconstitution, we compared the kinetics of peripheral blood immune 

cell recovery after ASCT for trial patients receiving pembrolizumab maintenance to those of a 

contemporaneous control cohort of similar patients undergoing ASCT without pembrolizumab 

maintenance.

Objective: To characterize the impact of post-ASCT pembrolizumab maintenance therapy 

on immune reconstitution for patients with R/R DLBCL and cHL and to identify candidate 

biomarkers of efficacy and immune-related adverse events (irAEs).

Study design: Peripheral blood mononuclear cell (PBMC) samples were prospectively collected 

1–18 months after ASCT and analyzed by flow cytometry using a panel of fluorophore-conjugated 

monoclonal antibodies to identify B cells, natural killer (NK) cells, and various dendritic cell (DC) 

and T cell subsets.

Results: A median of 5 (range 1–8) post-ASCT PB samples were collected from 144 patients (59 

pembrolizumab, 85 control). Clinical characteristics of the two cohorts were similar. Compared 

to cHL patients, DLBCL patients (who all received anti-CD20 monoclonal antibody therapy 

before ASCT) had delayed CD19+ cell reconstitution which persisted for at least 18-month after 

ASCT. No other differences in immune reconstitution were observed based on lymphoma subtype. 

Post-ASCT pembrolizumab maintenance therapy was associated with 1) an elevation in circulating 

DCs (driven by higher levels of plasmacytoid and immature DCs) which persisted for the duration 

of pembrolizumab treatment, and 2) a significant reduction in PD-1+ T cells which persisted 

for 6–12 months after completion of pembrolizumab therapy. Despite the key role of T cells in 

mediating the effects of PD-1 blockade, pembrolizumab maintenance did not affect recovery of 

any T cell subsets. In an exploratory analysis, a higher baseline CD4+ TEMRA cell count (defined 

as CD3+ CD4+ CD45RA+ CD62L−) was associated with inferior PFS, but only among patients 

who received pembrolizumab maintenance (p=0.003). As continuous variables, lower absolute 

levels of NK cells (p=0.009), PD-1+ CD4+ T cells (p=0.005), and PD-1+ CD8+ T cells (p=0.005) 

before pembrolizumab initiation were each associated with a higher risk of grade 2+ irAEs.

Conclusion: Post-ACST pembrolizumab maintenance therapy is associated with a persistent 

elevation in circulating DCs, but its impact on the reconstitution of other immune cells in 

peripheral blood appears limited. Our study suggests that early features of post-ASCT immune 

reconstitution could be associated with PFS and risk of irAE and warrant additional investigation.
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Introduction

High-dose chemotherapy and autologous stem cell transplantation (ASCT) remain the 

standard of care for transplant-eligible patients with relapsed or refractory (R/R) classical 

Hodgkin lymphoma (cHL) and diffuse large B-cell lymphoma (DLBCL) who respond to 
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salvage chemotherapy.1–3 The therapeutic benefit of ASCT has traditionally been attributed 

solely to cytoreduction from intensive chemotherapy; however, ASCT has important 

immunogenic effects which may also underlie some of its anti-tumor efficacy. High-dose 

chemotherapy results in increased antigen presentation and stimulation of the innate immune 

system and preclinical models suggest that high-dose chemotherapy and ASCT induces 

protective tumor-specific T cells that are associated with improved survival.4,5 Clinical 

studies of immune reconstitution after ASCT have demonstrated that early lymphocyte 

recovery is associated with improved OS for patients with NHL6, while higher levels of 

inhibitory cell populations, like M2 macrophages and myeloid derived suppressor cells, have 

been linked with impaired PFS.7

These findings suggest the need for additional analyses of immune reconstitution following 

ASCT and also support the investigation of immune-based consolidation or maintenance 

treatments after ASCT, with the goal of favorably manipulating the remodeling immune 

system. Pembrolizumab is an anti-PD-1 monoclonal antibody (mAb) that is FDA-approved 

for treatment of patients with R/R cHL based on high objective response rates (ORRs) in 

this disease.8,9 Pembrolizumab and other PD-1 mAbs have also been studied in DLBCL 

where PD-1 blockade is associated with infrequent responses in unselected patients.10,11 We 

previously reported results of a multicenter, non-randomized phase II trial that tested 8 doses 

of pembrolizumab maintenance after ASCT in 30 patients with cHL and 29 patients with 

DLBCL (including transformed indolent lymphoma [TIL] and primary mediastinal B-cell 

lymphoma [PMBL]). The cHL cohort achieved an 18-month PFS of 82%, meeting the 

primary endpoint, while the DLBCL cohort failed to achieve the study’s primary endpoint 

(18-month PFS 59%).12,13 The clinical trial included serial collection of peripheral blood 

(PB) samples for a planned analysis of immune reconstitution following ASCT. Patients 

undergoing ASCT for cHL or DLBCL during the same time period but outside of a clinical 

trial (and without pembrolizumab maintenance therapy) at Dana-Farber Cancer Institute/

Brigham and Women’s Hospital (DFCI/BWH) were enrolled on a separate specimen 

collecting protocol. Among these patients, serial PB samples were collected at similar 

timepoints after ASCT and used as a control cohort.

Using samples from these patient cohorts, we characterized immune reconstitution following 

ASCT in a total of 144 patients with cHL and DLBCL. Our design allowed us to compare 

immune recovery between patients with cHL and DLBCL, and to assess the impact of 

pembrolizumab – both in HL where it is an effective agent and in DLBCL where its direct 

anti-tumor activity is limited. Finally, we determined if features of immune reconstitution 

were associated with either post-ASCT relapse/progression or (in pembrolizumab-treated 

patients) the incidence of immune-related adverse events (irAEs).

Methods

Patients

An open-label multicenter phase II trial of pembrolizumab maintenance therapy following 

ASCT was performed at 6 centers in the United States, as previously described 

(NCT02362997).12,13 Eligible patients were adults (age ≥ 18 years) with R/R cHL or 

DLBCL (including TIL and PMBCL) who had received ≤3 lines of therapy and had 
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undergone ASCT with chemosensitive disease (defined as partial response or better 

to salvage therapy, per International Harmonization Project criteria).14 Study treatment 

consisted of pembrolizumab maintenance (200 mg intravenously every 3 weeks for 8 cycles) 

which was started within 60 days of ASCT (intended to start within 21 days of ASCT 

hospitalization discharge). Protocol approval for the pembrolizumab trials was obtained 

from the Institutional Review Board of each participating institution.

During the same period, we assembled a control cohort of patients who underwent ASCT 

for the same lymphoma types outside of a clinical trial at DFCI/BWH. Eligible patients 

met the following criteria: age ≥ 18 years; histologically confirmed diagnosis of DLBCL, 

TIL, PMBCL, or cHL; relapsed or refractory disease; and receipt of ASCT at DFCI/BWH 

between 6/1/2014 and 1/1/2018. Patients in the control cohort were eligible regardless of 

number of lines of therapy before ASCT. Finally, to establish an estimate of normal values 

for various immune cell subpopulations, PB specimens from 31 healthy donors were also 

analyzed. Written informed consent for sample collection was obtained from all patients 

before sample collection in accordance with the Declaration of Helsinki.

Stem cell collection and conditioning regimens

Stem cell mobilization and collection were performed with granulocyte-colony stimulating 

factor (G-CSF) +/− plerixafor according to the standard practices of participating 

centers. Among the pembrolizumab cohort, ASCT conditioning consisted of carmustine, 

etoposide, cytarabine, and melphalan (BEAM) in 56 patients and thiotepa, busulfan, and 

cyclophosphamide (TBC) in 3 patients. All patients in the control cohort received BEAM 

conditioning.

Restaging Assessments

In the pembrolizumab trial cohort, positron emission tomography (PET)/computed 

tomography (CT) scans were performed prior to initiation of pembrolizumab therapy, 10 

weeks after starting pembrolizumab therapy, 22 weeks after pembrolizumab therapy and 12 

and 18 months post-ASCT. In the control cohort, radiographic assessments after ASCT were 

at the discretion of treating physicians.

Peripheral blood collection and flow cytometry

Among pembrolizumab trial subjects, blood samples were collected prior to initiation of 

pembrolizumab maintenance (i.e. baseline sample), then 3 weeks, 6 weeks, 9 weeks, 15 

weeks, and 21 weeks after treatment initiation, and then 12 and 18 months post-ASCT. 

Among subjects in the control cohort, PB samples were intended to be collected at similar 

time points, but the actual visit and laboratory assessment schedule for those patients was 

left to the discretion of their treating clinician since the patients were not on a clinical 

trial. Given the unavoidable variation in the exact time of sampling between patients, 

and for simplicity of analysis and reporting, we considered the following time points (all 

considered from the time of ASCT): 1-month (study baseline; occurring before initiation 

of pembrolizumab in the trial cohort), 2-months, 3-months, 6-months, 12-months, and 18-

months. Samples were assigned to the closest specified time point.
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Immunophenotypic analyses were performed with a panel of fluorophore-conjugated 

monoclonal antibodies, as previously described.15 B cells were defined as CD19+ cells. NK 

cells were defined as CD3−CD56+CD16+ as well as CD3−CD56+CD16−. Total dendritic 

cells were defined as LINEAGEnegHLA-DR+. Major T cell populations included: CD3+, 

CD3+CD4+, CD3+CD8+, T regulatory cells (Tregs) (CD3+CD4+CD25+), and conventional 

CD4 T cells (Tcons) (CD3+CD4+ minus CD3+CD4+CD25+) cells. Further analysis of T 

cells included identification of naive cells (CD45RA+ CD62L+), central memory (CM) 

cells (CD45RA− CD62L+), effector memory (EM) cells (CD45RA−CD62L−) and terminal 

effector memory (TEMRA) cells (CD45RA+ CD62L−) within each T cell population. We 

quantified the expression of PD-1 among all T cell subsets.

Statistical Analysis

For each time point, the absolute number of circulating cells for a given subset was 

compared between study and control patients using Wilcoxon rank-sum test; p-values 

were adjusted using the Benjamini-Hochberg method to account for multiplicity of testing. 

Progression-free survival (PFS) and overall survival (OS) were estimated using the Kaplan-

Meier (KM) method with Greenwood’s formula for variance estimation, and differences in 

survival between groups were assessed using the log-rank test. PFS was defined as the time 

from day 0 of ASCT to death from any cause, relapse, or progression, with patients censored 

at the last time seen alive and progression-free. OS was defined as the time from day 0 of 

ASCT to death from any cause, with patients censored at the last time seen alive. Median 

follow-up time was estimated using the reverse KM method. Descriptive statistics were 

used to summarize variables of interest. Univariable Cox proportional hazards regression 

were used to evaluate associations between prognostic factors and PFS or OS; hazard ratios 

(HRs), 95% confidence intervals (CIs), and Wald p-values were reported for covariates. All 

analyses were performed using R v4.0.2 and the package survival v3.2–11 for time-to-event 

analyses.

Results

Patient Characteristics and Sample Collection

Patient and transplant characteristics for the 144 patients are summarized in Table 1. The 

median age at transplant was 52 (range 20–77) with a lower median age for patients 

with cHL vs DLBCL (32 [21–63] vs 59 [27–77] years, p<0.001). Among patients with 

non-Hodgkin lymphoma (NHL), DLBCL NOS was the most frequent lymphoma subtype 

(67%) followed by TIL (20%), PMBL (8%), and T-cell histiocyte rich B-cell lymphoma 

(4%). Among cHL patients, nodular sclerosis was the most common subtype (82%). 

Patients received a median of 2 lines of therapy before ASCT and most patients achieved 

a complete response (CR) on pre-ASCT PET imaging (CR rate 85% for HL patients and 

70% for DLBCL patients). Among patients with DLBCL, those in the pembrolizumab 

cohort were more heavily pretreated (38% vs 11% received 3 lines of therapy prior to 

ASCT). There were no other significant differences in baseline clinical features between the 

pembrolizumab and control cohorts for either cHL or DLBCL patients.
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A median of 5 (range 1–8) post-ASCT PB samples were collected from each study 

subject. More samples were available for analysis for trial patients than control patients 

(median 8 vs 3, p<0.001). The timing of sample collection for the two cohorts was similar 

with the exception of small differences in median time of sample collection between the 

pembrolizumab and control cohorts at the 2-month (median 61.5 [47–71] vs 58 [47–76] 

days, p=0.01), 6-month (median 167 [133–273] vs 197 [169–274] days, p<0.001), and 

12-month timepoints (median 368 [278–392] vs 352 [281–395] days, p<0.001).

Immune Reconstitution: Total WBC, absolute lymphocyte count, B-cells, T-cells, and NK 
cells

The reconstitution of white blood cells (WBC), absolute lymphocytes, B-cells (CD19+), 

T-cells (CD3+), and NK cells is summarized in Figure 1. Recovery of WBC, absolute 

lymphocytes, and CD3+ cells was similar for pembrolizumab and control patients across all 

time points; however, for both cohorts, these cell counts remained below the interquartile 

range of healthy controls at all time points analyzed (Figure 1A–C). CD19+ B cell 

recovery followed the same trajectory in the pembrolizumab and control cohorts. Small, 

but statistically significant differences were observed in absolute CD19+ B cell counts in 

the pembrolizumab cohort compared to the control cohort at the 1-month (median 4.7 × 

109 cells/L (0.0–79.8) vs 1.4 × 109 cells/L (0.0–62.4), p<0.001) and 3-month (median 

20.9 × 109 cells/L (0.0–624.2) vs 1.0 × 109 cells/L (0.0–331.2), p<0.001) timepoints 

(Figure 1D). Compared to cHL patients, patients with DLBCL (who all received anti-CD20 

monoclonal therapy prior to ASCT) had delayed CD19+ cell reconstitution which persisted 

through the 18-month timepoint (p<0.05 at all time points, data not shown). No differences 

between cHL and DLBCL patients were observed for other cell types. The absolute number 

of total NK cells was highest at the 1-month timepoint and then trended downward at 

subsequent timepoints. No significant differences in NK cell populations were observed 

between the pembrolizumab and control cohorts. In contrast to other cell populations, NK 

cell populations were similar in absolute number to healthy controls at all timepoints (Figure 

1E).

Reconstitution of major T-cell populations

There were no significant differences in reconstitution of CD8+ T cells, CD4+ T cells, or 

Tregs (CD4+CD25+) between patients in the pembrolizumab and control cohorts (Figure 

2A–C). Absolute numbers of CD4 Tcon cells at the 1-month baseline timepoint (collected 

before initiation of pembrolizumab) were lower in the pembrolizumab cohort (174.9 × 

106 cells/L (24.8–791.6) vs 250.3 × 106 cells/L (50.5–1180.4), p=0.03); however, testing 

at subsequent time points (after initiation of pembrolizumab) revealed no significant 

differences in CD4 Tcon populations between the two cohorts. Absolute numbers of CD8+ 

T cells and Treg cells were similar to healthy controls at most timepoints, while numbers of 

CD4+ T cells and CD4+ T cons were significantly lower than healthy controls at all time 

points assessed.

Compared to the control cohort, the pembrolizumab cohort had a significantly higher 

Treg:Tcon ratio both prior to initiation of pembrolizumab (1-month timepoint 0.15 [0.02–

2.25] vs 0.11 [0.00–0.28], p=0.009) and after pembrolizumab initiation at the 2-month 
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(0.13 [0.02–0.37] vs 0.08 [0.01–0.52], p=0.016), 3-month (0.11 [0.01–0.48] vs 0.08 [0.01–

0.39], p=0.019), 6-month (0.11 [0.02–0.45] vs 0.06 [0.01–0.18], p<0.001), and 12-month 

timepoints (0.10 [0.03–0.25] vs 0.07 [0.02–0.36], p=0.009) (Figure 2E). There were 

no significant differences in Treg:CD8 ratio between the two cohorts (Figure 2F). No 

differences between cHL and DLBCL patients were observed for these cell types.

Reconstitution of Naïve, Memory, and Effector T cells

The reconstitution of naïve, central memory (CM), effector memory (EM), and terminally 

differentiated effector (TEMRA) CD4+ and CD8+ T cells is summarized in Figure 3. 

Significant differences between the pembrolizumab and control cohorts were observed at the 

1-month timepoint (for CM and naïve T cell subsets) and at the 18-month timepoint (for 

naïve T cells only); however, both of these timepoints fall outside of the pembrolizumab 

treatment period. No significant differences in any of these populations were observed 

during pembrolizumab treatment (i.e. 2-month, 3-month, and 6-month timepoints). In both 

cohorts, patients experienced incomplete reconstitution of naïve CD4+ T cells, naïve CD8+ 

T cells, and CD4+ TEMRA cells, even 18 months after ASCT. No differences between cHL 

and DLBCL patients were observed for these cell types.

Reconstitution of circulating dendritic cells

The reconstitution of circulating dendritic cells (DCs) is summarized in Figure 4. Patients 

in the pembrolizumab cohort had significantly higher circulating total DC populations 

compared to the control cohort at 2-months (348 × 106/L [90 – 1470] vs 228 × 106/L 

[8 – 822], p=0.002), 3-months (236 × 106/L [36 – 1523] vs 157 × 106/L [5 – 555], 

p=0.008), and 6-months (211 × 106/L [32 – 583] vs 135 × 106/L [30 – 385], p=0.02), and 

18-months (239 × 106/L [76 – 426] vs 190 × 106/L [38 – 488], p=0.03) (Figure 4A). These 

differences appeared to be driven by higher levels of plasmacytoid DCs (CD123+) (Figure 

4B) and CD123−/CD11c− DCs (Figure 4D) in the pembrolizumab cohort, while myeloid 

DCs (CD11c +) (Figure 4C) were similar in both the control and pembrolizumab cohorts. 

No differences in DC reconstitution were observed between cHL and DLBCL patients.

Reconstitution of PD-1 expressing immune cell subsets

The absolute number of PD-1+ cells was quantified for all T cell populations. Post-ASCT 

pembrolizumab maintenance was associated with a sustained decrease in PD-1 positive CD4 

T cells and PD-1 positive CD8 T cells (Figure 5). Lower levels of PD-1 positive cells were 

observed at the first timepoint after PD-1 initiation in the pembrolizumab cohort (2-months) 

and persisted beyond PD-1 discontinuation (which occurred approximately 6 months post-

ASCT). Populations of PD-1 positive CD4+ and CD8+ T cells did not reach those of the 

control cohort until the 18-month timepoint. As pembrolizumab and the PD-1 mAb used 

for flow analyses both target the same epitope on the PD-1 receptor, PD-1 positive cell 

populations could be underreported due to competition from circulating pembrolizumab 

during the period of pembrolizumab treatment, but this blocking effect would be unlikely to 

persist for 12 months after treatment.
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Impact of immune reconstitution on relapse and immune related adverse events

The median follow-up among survivors in both cohorts was 25 months (range 1–49 months). 

The 2-year PFS for cHL and NHL patients was 83% (95% CI: 74–93) and 58% (95% 

CI: 47–70), respectively. Among 43 patients who relapsed, the median time from ASCT 

to post-ASCT relapse was 7 months (range 2–32; 10 [3–18] months for cHL and 7 [2–32] 

months for DLBCL).

In an exploratory analysis, we analyzed associations between risk of relapse/progression 

and the immune cell subsets and ratios in Figures 1–5 at the 1- and 2-month post-ASCT 

timepoints (with a p value threshold for significance set at ≤ 0.01 to account for multiple 

comparisons). To identify immune features that predict relapse (and not merely co-occur 

with relapse), patients who progressed within 90 days of ASCT were excluded from this 

analysis. As a continuous variable, higher levels of CD4+ TEMRA cells at the 1-month 

time point (before pembrolizumab initiation in the trial cohort) were associated with an 

increased risk of relapse/progression (p=0.009). In a subgroup analysis, this effect was only 

observed for the pembrolizumab cohort (p=0.003) and not the control cohort (p=0.83). No 

other immune populations were associated with relapse in our exploratory analysis.

Among the 59 patients in the pembrolizumab trial cohort, we analyzed the same immune 

cell subsets and timepoints to explore associations between immune reconstitution and the 

development of grade 2 or higher irAEs (p value threshold of ≤ 0.01 to account for multiple 

comparisons). In total, 21 patients (36%) experienced a grade 2 or higher irAE with a 

median time of onset of 2 months (range 0.2 – 17 months) after pembrolizumab initiation. 

As continuous variables, lower absolute levels of NK cells (p=0.009), PD-1+ CD4+ T cells 

(p=0.005), and PD-1+ CD8+ T cells (p=0.005) before pembrolizumab initiation (1-month 

timepoint) were associated with a higher risk of grade 2+ irAEs.

Discussion

The design of our multi-cohort analysis allowed us to compare features of immune 

reconstitution after ASCT between patients with cHL and DLBCL and in the presence 

or absence of pembrolizumab maintenance therapy. We found that lymphoma subtype 

had little impact on immune reconstitution. Among patients with cHL and DLBCL, the 

only significant difference was a slower recovery of B cells in NHL patients, which was 

likely driven by universal prior treatment with CD20 mAbs in this group. While immune 

recovery was similar in DLBCL and cHL patients, we noted superior post-ASCT outcomes 

for cHL patients which could reflect inherent differences in chemosensitivity, higher rates 

of pre-ASCT PET negativity, and more frequent use of effective post-ASCT maintenance 

therapy among cHL patients.

Regardless of lymphoma subtype, we observed delayed recovery of multiple T cell subset 

(particularly CD4+ T cells) even 18 months after ASCT (Figure 3). Among patients who 

relapse after ASCT, delayed recovery of CD4+ T cells may impact both the efficacy and 

tolerability of post-ASCT immunotherapies including chimeric antigen receptor (CAR) T 

cell therapy, bispecific antibodies, and immune checkpoint agents. For example, increased 

CD4+ T cell diversity has been associated with higher complete response rates for HL 
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patients receiving PD-1 blockade16, a higher percentage of Tregs has been correlated with 

decreased effectiveness of bispecific antibodies for patients with lymphoid malignancies17, 

and lower lymphocyte counts have been linked with inferior outcomes for patients with 

DLBCL receiving CAR T cell therapy.18

Post-ASCT pembrolizumab maintenance appeared to impact immune reconstitution, but 

its effects were limited to a small number of analyzed immune cell populations. Notably, 

there was no significant impact on B cell, T cell, or NK cell recovery. In contrast, patients 

receiving pembrolizumab had a significant increase in circulating DCs that persisted for 

the duration of pembrolizumab therapy. Studies analyzing changes in circulating immune 

cell populations after PD-1 blockade have primarily focused on changes in T cell numbers 

and gene expression profiles rather than on myeloid immune cells.19–23 Notably, most of 

these studies were performed in patients with solid tumors and none analyzed the impact 

of PD-1 blockade for patients recovering from high-dose conditioning and ASCT. A similar 

pattern of an early increase in circulating DCs was reported in trials of patients with 

multiple myeloma receiving the PD-L1 inhibitor, atezolizumab; however, circulating DC 

levels returned to baseline within a few weeks.24 In our study, the persistent elevation in 

circulating DCs was driven by higher numbers of plasmacytoid and CD123−/CD11c− DCs 

while recovery of myeloid DCs was not affected by PD-1 blockade. DCs that do not express 

CD123 or CD11c are relatively immature,25 but our flow cytometry panel did not include 

other markers that would help better characterize these cells and their functional activity.

Circulating DCs are an emerging biomarker across a number of malignancies.26,27 Newly 

diagnosed patients with cHL have reduced numbers of circulating DCs compared to 

healthy controls. Among cHL patients, high-risk clinical features (bulky disease, extranodal 

disease, B symptoms) have been associated with further reductions in some DC subsets.28 

Circulating DC populations may have particular relevance in patients receiving PD-1 

blockade. Patients with hepatocellular carcinoma and lung cancer receiving PD-1 blockade 

who had high baseline or persistently elevated levels of PD-L1 positive circulating DCs were 

more likely to progress on PD-1 therapy.29,30 Despite the significant changes in circulating 

DC populations induced by pembrolizumab in our study, neither baseline nor on-treatment 

circulating DC levels were associated with clinical outcomes.

Pembrolizumab maintenance was also associated with a higher Treg:CD4Tcon ratio in our 

study; however, this finding should be interpreted cautiously as a higher Treg:CD4Tcon 

ratio was observed at the 1-month timepoint before initiation of pembrolizumab in the trial 

cohort. Signaling through the PD-1/PD-L1 pathway appears to be important for conversion 

of type I T helper cells to Treg cells and maintenance of Treg populations31,32, and in 

other settings, pembrolizumab treatment has been associated with relative depletion of Treg 

cells.33,34 In our study, the observed elevation in Treg:CD4Tcon ratio could be due to 

baseline differences in the control and pembrolizumab cohorts. Future studies of post-ASCT 

PD-1 blockade should analyze the relative recovery of Tregs and CD4Tcons to confirm or 

refute this finding, as it could impact the efficacy of subsequent immune-based treatments.

We also identified persistent decreases in PD-1+ T cell populations after PD-1 blockade. 

Because pembrolizumab and the PD-1 mAb used for flow analyses target the same 
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epitope on the PD-1 receptor, PD-1 positive cell populations could be underreported due 

to competition from circulating pembrolizumab. Even so, it is notable that the decreased 

levels of PD-1 positive T cells persists for 6–12 months after completion of pembrolizumab 

therapy. Given that pembrolizumab has a serum half-life of <4 weeks,35 the persistent 

depletion of PD-1 positive cells observed in our study suggests a sustained biologic effect of 

PD-1 blockade, which has also been suggested in a prior study.33

While our study was not designed to identify definitive predictive or prognostic markers, 

we identified several candidate biomarkers as part of an exploratory analysis. There was 

an association between lower levels of CD4+ TEMRA cells after ASCT and a lower risk 

of relapse/progression; however, the absolute levels of CD4+ TEMRA cells in both cohorts 

was very low and this association was only observed for patients receiving pembrolizumab 

maintenance therapy. Terminally differentiated CD4 T cells represent a relatively small T 

cell subset, and to our knowledge, CD4+ TEMRA cells have not previously been identified 

as prognostic marker for patients undergoing ASCT or receiving PD-1 blockade. While 

CD8+ T cells are considered the key immune effectors of PD-1 blockade for most cancers, 

CD4+ T cells likely play an outsized role in mediating PD-1 activity in cHL based on the 

frequent absence of MHC class I on RS cells,36 the importance of MHC II as a biomarker 

for response to PD-1 blockade,37 and the unique topography of cHL.38,39 Additional studies 

are needed to confirm the prognostic value of CD4+ TEMRA and to better understand the 

functional role that CD4+ TEMRA cells could potentially play in mediating responses to 

PD-1 blockade.

Our study is smaller than some others that have sought to identify predictors of irAEs, but 

our analysis provides hypothesis-generating data for lymphoma patients in this setting. We 

identified lower absolute levels of NK cells, PD-1+ CD4+ T cells, and PD-1+ CD8+ T cells 

before pembrolizumab initiation as potential predictors of irAEs with pembrolizumab after 

ASCT. PD-1 expression (which is a frequent marker of T cell exhaustion) has previously 

been associated with an inverse relationship with irAEs, while the relationship between NK 

cell populations/activity and irAEs was less clear in a recent large multi-omics analysis of 

predictors of irAEs.40 These findings also require validation in future studies.

Our study is one of the most detailed analyses of immune reconstitution following ASCT 

in patients with lymphoma, but it has several important limitations. There were minor 

differences in eligibility criteria between the pembrolizumab and control cohorts, and among 

patients with DLBCL, those treated on the pembrolizumab study were more likely to have 

received 3 lines of therapy before ASCT. While other baseline clinical features of the two 

cohorts were generally well-matched, we also acknowledge that comparison of on-trial 

and off-trial populations could result in unaccounted bias in patient selection. While we 

tried to align sample collection in the control and pembrolizumab cohorts, timing and 

frequency of PBMC collection were not uniform, which may have contributed to differences 

observed between these groups, including the significant differences we observed at the 

first post-ASCT timepoint. Pre-existing differences between the pembrolizumab and control 

cohorts may have limited our ability to identify subtle effects of pembrolizumab on 

immune reconstitution. The sample collection for our study was robust with a median 

of 5 samples collected for each subject; however, sample collection did not begin until 
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approximately 1-month after ASCT, so we are unable to analyze the earliest features of 

immune reconstitution, which have had prognostic value in some prior studies.6,7

In summary, post-ACST pembrolizumab maintenance was associated with a persistent 

elevation in circulating DCs, driven by higher levels of plasmacytoid DCs and immature 

DCs. In contrast, pembrolizumab did not have a significant impact on B cell, T cell, or 

NK cell recovery. Finally, our study suggests that early features of post-ASCT immune 

reconstitution could be associated with PFS and risk of irAEs and warrant additional 

investigation.
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Highlights

1. Post-ACST pembrolizumab maintenance therapy does not impact recovery of 

T cells.

2. Pembrolizumab was associated with an elevation in circulating dendritic cells.

3. Features of post-ASCT immune reconstitution may be associated with PFS 

and irAEs.
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Figure 1 –. 
(A) Total WBC, (B) total lymphocyte, (C) CD3+, (D) CD19+, and (E) NK cells 

(pembrolizumab vs control cohort). The interquartile range of healthy control patients for 

each cell population is depicted as a gray bar, and the median value is noted with a dashed 

line.
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Figure 2 –. 
T cell subsets – (A) CD4+ T cells, (B) CD8+ T cells, (C) Tregs, (D) CD4 T con, (E) 

Treg:Tcon, (F) Treg:CD8 (pembrolizumab vs control cohort). The interquartile range of 

healthy control patients for each cell population is depicted as a gray bar, and the median 

value is noted with a dashed line.
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Figure 3 –. 
Heat map of naïve, central memory (CM), effector memory (EM), and terminally 

differentiated effector (TEMRA) CD4+ and CD8+ T cells (pembrolizumab vs control 

cohort). T cell subsets were quantified at multiple post-ASCT timepoints (1, 2, 3, 6, 12, and 

18 months) among patients in the control and pembrolizumab cohorts. The absolute number 

of cells identified is displayed as a heatmap where blue, white, and red represent values less 

than, equal to, and greater than those of healthy donors. Significant differences between the 

control and pembrolizumab cohorts are marked with *. No significant differences between 

the two cohorts were observed during pembrolizumab treatment (i.e. at the 2, 3, and 6 month 

timepoints). Full recovery of multiple T cell subsets (represented in blue) was not achieved 

even 18 months following ASCT.
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Figure 4 –. 
(A) Total circulating dendritic cells, (B) plasmacytoid DCs, (C) myeloid DCs, (D) CD123−/

CD11c− DCs (pembrolizumab vs control cohort). The interquartile range of healthy control 

patients for each cell population is depicted as a gray bar, and the median value is noted with 

a dashed line.
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Figure 5 –. 
(A) PD-1+ CD4+, (B) PD-1+ CD8+ T cells (pembrolizumab vs control cohort). The 

interquartile range of healthy control patients for each cell population is depicted as a gray 

bar, and the median value is noted with a dashed line.
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Table 1.

Baseline characteristics

cHL DLBCL

Total No maintenance Pembro 
maintenance

p- No maintenance Pembro 
maintenance

p-

n = n = 31 (22) n = 30 (21) n = 54 (38) n = 29 (20)

Male 89 19 (61) 16 (53) 0.61 
‡ 33 (61) 21 (72) 0.34 

‡ 

Age at ASCT 0.97 
† 0.11 

† 

 Median (range) 52 32 (21 – 63) 33 (20 – 69) 60 (22 – 77) 57 (22 – 76)

Histology 0.55 
‡ 0.09 

‡ 

 cHL NOS 32 2 (6) 3 (10) - -

 Nodular 
Sclerosis

23 27 (87) 23 (77) - -

 Mixed 
Cellularity

6 (4) 2 (6) 4 (13) - -

 DLBCL NOS 56 - - 39 (72) 17 (59)

 TIL 17 - - 12 (22) 5 (17)

 PMBL 7 (5) - - 2 (4) 5 (17)

 TCHR 3 (2) - - 1 (2) 2 (7)

Number of systemic treatments prior to ASCT 0.75 
‡ 0.00

Median (range) 2 (1 – 2 (1 – 5) 2 (2 – 3) 2 (2 – 3) 2 (2 – 3)

 <= 2 115 24 (77) 25 (83) 48 (89) 18 (62)

 3 or more 29 7 (23) 5 (17) 6 (11) 11 (38)

Primary refractory to first-line treatment 0.31 
‡ >

 Yes 53 13 (42) 17 (57) 15 (28) 8 (28)

Disease status at ASCT 0.47 
‡ 0.32 

‡ 

 CR 114 25 (81) 27 (90) 40 (74) 18 (62)

 PR 23 6 (19) 3 (10) 14 (26) 11 (38)

Post-ASCT peripheral blood samples per patient < <

 Median (range) 5 (1 – 4 (1 – 8) 8 (1 – 8) 3 (1 – 8) 8 (1 – 8)

ASCT = auto ogous stem cell transplantation; cHL = classical Hodgkin lymphoma; DLBCL = diffuse large B-cell lymphoma; pembro = 
pembrolizumab; NOS = not other specified; TIL = transformed indolent lymphoma; PMBL = primary mediastinal B-cell lymphoma; TCHR = T 
cell histiocyte rich large B-cell lymphoma; CR = complete response; PR = partial response

‡
Fisher’s exact test

†
Wilcoxon rank-sum test
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